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Developing path of magnetic sensing technology

Hall Sensor —— AMR — GMR — TMR
Spinvalve

HaII effect AMR effect TMR effect
0.2~ 0.8 mV/V/Gs 0.3 mV/V/Gs 2 7 10 mV/V/Gs

I

Permalloy
80% Ni / 20% Fe

Hard Disks 1986 ~ 1996 > 2004
SENSORs Hall  AMR GCVR z




The perfect magnetoresistive sensor

IEEE Trans Magn. 53 (4), 5300204 (2017

(10)
45 A = 8x8 pm?
R asa

- large output voltage: mV =
- low field detection: pT f 35
- tunable for large field detection: 80 mT % 0
- low noise E
- low hysteresis OmT g
- linearity: < 1% non-linearity 20 Ot Ly
- small footprint: 10 um chip size sLoo
- low cost: <0.20 €/chip =200 ;uliggnetic ﬁce'm H_ [-:I:EE 200
- high thermal stability: >120°C in harsh e.m environment

- compatible with CMOS modules
- compatible with large scale microfabrication
- compatible with flexible electronics



Magnetoresistive sensors
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Magnetic tunnel junction -

MIT, 1996
IBM, 1997
INESC, 1997
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Electrons will tunnel if apply voltage b
Spin is conserved upon tunneling

10.0
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TiWN, 50 A

Ru 70 A
Ta 100 A
CoFe,,B,, 25 A
MgO 11 A
CoFe B, 25 A
Ru 8.5 A
CoFe; 23 A
MnPt 180 A
Ta 30 A

Ta50 A
Substrate (Si/SiO,)
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Micromagnetic and Analytical Models t
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W~ Magnetic Energy of a semi-infinite -
/ thin film (w>>h,t) Nanoteenologias

H E/V=-pt, H.M + K sin20 - % p_ H..M

Theory Magnetic Recording, N.Bertram
B.D.Cullity(1972) Introduction to Magnetic Materials
1- C.Tsang, et.al, IEEE Trans.Magn., 30, 3801 (1994).

2- B.Dieny, et.al Phys.Rev.B, 43, 1297(1991).
3- D.E.Heim, et.al , IEEE Trans.Magn.., 30, 316 (1994);

4- P.P.Freitas, et.al , Appl.Phys.Lett., 65, 493 (1994);



Modelling - micromagnetics
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Macrospin Model for MR sensors

¥ o . )
Parallel uniaxial anisotropies
Current

X Reference layer ;p Microsistemas &
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Sensing layer Sensing FM
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Macrospin Model for MR sensors

¥ o ) .
Parallel uniaxial anisotropies
Current

X Reference layer ‘ Microsistemas &
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Macrospin Model for MR sensors

¥ o ) .
Parallel uniaxial anisotropies

X Reference layer

Sensing layer Sensing FM
Spacer

Fefaerence FM
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t<<< h<W

If H), < NyM*e"_

If Hy, > NM*e"_

hcosio L COS T
= slope = = .
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Sensor applications:
Sensitivity « slope

Highest sensitivity whe




Linearization strategies for MgO-MT)J

i Crossed Anisotropies ' Shape Anisotropy
ext 1
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(C) e.g. Permanent magnets: Linear | (d) t2<<t1: Linear ' (e) Linear () Linear :
Fig. 12. Summary of linearization strategies for MR sensors.
J.Appl.Phys. 103, 07A910 (2008) Journal of SPIN, Vol.1 (1), pp 71-91 (2011) Suess, D., et al. Nat

Sensors and Actuators , 202, pp. 64~ 68 (2013); Silva et al. Eur. Phys. J. Appl. Phys. 72 (1) 10601 (2015) Electron 1, 362 (2018)
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200mm backend GMR / TMR technology

TIWN
Ta50 A
Ru 50 A 6 targets IBD (extra module
CoFeB(t) 8 targets in PVD; 2019)
MgO 13.5 A Dep pressure 2 x 10>Torr
CoFeB 30 A Heated substrate
Ru9 A Assist gun,
CoFe 22 A Base Pressure 5x1078 Torr

IrMn 200 A
Ta30A
Ru 180 A

Ta 50 A
substrate

INNOVATION WITH RELIABILITY



Process control

(V)

Bias voltage vs target time

455 -
) for CoFeB target
450 - 600mA, SmTorr ( f108, f107) 3.2 W/cm2
4453 - June 24th
440 -
4351 July 3rd
430 -
) %
425 -
420 -
‘ Deposition rate changes uly 12th
4139 July 6th : :
- with target aging
410 I ' I ' 1 ' 1 ' 1 ' 1 ' |
0 10 20 30 40 50 60

(time, proportional to target utilization)

CoFeB sputtering target (#100mm)



Process control: free layer thickness
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Process control: tunnel barrier thickness

O.0.010.21nm
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Interlayer magnetic coupling - Néeel coupling

Looking near | 35| " 79 AA_'
0.1 zero fields : f"""';,'ll'ﬁ' 30! : 12? A ]
,g : o j v 15.8A "
; 0.0 .71-—. [ = 251 e 18.4A7
- f -J O 20} * 21.0A
= -01 l.J‘l'.'.l.....T. | ; 15 Flttlng 1
0.2} 0 0 20 A 10 } -
10000 -5000 O 5000 10000 5| ]
H (Oe) 5 10 15 20 25
T2h2 M., V2d NGO V2R MgO thickness (A)
Hy = —exp(—2n—— T X —

\/iAtFL ______

59
trr | trRL M, _-.d__-
nm | nm | emu/cc | nm (| nm || 200 @&~ | = yF= e 0
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» A method to access the MgO/CoFeB roughness.

J. C. S. Kools, et.al., J. Appl. Phys. 85, 4466 (1999).
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Multilevel device
patterning

Film thickness:
Controlled at the atomic scale _
1A = 0.1 nm ik

MgO target with Ar plasma

Wafer microfabrication
in a Clean Room

20
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Current-perpendicular-to-plane (CPP) device fabrication Nanotecnologias
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: Damage-free CoFeB

: Damaged CoFeB

: Damage-free Mg

: Nonstoichiometric Mg

: Damage-free oxygen

: Nonstoichiometric oxygen

2
@
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2
2
ot en

Fig. 5. (Color online) Substance distribution diagram of the patterned
MTlJs after the etching process.
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Resistance (kQ) Resistance (kQ)

Japanese Journal of Applied Physics 56, 04CEQ09 (2017)
https://doi.org/10.7567/JJAP.56.04CE09
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3x20 pm
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1

no 02 CoFeBSi 02 Pillar 02 500s
Sample Treatment

Filipe Monteiro, INESC-MN/IST, Master thesis 2023 (unpublished)
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Challenges

* Low fields detection
 Small footprint
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How to distinguish signal from noise ?

Microsistemas &

Nanotecnologias
. . - MTJ sensor
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P.P.Freitas, R.Ferreira and S.Cardoso “Spintronic Sensors”, Proceedings of the IEEE, 104, 1894 (2016)

E. Paz - S. Serrano-Guisan - R. Ferreira - P. P. Freitas — J. of Applied Physics; 115. 2014 26



https://www.researchgate.net/researcher/74619966_S_Serrano-Guisan
https://www.researchgate.net/researcher/66856610_R_Ferreira
https://www.researchgate.net/researcher/5701597_P_P_Freitas

Noise Spectrum of Magnetoresistive Sensors

Lowf + low field
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Field detectivity (D)

Microsistemas &

- Detectivity limit:  SNR=1  (Signal = Noise) Nanotecnologias
oltage ,
(or R)
AR § :
\/aH |°R?
‘ Af AH | a,
" Field Sy (T [/ Hz): | AR VR A f [in Tesla]
:g:zzge AH (in 1/f regime)
1/f
thermal
. Operate at high f
frequency
Increase MR
Increase A
o, = Hooge’s constant Reduce linear range AH
— S=TMR/AH A = MR area

' _ Reduce Hooge value
sensor sensitivity f = operating frequency



Strategies to improve the minimum detectable field /
(in 1/f regime)

a1 °R? Field modulation for high frequency

V f / Increase TMR
Sy (T I HZ): AR Vv f ‘ Increase V (area or thickness)
fin Tesla] | AH Reduce linear range AH
Reduce Hooge value

= Hooge’s constant

A=MR arca Improve MR Increase A
f = operating frequency / X -~ ~
Nat Mater, 2004, 3:862-867 f:;_' fllé 120021524 (2017)
Field modulation J PyslD=Rprall [Py, Z00g, 40 REKY AIP Advances 8(5):056644 (2018)
J. Physics: Cond.Matter, 19 (2007) 165221 Scientific Reports , 11, 215 (2021)
\ Ann Rev Mater Res, 2009, 39: 277-296 KIEEE Trans. Magn. 48, 4111 (2012) .
Sensors, 18(3), 790; (2018) J Appl Phys, 2007, 101: 09B501
Micromachines, 7(5), 88 (2016) K‘] Appl. Phys, 99, 08A907 2006 / Reduce linear range

IEEE Trans. Magn. 48 (11), pp. 4115 (2012)  Reduyce o,

Journal of SPIN, Vol.1 (1), pp 71-91 (2011) IEEE Trans. Magn. 51, 1 (2015)
J.Appl.Phys. 103, 07E924 (2008) IEEE Trans. Magn. 50, 1 (2014) IO ALk [POTS72 (20T
IEEE Trans Magn. 50 (11), 4003805 (2017)

Afppl Ay LED, BB, B2esl (20s) ) Microsys. Technol. 20, 793 (2014) IEEE Trans Magn. 55, 7, 4400605 (2019);

IEEE Trans. Magn. 48 (11), pp. 3847 (2012)
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Detectivity values: ~
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AIP Advances 8(5):056644 (2018)
Scientific Reports , 11, 215 (2021)



Detectivity (D) - minimum detectable field

SNR =1

10° 10° 10° 10°
2
Sensor Area, A (um”)

flexible probe - polyimi

Si probe (single MR)

Si probe (arrays MR)

IEEE Trans Magn. vol. 51 (11) 4401104 (2015)

Neuron, 95, 1-9 (2017)

J.Gaspar et.al, IEEE Trans Magn. Vol.53 (4), 5300204 (2017

Microsistemas &
Nanotecnologias

%, MAGNETRODES

cea

INUCZ

INTERNATIONAL TGERIAN

NANOTECHNOLOGY
AAAAAAAAAA



http://www.inl.int/index.php

Large Series INESCMN

10000 L e T - - Microsistemas &
1 - Nanot logi
ol I 1102 TMR elements with ™09
1l — '
o | s : A= 100x100 um? each.
,C_:, ] !i RXA= 30.6 kQ um?
3 7000 ' % R [1 MTJ] =3.06 Q i
§ 6000 — [H:O] : Linear range : [-29 Oe : 20 Oe€] -
N2 dR/dH= 126.2 Q/Oe .
8 5000 - ] _
o ] : ]
4000 L -
3000 . .

T T T T T T T T T T T T T T
-400 -300  -200  -100 0 100 200 300 400

Measured Applied Magnetic Field [Og]

34

1500A Algas, Siys Cllp s+
150A TIWN.

MT]J sensor

Top Contact definition pillar E. Paz - S. Serrano-Guisan - R. Ferreira - P. P. Freitas - Journal of
Applied Physics; 115. 2014



https://www.researchgate.net/researcher/74619966_S_Serrano-Guisan
https://www.researchgate.net/researcher/66856610_R_Ferreira
https://www.researchgate.net/researcher/5701597_P_P_Freitas

Increase V (area or thickness) INESC MN

Microsistemas &
Nanotecnologias

...for people with enough space ...for all others

Courtesy: C.Caldeira, Nanium



GMR(%)

Saving space: GMR sensors packed Nanoteenologias
Packed arrays of sensors

Y

Single sensor Packed sensors arallel

w

+ Sensing
4 direction
h
—
/=40 um Z=N
spin-valves
10.7
L B B s B B e e e . |[ =5 | N=440 [xYZ = 440000] |
z=1 ~ .
e e e e 7 10.6 5
_ 6 1 b . "
w=2pum ] w =40 pm // 1 MR=6.3% )
S=13%/mT S =093 %/mT /v/ 1054 R =10kQ g
] P min .‘.1
. i G 1 W.H =02mT is
I /7 X 1044 o5 H
—4 // | = S=1.7 %/mT i
9 / o 1 s=172vvIT i
| = N c 103- i
] 7Y 1 ® ] b
= H 5 [
} ) /7 L 102 [
i 24 % . o 7]
/7 ) 1 i
4 o is
// 4 J/
] W ] ]
S— - /,/v/v/v 100_ ..... -
L L L L R L B L L L O+———F——TT—T T T T T T — 1 - T - T - T T T T 1
-14-12-10 8 6 4 -2 0 2 4 6 8 10 12 14 14-12-10 -8 6 4 2 0 2 4 6 8 10 12 14 -15 -10 -5 0 5 10 15
H,- H (mT) H,- H (mT) H,-H (MT)

AIP Advances 8(5):056644 (2018)
Scientific Reports , 11, 215 (2021)
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TMR sensors packed

a) Vertical Packed single MTJ

TMR structure

Cap layer
Free layer
Oxide Barrier

Reference layer
Ru spacer

Pinned layer
AFM
Buffer

W//—-
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B Spin Electronics/ MTJ Array [16]
W NY centers [7]
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M Giant Magneto Impedance [9] :

3

W Optical Magnetometer [10] 1

W Snin Electronics [11] T

m Other tecnologies

B Packed Spin Valves 3

Spin Valves + MFC -

Arravs Packed Spin Valves B Squids [12] ]

B Arravs Packed TMR: Shifted (Z=2) B Optical Magnetometer [3
M Single Level TMR

10° 10° 107 10° 10° 10" 10° 107 10" 10° 10" 10° 10° 10" 10° 10° 10’

Area (mmz)

Microsistemas &
Nanotecnologias

AIP Advances 8(5):056644 (2018)
Scientific Reports , 11, 215 (2021)
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Challenges |l

* Wheatstone Bridge architecture
* Thermal stability
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TMR sensor acts as a variable resistor

Simplest way to measure:

I
@ ; MTIJ
\ G g
V

Advantages:

e Bipolar output

* Noise immunity

» Easy biasing (V const)

— Disadvantage:
* Requires 4 TMR sensors

e Anti-parallel sensitivities

}

2 reference directions for X
2 reference directions for Y
in the same die

MTIJ

Disadvantages:

* Current source is difficult to implement
* Prone to supply noise

e Output is not zero when field is zero

RQ(H) R4(H)

Vo= (RI(H) +Ro(H) Rs(H) +R4(H)> Ves



Full bridge with mechanical mounting -
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1 deposition step for TMR definition
The same annealing for all wafer

;7—32‘..
= o= = _

o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Dicing and flip

to mount at 180°
»n«xgg!g%%’

Full Weatstone Bridge



WHEATSTONE BRIDGE — DISCRETE COMPONENT ASSEMBLY -
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1 direction 1
‘ deposition

Individual sensors

Sensor 1|:
Hc =014 mT

3500 H,=1.98mT
R =275K0
min

3600

1D Wheatstone

Sensor 2:
Hc= 0.09 mT

H;=2.16 mT

3300 R . =275KQ
min

Sensor 3:
Hc =0.14mT

H = 224mT
3100 R, =279 KQ

60

Resistance (£2)

40+
Sensor 4:
Hc= 0.41mT

Hf =210mT
R =277KQ
min

20~

2900 | Sens = 5.60 mV/mT Ry
Hc =0.16 mT o2

Hf =0.09mT 3
5 10 ',z'

Magnetic Fleld (mT) 4 AlOx chips mounted in ? !

(a) Output of the four sensors that compose the bridge after Wheatstone Brldge 40l o Offset correction
annealing. Requires electronics

-60 |- -

Each chip = 225 x (2x50 um?) 0 5 5 10 |

0
Magnetic Field (mT)

Pillar Size: 2x50 pm?®
lgpe= 6 1A

Voltage (mV)
=]

2700

-10 -5




Full bridge with 2 depositions -
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2 deposition steps for TMR definition

41



2
deposition

WHEATSTONE BRIDGE — 180° REFERENCE LAYERS Zdirec_n;m
4=

1D Wheatstone
bridge --—l—--

Linear MTJ
--J—--
. — T00A I I I

Al,O;

Type | MTls ||E=F Type Il MTJs

Cap
\ R Free Layer

Free Layer R 1500A Magnetlc fl@ld
' \ e AlessSiygCugant
7= N— / 150A TIWN,
g H| |k A
CoFe
T IrMn

3-layer SAF

Reference Individual MTJ Area: 5x70 pm? Annealing at 330°C required for
MTJ Elements in series: 110 per arm

Appl.Phys.Letters 118, 072401 (2021) both TMR stacks at wafer level
IEEE Transactions on Magnetics 48, 4107 (2012)

2-layer SAF
Reference

Buffer




Exchange coupling — Hysteresis loop P ———

/Sensing FM
Spacer
:eference FM } SAF Reference
u Electrode
Pinned FM
- Fixing AFM
Seed/Buffer
_TN
=P e = o e =
— — — — —
—» —> —b —> —> —b 1 I d I
‘ Exchange Slmp e Mode
. coupling

1
E = EHJEISFSAF + MgtrH

I i o
& =

o Nz SESar
T oMty

n - number of interfacial spins per unit area;

Antiferromagnet: J., - €xchange constant at the interface.
Mnlr, MnPt, MnNi, NiO...

43



Wafel level laser repining

1
deposition

-
Laser + l Monolithic
Magnet — | 1 package

What is the best temperature to reverse the pinned layer?

infrared laser A = 1064 nm

Spot size ~ 10 um Sci Rep 11, 14104 (2021).
pulse duration ~100 ns
IEEE Trans. Magn. 51(1) 4002404 (2017)
Appl. Surface Science 302, pp. 159-162 (2014)
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Selecting the AF material

Low T, )

Easier laser repining

1000 r.mT Se==— ™ S| ,__T,_,.,,_.:,

;' e ‘
0 50 100 150 300
Tempe
Nozieres et al.

J. Appl. Phys., 87 (8), 15 (2000)



Selecting the repining T for-each AF material

= Experimental data

- — - Malozemoff's model fitting

Our model fitting

e Experimental data
- — — Malozemoff's model fitting

Our model fitting
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Malozemoff’'s Model:

Jo
Hoo(T) = —"  §(T) = HY (T
(T') MFMtFMJ() J(T)
v
1—l) T < T,
- 0 ”
0 T >Ty

Including T, distribution :

0 100 200
T (°C)

300

H(T) = e > f(Tw) (1_%)” I < T
@) o T > Ty

B (Tg - Tbcenter)2]

a1
I (L) = ATwWor 7 2 (AT})

J Magn. Magn. Mater. 477, 68-75 (2019).



Coercivity, Ty distribution -
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T, distribution =¥ uncertainty in laser annealing H. Model: dependency on the grain size
60| (a) " eememnam, MNPt Tesmetsasc ], S !
—_ | LNy ) — S
= 40l S s
é - " Hc \!I""'I . O 5 -'g
(8] . . P i b7
. — -U) erma
T 20 _ T, distribution J AT,=35C 5 v S
ol 10.0 | R

-
o

(@»)
(@)
Tb distribution

20+ (b) nIr T,ener=270C .
E [ — T distribution '
S0t . 1
Io _ ".--.._. ~o—cocceo® |

ol oveee T AT=4TC o
0 100 200 300 400
T (°C)

!
O
o

H. Lv et al., J Magn. Magn. Mater. 477, 68-75 (2019).



Selecting the AF material

High T —)

High thermal stability

Microsistemas &
Nanotecnologias

Nozieres et al.
J. Appl. Phys., 87 (8), 15 (2000)

Temperature (C)

400 300 200 (150 100

1000 I | )
100 lefln

10

1

0.1
0.01
0.001
0.0001

Time to failure (years)

0.00001 I

TMR/TMRmax

Automotive qualify

'|'|'|'|'i'|'|'|'|'
1,0- | A |
_ \oo o—cp\o/o\o
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08 F \I
— \
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0,6 |- I
I
0,5 | I
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300

33C

L

Ru 5/Ta5/ Ru 10

— Z

| CoFe 2.5
7

[ MnNi (MnPt, Mnir)

[Ta 5/Rul0],/Ta5/Ru5

Thicknessesin nm

P.Araujo et. al.
(unpublished)

0.00000] == PR RN PN NN P B
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1KT (ev-1)

Accelerated annealing tests At 150°C =

1000 years - NiMn and PtMn

100 days - IrMn
20 h - CrPdMn




In summary:

The perfect magnetoresistive sensor

- large output voltage: mV

- low field detection: pT

- tunable for large field detection: 80 mT

- low noise

- low hysteresis OmT

- linearity: < 1% non-linearity

- small footprint: 10 um chip size

- low cost: < 0.20 €/chip

- high thermal stability: >120°C in harsh e.m environment

- compatible with CMOS modules
- compatible with large scale microfabrication

- compatible with flexible electronics Is still to be found
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