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Table 1.  Performance comparison of different magnetic sensor technologies!'!.

HALL AMR GMR TMR
LB A FEIRARN 2 1) S 1 BHLAS0RE FLRERRAN Wk 2R BEL S0
J&JN 7 0] EH [ i [ yE =
I RWEBEER /% — 2.00231 24024 604/10-1]
WS R /T 103—10 10°—10°3 10°—10* 1012—10
iR KRLEE / °C — — 220—280 280—340
W RBE /(mV-V 1.0e 1) ~0.05 -1 -3 ~100
R/ (nT-Hz V) @1 Hz =100 0.1—10 1—10 0.01~10
UIFE/mA 510 110 110 0.001—0.1
A RS /mm? ~1x1 ~1x1 ~0.5%0.5 ~0.5%0.5

GMR B4Rz H 1988 4F- 8 F I A B2 Jm PO AR PR
PR3 TR AR, W T 550K 50 25 A £ 86 152 HL
WSk, AR P 1 B R A T O SR R, T A
5 H A @ AL K (complementary metal
oxide semiconductor, CMOS) £ A 19 /5 3 25 M i
ZARFET I MR FE AN . TMR R0 A & BT
GMR %0 7, {HEL ] 1995 4F, i T il =& k%
SRS AARGE S5 B, A e AT TR 5 A
TMR #5007 #e [ R8s G RH 56T 5 5
MgO #- 2  TMR BABHR LRAEA MR =, — &
KB 604% 101 B A H | HAE S5 FIE RES AL
ABAEARWHL AL 1213, 3% 1 XFH T 45 25 A% s 2 [
B A RE M, AR, TMR AL ERAS A T HA L
WAL A, A S i 1) RN | SR A A A B
LT R, A Sy S b A A St ) AR 18
It HAE 2T T R 8 A RIS

BN, FEA= 9 B 2 A6 0 DL Rl Bhigy 7 i, 55
B AR O #E B (magnetocardiography, MCG) il
i €l (magnetoencephalography, MEG) {5 5 [
SR, AT LAHE B At 5 B AT R A 11916
P By TR R 55 7K. SR, (O™ A= G 2
Z97E 1012 T, Bl pl 2o A M5 2978 109 T,
Xof A St B R DU BB ) SR A s . AR T H I
L W78 ) 1 T 54X (superconduc-
ting quantum interference device, SQUID), TMR
R I AT RE/IN UARI  25 8] 7 B3 s S
[F] B LA 22 S vl 55 SQUID A L4, 72 APk
T 4 0 J7 T B AT R R B g 07 A S E Ao
R AR 5T 30 3 N A ok T o
G QOB R 871 ) BT D O X L B N s o~
BN AL E | R 5 RS AR E

5L, X S 8 AT DLE— 25 B0 K] B2 1 T 4 1
FRFETIVE | ST | PR A RS AR AR, AT
FH T T RO W P B R 4, 01 R B
RlETE | o NGRS N, AR K7 8 T4 B ACH ) 4%
) ) g 08190, A L ARSI 7 1T, TMR A% 8% 1T 32
PP R R 10 MHz 1Y 28 3t HL 3 A B L HL 9 1)
W 2oL 3% FH T Jo 4 A =X 1 22 4 ra 45 v ) HL S A
W, AR TR GEn R T, i 5 i B JC 55 2 4k
P, PRI A 0 P TR i e ) 0 s R R ) i v
DIFEWEI U, BRitbZ Ah, T TMR A& ER 7 5 45
ARG h A B SR 1) e R B DL R AT DS
ARSI, DY G A e T T H AR
HJCHARSEI 22,

ARICH BN TMR LIRS ) A T
Wi IESS (magnetic tunnel junction, MTJ), [fiA
X RE A TENMEIR N W S B, A R TR B 25

1 BELAG SR AR A5 A T DL S T2 28 B G B R
I A N RS S W 75 AT T )y TR 1 S5 4% R
aetERR AL ik, B Ja N A e e XL B R
LTI 2 TMR AR ISR G O, X158
1) JTIT s AN, FH TS 7 A 7 e B

P = W

Kl 1(a) iy TMR &8s B A FRITHE BE 18 45 1)
5K SR FRIE]. R T 25 1A% O S B R 4 )R
e —AIE g (barrier layer) 111 KA
CEHNR S, b —ADNEREEZE O A H)Z (free
layer), 75— HZ%)Z (reference layer), &% )2
MREAE T 18 B 7 BY%T L2 (pinning layer) [fl5E,
TE—E R/NIRES T IRFEAE, T E 2R T7
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Je s, BHAE ] Dhdsd (1) =0 35,
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H Ry Ry, A 9IFE 5 B BB AR AL 7
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(a) (b) R
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W AN T 7 % TMR 2 2 Bk 17 BB
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AT A e A A RS, 1] 2 9 TMR f%
AR AL T 2R, A8 62 Zlih . £
EAE N TR BR. EEALR 228 H 2 s+ iy
KRR B 6k AT, ] IR EUF R A E T
WERRIESS, — s 2 4 YOLZ. SLZ R R et
PR BT B A R 48 1 DS AR e 7% 3 e 1
Sz NS R 1 T 22, Z i id i )
P A7 T BOR B DG 2 PR3 4 W X
FZERAALTR, IS 2 SRR S 40 N Y 1 5.

TER 2 R, 50 18620 H B2 I8 U ALl
(bottom electrode, BE) ML Z5#4), 1 4618 it
ARTA 2 S E i = I ES b e ] e S Pu 2 et

=g

0 H
1 WERRIESS  (a) BRZREE; (b) R-H LK
Fig. 1. Magnetic tunnel junction: (a) Schematic diagram of
the MTJ stacks; (b) R-H loop curve.
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Fig. 2. Flow chart of pattern process of TMR sensors.
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FF5 T T B PR AR, BRI T3 3 YOLZ
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FHRZERVURTUE, 58 MR E 45 5o B
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22, HEATHS 2 LA ZE S G AR R . Bl
I SiO, 3 SigN, R4 A4~ TMR &R AR 1 2%
25, fe)5, B EE DU R AR AL Si0, 5%
HSigN, PAP 2 R R R LUR O 25 0 003 iy mT
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XTF N 24y EDE 454, HOCZI R ZI ik 2L
W SR N . SR, BEAE G20 L B 20 i B
i, T2 R RS Bl 2 3G K. P, Rk T2
PR R B TMR %8 PR B Y B 2258 T 1]
FESEBRN I, AT DLIE ) AR R DA S H B 2 i) i
THE T T 2S5O T 2 i A Se oL s g
Ptk

2.2 (EREEHEMEN

WE 1(b) Frs, FEHEAIE T, BEEZS I HBH
TE— 22 Y [ N B A 37 S et AR Ak, TRk 1
i, BIEFmi7 (coercivity field) H, = 0; %A &,
BV R,, 5 R, ByhEMEIESAE TR/ . S
TorG e A — A DL T LR . 1)
b BN 5 A A B ) A T L S M 4 )
oY 7 % 45 8 B2 i CoCrPt 4 7K i A r= A i
B PO, ST Ak B, A 3(a) FR. XA
Al LIRS E 3 HZ RIS, w4t th 2
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NS PiN AL
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o

S H
®

T
el
peae

Ll

(c)
g2
B2
wap
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SRR L

OB A, (H 2 3G I gs A o5 19 B2 2 VE LA,
/N, 2) FIIATIEARAS ] S, 304 95 g Bk
BEEETER L WL, 775 T 45 10 g R
K ST LR Akt BT an &l 3(b) . 3) 38 i ik
/N B 2R A Ak R 80 LU I R () e I,
T {687 5% 18 45 F, LG 0 37 77 A6 et A Ak B3 SR
J7 1 W R b AR AP % 1 245 190 0 L 238 5[] s 1 R g
PR 4) 78 A H)Z LMK —Z5TFLZ, W
Kl 3(c) Fin. BT A HIZMETHLZ S )21
FLEEA AR BHPYIRE (blocking temperature),
T AT PR 7R K AL BR A A B R ET LT 0],
MIMIE BN Z ALY B Y 29,

PL 5 SOR Z20GE T BA TN A& T 5 M
(inplane magnetic anisotropy, IMA) fJRSIEZS. X
TN HE BT MRS E S, P LGRS G B
T {4510 5P (perpendicular magnetic anisotropy,
PMA) 1% |2 FEA T N 45 o] 7 P H 258
B0 TS5 2 0IREA T ) AR B4 1) S RE
PIVER T BT P18, UL 2R eE A ek ke
SN 5% B ER TN 1] TS A B, A&l 3(d) .
XHERE G A s e v, AR YE N 7oK, d it
VEHUA T I ETFLIZ A REFN AR F pl 2 R R R T
LA R B2, Gl el LI [Co/Pd], 22
JBEAE B B kB (synthetic antiferromagnetism,
SAF) &5k, I P74z ik 4£2.5 kOe AU IX, Skl
JEHL AN Y e o 12

() L

iz |
)z

2% )2
FTHLZ

K3 M T REUR  (a) SMIVRE A S (b) SRIEARAE 10 M 454; () BUETFLEAH; (d) 38 X 5 e AL il 4 1
Fig. 3. Linearization scheme diagram: (a) MTJ junction with bias field; (b) MTJ junction with strong shape anisotropic; (¢) MTJ

junction of double pinning; (d) MTJ junction with linear perpendicular magnetic anisotropy.
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2.3 BEHTERBHESH

i 2% T 445 1% it B8 A U 52 Wi LA A TR TP
2, RO RS L BH. Ry, 23 B L5 1) T i i e
K, DTS R R BE AR AR 1551, Sy 1 o i O
¥, P A BAS AEA [l B2 R iR e,
e R 1 45 e U PR, 25 4 R R HL
BEL P it U 38 — B AR, FRATR AT i . RS
HRORR AR 15 R H BEL A ECH aT 23 S SRR (unique bri-
dge) . *F#HF (half bridge) #1447 (full bridge)3 F 34,
TEBARR RN 548 b, ST BR A0 A7 HL B 3 £
F NiFe 8858 RG A BHIEAT B an 18l 4 fow, B
R HARERREAE L BEAE, Vo 2om 2200 i
Fe, Vi, 2o fi B AL . AW XA AL i R B
Lt 58 At BT LASIE BRI v e E i 42
Mgty . EAE RN, TEN LS, A
RPIBE T i RE L B BE SN A2 A AR, B
A AT P % 1 5 B AT A S RO R THL D7 1), T
TE[F]— A 15 _EDURR AR, JLETHL T [ — 2, ik
D B e A% i AT A AR R AR T
A S B PR —.

R=—R-R=R R = R Ri— R, — RiAR
Ri=R+AR Ry=Ri=R+AR Ry=R,=R—AR
~  AR/R ~ AR/R ~ AR

Vo=Visorar/r) = YarARr/R Vo=V

e

Rl\ RQ Rl Rz Rl R2

Vo W Vo Vi Vo W

Ry R3 Ry R3 Ry Ry

i A U

P4 S s AT A A 7 I
Fig. 4. Schematic diagram of the Wheatstone-bridge structure.

M H A LT LA 7 1 0 o 00 e A LA
JEAS. BB 1 R A o8 U B BRI A5 A8 1
S REETHLIT 1 HES, anl&l 5(a) 7R, sl ad S
L7 A AT A A . R U Y
TR G I ANBR X ERRZE, H R IRANTE T RHL
B, DA ) b b S B e s T A 2 i
] 6 B A Eh

5 2 PP i R B AR O O R P
AR LRGBS A ETHLIT ). BARMRR R, Joks
BEA A R/ T SRR AT HL)Z BB
IR, Z )5 AR BEAE T5 1) Al Ak e e

Wi, WE 5(b) Ay MTJ,, MTJ,, [RHHiE N -5 s
KT AR MG . AERK IR AVERT T, JRE
R LT BBHPEE 2 I BEETHL 7 gl ek AR,
38 LU Y 53 AR AN 32 52 0] 991, BRI, 3k
S BH P IR B T ZE R LA K, 45 T 1 R T 2 1Y)
dF. el o AT OGRS S8 R R a7
1B ke 301, 3k oy i AR LA IRk, ATl T KRS
A=,

(a)

—
MTJ;, | MTJ,
MTJs | MTJ;
—

()

Kl 5 BGESHIA L (o) PURAEL; (b) KR
ks (o) A RESEZIE; (d) JFR AR

Fig. 5. Wheatstone bridge manufacturing method: (a) Me-
chanical assembly; (b) local annealing; (c) divide different
areas for photolithography; (d) annealing after pattern pro-

55 3 MO ERTER b b, e ez e
HE AN TR DI, P40 PR O RRAN [R]85 R 1R B, 2
&l 5(c) firas. Bl anm] LATE S FH -6 S gkl 4548
CoFe/Ru/CoFe H4isMNRNIN—Z, T, CoFe/Ru/
CoFe/Ru/CoFeB &4 BT, 23 iR kAL B, i
T RERBEAS B AE T AATE, PIRDES A i Rt 28
BRI 27 )2 07 ], NTTAE[R]— i[5 4 BB
DX 3 2 o S B 4 A B X Ry ik
FBARTEAL T A TP B, (B2 A i T2
RTINS 2y, ) Ao TORR P Ay S 235 ) i N W 5
TF, PRUEHEA KRBT () BE 2 | H BH T AR
(RA) 5240, LURE Gy AL RS 1 i

5 A T 5 R AP AR A 1) S P AR IR T
CORVCE N RO EIRYETHL 7 ] LA i, e
Tl e mUE, A TIR T, BN TRAnE 5(d)
e AT U 1. AT b g B S o i K Bl i o
45°77 [, I HAHAR RS rb g BHLSA e i 1 Bl ke L
. Zid g PuR b, i TR Jad g
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it 2z Ak, 3i i 70 R AE A% (magnetic flux
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J5 i SER A A Rl W e —.
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TELBRAETE o, B A AUNAEAE T 23— 7 1],
lﬁtﬁ%ﬁzﬁm%m%ﬁﬂﬁﬁﬂu:?ﬁ S [A] 4 7 0 R

o fAT LA SEER T 2 3 1T PN B Y A A R
%%éa\%u‘i% x, y, 2 PO A AR RS ), 4nl&] 6(a)
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DATE A% B A AL i P A 248 4 8 B 1 SRR A %), 3
ASE i B A AC ARGy, W AT S SR ] 1 1 M
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Tl e AR Rt W 75 7 vk A ML DK HE 26 4 1 TR 40 1)
SUI 1 e St A L e RIS (AT R (EP RN
L RMEIE R, S AR MR, Wk T REAK
MR IF 1R 2 T AR U 2 AR L, X s
SECTNFER K, MELIAS B2 .

24

@ T )

4

7 g B = A B A

Pz
Jilkia ihlE
& H.
T H, I
| \I § it
Tlifb_l] I
‘ \) &)y 7 0] : JEN T ‘
D|:|:| i .n:lr;:r:lnl'.,ll
| || ﬂ?ﬁﬂ%@ L ||
@ ' . ” ‘

(2)

TR

ZhhfE ks
Yiffeds
Xiftekas

g TR
6 43X =4 TMR 54
(b) 7 Bl 5 A AR ) = A 5 g )

Fig. 6. Assembled three-dimensional TMR sensor: (a) Sche-

matic diagram of sensor structure; (b) three-dimensional

(a) R IEAR G5 R B

structure with soft magnetic tube for noise reduction/s.
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(a) ARSI R TR P 12, () T30 42 0 4 X T 2 ik 7 3 ek ) 52 o) 149

Fig. 7. Three-dimensional TMR, sensor with flux guides: (a) Schematic diagram of sensor structurel’?; (b) effect of flux guides on

magnetic flux of Z-axis magnetic field[*3,
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Fig. 8. Basic back-end circuit diagram of sensor.
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Fig. 9. The structure diagram of the magnetic flux concen-

trator and the surrounding magnetic flux distribution/®:
(a) Magnetic flux concentrator and magnetic tunnel junc-
tion under light microscope; (b) simulated magnetic flux
concentrations at both ends of the flux concentrator; (c) en-

larged image of simulated magnetic flux concentration area.
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Fig. 10. Noise power spectral density curve: (a) Power spec-

tral density curves of thermal noise and 1/ fnoise; (b) RTN

noise power spectral density curvel®,
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Fig. 11. Noise is reduced by series and parallel MTJ.
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Fig. 12. Schematic diagram of horizontal motion flux con-

centrator®!,
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Fig. 13. Schematic diagram of vertical motion flux concen-
trator®: (a) The state of flux modulated film close to the
air gap; (b) the state of flux modulated film far away from

the air gap.
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Fig. 15. Spin-MEMS microphone!'”: (a) Schematic diagram; (b) physical structure.
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Abstract

Sensors play an important role in Internet of Things (IoT) industry and account for a rapidly growing
market share. Among them, the magnetic sensor based on tunneling magnetoresistance (TMR) effect possesses
great potential applications in the fields of biomedical, navigation, positioning, current detection, and non-
destructive testing due to its extremely high sensitivity, small device size and low power consumption. In this
paper, we focus on the development of TMR sensor technology routes, covering a series of research advances
from a sensor transducer to three-dimensional magnetic field detection, and then to the applications. Firstly, we
recall the development history of TMR sensors, explain its working principle, and discuss the method to
improve the output linearity of single magnetic tunnel junction. Next, we state the Wheatstone-bridge
structure, which can inhibit temperature drift in detail and review several methods of fabricating the full bridge
of TMR sensors. Furthermore, for the market demand of three-dimensional magnetic field detection, we
summarize the methods of designing and fabricating three-dimensional sensing structure of the TMR sensor. At
the same time, we list several optimization schemes of TMR sensor performance in terms of sensitivity and
noise level. Finally, we discuss two types of emerging applications of TMR sensors in recent years. The TMR
sensors can also be used in intelligence healthcare due to their ultra-high sensitivity. In addition, devices from
the combination of spin materials and MEMS structure have attracted wide attention, especially, because of the
large commercial market of microphones, spin-MEMS microphones utilized TMR techniques will be the next
research hotspot in this interdisciplinary field.
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