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1) (e Tolk K5 B33, dbst 100124)
2) ([AEHAZE TR = 7B, b5t 100191)
(2020 4E 2 A 15 HIEF; 2020 4E 5 A 9 HUCEMERR)

R U 48 0 45 ) S W BE 1B 45 (voltage controlled magnetic anisotropy magnetic tunnel junction, VCMA-
MTJ) 1E HJ ik R HLAZ % 7% (magnetic random access memory, MRAM) 4.0 2544, B A 525 B e . ThFEAIK .
5 CMOS T Z AR A G A, MO B E A A2 E W72 6. SRMiBEE VCMA-MTJI RF A W7 45 /) |
MRAM fEA# 25 1 AN WS O, T 25 22 X MTJ 1 il i 52 i 48 A5 Bl ol i 25 ) L 2= &5 VCMA-MTJ LY
EER. A XERSH BRI HEAR T2 A HBIEEmZE (V). BB L2ZEERZE (V) X
B AR 2k T2 d M RE DR Z LA 20 T2 R I (o) 2252 WS B0, 45 TR T T A M2
(1) VCMA-MTJ Ht 22 BERY | JF4 2045 R 07 FH 31 VCMA-MTJ i35 B g b, #5987 T 200 22 % Lk v % 152 5 4
R, GREH: B, = 13%, Yox = 11% BF, VCMA-MTJ ¥ J0 ik SRR R S A I H o <
0.7 I, VCMA-MTJ #4475 1) i) 2 3 i B AR R A AR . i — P M, VOMA-MTJ HL i 9 B A DR R B R R Al
BB T2 22 3G RMIHG K. BESE R T, S8 3 RS e (V) RTINS R bk o SE B (4,,,) BT A AR
I8 VCMA-MTJ HL 15 A5 R 3 R B A9 S SR Bl FL T (Viq) PAT BRI VOMA-MTJ HL B A e 48 1R R

KEEIR): WERRIELS, HURIRTEREAS Sk, T 222, 15875 i

PACS: 85.70.Ay, 85.75.-d, 75.78.-n

1 5

Y | 5G il A5 M T R A 1 & g
DL R A = B AR R, X THRHLIA R 2540 v kil
WLA# A7 %% (random access memory, RAM) ¥ #
B DIRE . R R AT SRR T R R O X
TGRS BANRANPY:- 54K (complementary
metal oxide semiconductor, CMOS) T.Z 1 & 2k

i
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PE RAM 11 7, BE& a4 R AR ROT BRI 46 /)N, e
HL UL Y 1 0 LA B A B 5 i i 11%) T 34 S AR AR
T2 AR e R A B o T g e LR m) i, (=N
Ah2EE R FE A AR A % (phase change random
access memory, PCRAM) ., FHAE i #% (resistive
random access memory, RRAM) DA K H i¢4% 5% 77
R FENLAE RS (spin-transfer torque magnetore-
sistive random access memory, STT-MRAM)
i B8 7 0 B AL AE A 2% (spin—orbit torque

magnetoresistive random access memory, SOT-

* ERHARERES (b 61006059, 61774012, 61901010)., b5t A AR AR 4 (kS 4143059, 4192014, 4204092). dt5T
BRI E (S : KM201710005027) . JE5E L AR A4 (HHES: 201522-11), hEP AR IES (it
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MRAM) 7E N 1Y LA BEHLA7f# &% (magnetic rand-
om access memory, MRAM) Nt 3R 19 E 5 kP
RAM #:47 1) 2 58 B-7L BiAdE 5 2k RAM
R GEAEWT RS OL T A Z A, Al F LA B
AN RS TIRE, (R I SR H 5 38 T 2] /N % A
B, Ho, STT-MRAM LUHGE#E, /PRGFHS CMOS
T MDA, C AR AL iR B B 03,
SR STT-MRAM 5 AL I 75 ZAR I E A
Ui, S ThAER R 010,

ARIFF STT-MRAM 3 1 s A8 L R 5 A
Ji& 3 AL S, VR R 45 T 4% 1o S M G B DI A7 it
#& (voltagecontrolled magnetic anisotropy magnetic
random access memory, VCMA-MRAM) il i 2k
7R e, s B R 370 PRE I A T Tl DT A A%
ol N PRI R AR ARG, R AT B A EE PR
HE AR R A, AR T —1UR i
AEZ KMEAas 1181 /R VOCMA-MRAM
AL HIC I HERR B4, (magnetic tunnel junc-
tion, MTJ), BLEAZ 2 [ A5 1) 12 G 1419,
ULAESE, Bi% VCMA-MTJ #Ig I ARKIRA, HC
FHHET VOMA B #5377 VCMA-MTJ ) H
SERAY TS SE o R AR MT | 2 A
6], TS BEE A7 it SRTMTREE VCMA-MTJ R
SRR/, TR 2% MTJ P BE A 52 1 2545
R M ™ H RN VOMA-MTJ B B 25 3
AEF A TG, ASCAETE 5 RIS (mag-
netron sputtering) ## i A= £ T2 Fl & - R Z1 ikt
(ion beam etching) T. 252351 A T 25 i 22 #Y 15
T, AT T2 22 VCMA-MTJ H A A,
FHWFIE T 2w 2% VCMA-MTJ H 2 #4651
B2, TR R b g — DT T2 O 22 )
VCMA-MTJ 325 L % P 5 B DR R R IR R A
S . A SCHIBESE TAEXS T VCMA-MTJ g8 4F J
O T H B A B B S BRI T S

2 VCMA-MTJ #5025 52

El 15 VCMA-MTJ g5+ 7n 2K, Hrh s ik
P22 AL (MgO) MR 2% ZMA MK
ZEAE N VCMA-MTJ 1 W A~ H 8%, 3 ¢l 4 2k
(CoFeB) M EMARL. 7% 2G4 T7 10 8 2 A2, 24
MR (Vy) ZBFRET, A B2 R T 023 kA
5 094 [ 2R DT M5 S % R A 10T

FRONFATAS (P AS), defFRARBHARE; 5 A )=
WAL I 0] 5275 R REAC T 18] RPAT I B BCEA T
A (AP &), 1F 5 R

1o CoFeB 2% CoFeB o+

Vi MgO  AMHRE [ Va0 W

-0 CoFeB H )z CoFeB (o} -
FAT-MIEHL B -l

1 VCMA-MTJ Z5#/R A
Fig. 1. Schematic structure of the VCMA-MTJ device.

HE—3E M, VCMA-MTJ 1E P 2551 AP 522 [H]
DI S V) IR /INRIN RS [a] 25 DA O, T R
54T 2 45 1 VCMA-MTJ ®iAk 30 1128758 3%
AT 3T

M 2(a) ] LLE Y, VOCMA-MTJ 76 A4
FaERACIRS (P A1 AP %) VI 75 5o fIlR—
FEMBERA L. ZH2K/NZ V) BsEm, 2 V) 1
KiEF, PAE AP B Z 1 fig & a2l 2 A,
XA AT VCMA-MTJ ARSI, M RE =3 22
AR, MAEa A 5E bR, XF N SN
JEFR MG AR (V).

EE 2(b) &S FRWACTT M R 2 JhIE Ty
) HEEAZS, 24 Vv, =0 VI, AlZENiex
(M) KBS R0 (H) 50 B A ZE 1 16 Bk
AR PPLELR BN, MR v 138 sl — A R .
HT A H)Z MAE s hiE, S 2% )21
7 1047, Pk VCMA-MTJ $4b T P 2. 247F
t BFZINER Vi, B0 < V) < Vi B, AT 27E A
25 E A& Z i AL R AR, 175 B A 1)
SRR, SE Hy 18] -y 152, LIS
RISy B 8 48 G 45 1) S P (VOMA) B0n; 2L gt
I, M IS8T 1 Hog J7 1) 355l I B I 5] A
bttty UGN, MO AWIEER Hy. BT MTE
2B IR R IE, VEMA-MTJI 5840 T P 45,
Toik S VCMA-MTJ R 1. 1 ¢, B 204
BRAMIMELE (V, = 0 V) J&, Hyy Fl M #45R [F147]
UEIRZS, MATYRE FISE H g 8 BE A AR T 5[] 25048
HIHL R FES, VCMA-MT 34T P 2.

EE 2(c) W, WS F IR R 2 E T
] HLE 2 AN, M7E ¢ Bt ZimEk v, 5 v, = Ve
B, Hy 5 WREEIES vy FHIE A, MK FEISEH
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(a)

— [ 15
—> #HF I
—> A Hoie

= Vo Hegt
=0 N s =0

thots th th ts

Kl 2 VCMA-MTJ MRS 1% R BE (a) AR HLEXT MTJI AR RE & F 2052 05 (b) Vi, < Ve BT (o) V4, > Ve BITE AL
Fig. 2. Hlustration of magnetization dynamics for the VCMA-MTJ device: (a) The impacts of different voltages on the energy barri-

er of MTJ; (b) at a relatively low voltage (V}, < V(); (c) at a high positive voltage (V}, > Vg).

() Hyg J7Ta)idtsh. 76 ¢ %0 MAE 2 i h 1k,
VCMA-MTJ 4bF P 2. 78 t,’'W % M TE 2 5l 7
A R, A VCMA-MTJI ¥ i P A8 #: 3
AP . t—20, BHERTRIN ], — ¢, — ¢, — ¢, 193G
hn, VCMA-MTJ ¥ 1E P B—AP £—P £B—AP

BZ G YH, Wi M RWEEE Hyg . 24
TE 5 W ZIUS SN (V) = 0 V) B, Hog ¥ 18-
RS, H M AP B8 H g (508 AR 1 7 19]
RABAR ) hr BR 3k 5, it VCMA-MTJ f ik
T AP . 7] W, VCMA-MTJ Y]k 8 A5
Vi, R/NE O, 15 vy, BTz st ] BE A e He Jik
e B2 AR K.

3 ETFTILZRZEH VCMA-MTJ &
A A

T VCMA-MTJ o A )2 R & M2
1 25 (6] P 5 SR A0 A ), H Bl S R T R

LLG (Landau-Lifshitz-Gilbert) J7 % 21 JEf7H#A,
dM dM
v o

— = M Heff+o‘ﬁds (M x
Ho y ARILBIRERE L, ag 5 A HIZEMRIAE
) Gilbert BHJE ¥, Mg i Mmgfbim g . 504
MZE—I Rk M IS H g 47 P50 R 3
5 30k Gilbert FHJE J14E. FTLLE Y, AAEE
RELJE JIAE RIS, MR H g (2 AR AR 45
F R I, S R, M 2
MR G Hoy, A Hoy RETT I A

W m i A WJZ RS ] i B ) o
WA M= Mym, H m B MALRR T ER N

m = Mmgey + mye, +m e, (2)

i, my, my, m, 23508 mAE @, y, 24 BRI
e, e, e, 73N, y, 2l B ]

M EAMINEE Vi, XA ARG Hg 195 0
i, Hey AT BRI R Ny 22

He (Vo) = Hex + Hyem + Ha + Hi (Vi) , (3)
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ﬁ:‘q:“ HCXt iﬂﬁl‘ﬁﬂ@ﬁ%, Hdcm y‘jf&@é/ﬂs%a -lgth 7‘7
g Y, H (V) EE BLRESS 0] 513,
ATLE M, H SOMNEE Vi, A%, algt—22

FoR Bl
2Kitox — 26y
Hy (W) = <M0]V—’s75ftox> mzez, (4)

Horb, K 93 EREAS 10) S R AL, € O i R AE G
B lm) S REL, b AN R RIRERIE(E, 4 A
A o R IR BEAR UL, uo TR, M, MR FIRE AL
SREE, m, A mTE 2l B

[, WSHRRACTT 01 R 2 BTy ) B E
A W] m ik 1] RoR

m = sinfcospe, + sinfsinpe, + cosbe.,  (5)

H 0 m5 im0k M, o N mE vy Fm b
o ma S e, "TUE N, m shasa] h
0 1 BER R AYAZAORTIAE, 1 VCMA-MTJ RS
AT 1 m,(BD m, = cos@) KHixE.
¥ (2)—06) A (1) X, K2

@ _ v

dt 14 ag?

x [(Hy — Ny Mssinfcosep) (g cos 6 cos ¢ — sin )

+(H, — N,Mssindsing) (o cos 0 sin g + cos )

— (H. + (Hx (V) — N, Ms) cos) g sin 6], (6)

Hp, H, H, H 758 Hy 18 x, y, 250 E85
i, H H,= H,=0; N,, N,, N, 558 Hy, T 2, y,
2 IR R T

PE—H, sl SR AR 0 B m, = cosf KB E
VCMA-MTJ BIREALIRZS. AR L VCMA-MTJ
BRI B 28 178 a3k 1 Fos.

#1  VCMA-MTJ BRSH%)3%
Table 1. Parameters of the VCMA-MTJ model.

e 75 B s
FALRRBEEIREE  t 1.4 nm
MRG0 ST PR BT K 0.32 mJ/m?
HERER SR ERE ¢ 60 £J/(V-m)
H B2 EERR t 1.1 nm
fRTAL O TERE LL Y 221 x 10° m/(As)
s uo 1256 x 10¢  H/m
FRAAREBELIE B T g 0.05
MR R M, 0.625 x 10° A/m
x, y MR e T N,, 0.0168
2 HIRBEH N, 0.966

SMNMPESAE 2 o H, 31830 A/m

K 341 T VOMA-MTJ A i 2wk ki 7E
il oy (BY omy,) BB A AR f i 26, IF b T
Vi, XTREACIRZS VI 52 mm. ANE 3 FTLLE th, 7EfE
FE RSN ERK i RE (¢, = 0.4 ns) T, 2V, <
0.9 VI, m, th2 N 1E, VCMA-MTJ B AR A5
FARAR B TR S P A4S, 24 v, = 1.0 V i,
Bt B (RT3 N, m, B FR AR, BIREARIRS R AR
AR . VCMA-MTJI ¥ i w1 h 19 P& U e
AP . [, ¥ m, IR H 1 FEIKE-0.9501 K
SE A E O VEMA-MTI 9 VI s B (4,,),
W v, = 10V, t, = 0.4ns Xt ¢, R
1.25 ns.

Bl adb—LB T L, bV, B8tk £k, M
Bl AT LIEH, 7E ¢, = 04 ns ), X 1, < 1.3V

1k P
— V, =08V t,: o
S V=09V ! —
i WwW=10V g Vi=1.0V
R — WKB=11V =2
T of =12V &
h Vo=1.3V H
H b= 1. o
i g—l tow ey
H< E 0 2 4 6 8 10
= 1) /ns
RS
= B
AP
—ir 0.4 ns
1 1 | . ) )
0 2 4 6 8 10
) /ns

Pl 3 VCMA-MTJ 8 A RS B B ) i 28 Ak il 2%, 3 o 47
Pl D1 4 8 ) S S

Fig. 3. Magnetization state versus time of VCMA-MTJ, the
inset represents the definition of the switching speed.

1.4
o HLIZER
N et o5
1ol WAL
g 101
3
n tsw = 0.34+108.6exp(—4.7V;)
= L
= 0.8
2
= 06f
0.4

1.0 1.1 1.2 1.3 1.4 1.5
HIE Vi,/V

Kl 4 KJE VA VOMA-MTJ R AR 250 #5510 5% i,

Horp lpw = 0.4 ns

Fig. 4. Effect of V}, on the magnetization direction switch-
ing speed of VCMA-MTJ at t,, = 0.4 ns.
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I, t BV, USRS RG22 vV, > 1.3V
F, Vi X b, B2 K, &, JLPOREEARAS. i
PAATUEN, t, 5 V, IR e F8ECC R,

B 5451 T 6, X VCMA-MTJ @0 AR D)
ey sz . I 5 Al LA W 768 B i e
(Vi =12V) T, Y t,, < 0.1nsH, m IH%N
1E, VCMA-MTJ #ACRERIFAAS, AL TH)
RSP A 0.2 ns < f,, < 0.6 ns I, FEE ]
BTN, m, W IE AR B, BIVRE TR RS & A ek AR
VCMA-MTJ ¥ ¥ iH 1) P AU AP &, 4
tow BE— 2K (BN ¢, = 0.8 ns) I, FERIZLIR
HE gl ok FE PR BT )N ¢ — th — e B9 G,
VCMA-MTJ ¥ 2 PE3 AP &5, HRYI#H
AP

P
1 -
é‘ — tpw=0.1ns
18 — tpw=0.2 ns
:éé —— tpw=0.4 ns
J;é O_—tPW=0.6ns
— tpw=0.8
= - ns
% 0 25 5 7.5 10
\é 12V I5}18) /ns
AP
—1 tpw
1
0 2 4 6 8 10

i8] /ns
Bl 5 RIA] by, ¥ VCMA-MTJ B ALAR A BT H052 0, 75141
1 5 2(c) AR m, BB
Fig. 5. Effect of t,, on the magnetization direction switch-

ing of VCMA-MTJ, the inset shows the precession of m,
corresponding to Fig. 2(c).

3.1 HBEEKIZRENZIN

VCMA-MTJ () 3 R il 28 T2 32 BT HE
AR BGR K R ZI T 2. ol VOMA-MTJ H
H )2 A2 2 S 2 )2 RS R FH R s I 558
2 2L il AR B, 20Tk B TR DTG R TR 3
T Z M BHE A IS . AT SEE Rt A 7= S5
SRR A R R, R S R AT kA
HAEAE TLAN R J2 T8 B 3 R N B 3 DM 22 126271, 4
K6 B, et At 73 B SAAL S 2RI JE
(R B RAB AR/ IMEL, i Tt 439000 F FHZ T BE ()
F RAB NI /IMEL, by Ity 20 50 g 2 SR L
MG T A L 22 2R B A i 2R i 8L
Y. B VOMA-MTJ R-FRAW4E/)N, FikiE

IR TR JEE i 2 K 2 XoF 25 11 1) 1 A B e 7 A Y

.

6 R A K T2 7 A R R A 22 7 R T

Fig. 6. Schematic illustration of thickness deviation caused

by the thin film growth process.

% JE B A ELREAS ) S R EORIRT A 2 A
SRR Z IF] A SR LA, 2 RG4S 1) Sk
X FH RS BRI A 42 2 B E )AL A B R 24,
ASCR M AR ZE () AT 22 )RR
D22 (Viox) A FRAEAE L FEM T T2 LA B
A R B 2. GRS, T4 IR

tem — ¢
Y = fm f7 (7)
te
t —t
'Ytox — oxm (6).4 , (8)
tox

For 1t AN R A K T 2 w22 1 BEARLS
DU A 2 R R A 3 22 2 R bR (L
UL, 3 B REAS 1 S Hy RTRoR N
[ 2Kitox (1 + mox) — 26W0
poMte (1 + i) tox (1 + Yox)
¥ (9) XMCA (3) XIF4 Hoyp 7 2Bl 5 1R
%, MBS R B IG A R R Ve, FTFR N
Kitox (1 + 7Yiox)
Ve ==
oMt (1 + ) tox (14 o) N2
26 '
Forfr (10) 2 A 24 25 30 /N 58 — 50, W)
ZBEARTE, Bl v 5 Vo BIEHER.

K7 25 1T RTR v X VEMA-MTJ #EALIR S
Pgsm, Ko v, = 1.2 V, ¢, = 0.4 ns. 4y <
12% BF, MTJ H H )2 #EAL 7 mBESSC BN P 745
3| AP BRI Y v = 13% I, MTJ ARESZEL
M P EE] AP AR, IR R, M (9) XAl %,
Bl 2 v P30, H R/, DT R 30 MTJ 19
H, g 7] oy P, AN TFREA T T A R0RHE:

H

mee,. (9)

(10)
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— yu=14%
_ Y= 13%
_ Y= 12%
— e =11%
— y=0%

WAL I A 2 o m.
)

Hf18] /ns

Bl 7 vy X VCMA-MTJ # Ak 77 1m Yl iéy s, o v, =
1.2V, t,,=0.4ns

Fig. 7. Effect of 7,; on the magnetization direction switchin-
gof VCMA-MTJ at V}, = 1.2 V, £, = 0.4 ns.

B 8 45 T A Yy X VCMA-MTJ #EALIR
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Fig. 8. Effect of 7,,, on magnetization direction switching of
VCMA-MTJ at V}, = 1.1 V and #,, = 0.4 ns.
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Fig. 9. Illustration of the formation of the sidewall re-depos-
ited layer with ion beam etching: (a) Producing of magnet-
ic particleses with etching process; (b) formation of the re-

deposition layer with magnetic particleses.
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Fig. 10. Effect of o on magnetization direction switching of
VCMA-MTJ.
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Ny, N5 G, MTJ1 BHASRFEAL, 525 A
TAE, MTJ1 P4 P AR,

MTJ1 MTJO

K11 VCMA-MTJ 355
Fig. 11. Reading and writing circuit of VCMA-MTJ.
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Fig. 12. Simulation waveform of the reading and writing
circuit of VCMA-MTJ.
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MRAM H' VCMA-MTJ 325 i 5% T ARSI 2
M, FF2R SR %05 AT T 4w 2% VCMA-
MTJ H BB TS 1R A 5.

4.1 TEBHEIRE
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Fig. 13. Monte Carlo simulation waveform of the writing
circuit of VCMA-MTJ at N = 100, 30/u = 0.03, V}, =
12V, t,, =04ns.
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Fig. 14. Writing error rate versus 3o/u at different Vj,.
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Fig. 15. Writing error rate versus 3o /u at different .
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Fig. 16. Monte Carlo simulation waveform of the reading
circuit of VCMA-MTJ at N = 100, 30/u = 0.07, Vg =
0.8 V.
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Fig. 17. Reading error rate versus 3o/u at different Vyq.
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Abstract

As one of the primary elements in magnetoresistive random access memory (MRAM), voltage controlled
magnetic anisotropy magnetic tunnel junction (VCMA-MTJ) has received wide attention due to its fast read
and write speed, low power dissipation, and compatibility with standard CMOS technology. However, with the
downscaling of VCMA-MTJ and the increasing of storage density of MRAM, the effect of process deviation on
the characteristics of MTJ becomes more and more obvious, which even leads to Read/Write (R/W) error in
VCMA-MT]J circuits. Taking into account the depth deviation of the free layer (7,;) and the depth deviation of
the oxide barrier layer (7,.) in magnetron sputtering technique as well as the etching process stability factor
(«) caused by the sidewall re-deposition layer in the ion beam etching process, the electrical model of VCMA-
MTJ with process deviation is presented in the paper. It is shown that the VCMA-MTJ cannot achieve the
effective reversal of the magnetization direction when vy = 13% and 7., = 11%. The precession of
magnetization direction in VCMA-MTJ also becomes instable when o < 0.7. Furthermore, the electrical model
of VCMA-MTJ with process deviation is also applied to the R/W circuit to study the effect of process deviation
on the R/W error in the circuit. Considering the fact that all of Vi, Yoy, and « follow Gauss distribution, The
30/ is adopted to represent the process deviation, with using Monte Carlo simulation, where o is the standard
deviation, and u is the average value. It is shown that the write error of the circuit goes up to 30 % with 30/u
of 0.05 and the voltage (V},) of 1.15 V. At the same time, the read error of the circuit is 20% with 30/u of 0.05
and driving voltage (Vyq) of 0.6 V. Both the read error rate and the write error rate of the VCMA-MTJ circuit
increase as process deviation increases. It is found that the write error rate can be effectively reduced by

increasing Vj, and reducing the voltage pulse width (#,,). The increasing of V4 is helpful in reducing the read

PW

error rate effectively. Our research presents a useful guideline for designing and analyzing the VCMA-MTJ and
VCMA-MTJ read/write circuits.

Keywords: magnetic tunnel junction, voltage controlled magnetic anisotropy, process deviation, read/write

circuits
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