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-Present markets:

Data storage : PC+consumer electronics

Sensors: automotive: current, power, position-linear and angular, battery cell monitoring
navigation systems-digital compass

MRAM: 1st generation

-Emerging markets:
NVM: STT-RAM (MRAM), M-FPGA ( integrated Sensor + CMOS)

-New sensor markets:

Low power ( <mW), low noise (nT/sqrt(Hz),medium landscape (<5mm?2) integrated sensors
-point of care biosensor arrays (MR sensor arrays, microfluidics, CMOS, packaging)
-scanning sensor arrays (high resolution current imaging, non destructive testing)

(MR, CMOQOS, packaging)

-remote sensor networks ( hybrid RF antenna-MR sensor microsystems)

Very low noise -pT/sqrt(Hz)-integrated sensors for low frequency (1Hz) applications
-MCG/MEG-hybrid MEMS-flux guide-MR sensor arrays
-smart microelectrode arrays for neuroelectronics



1-Data Storage
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Technology Transitions in Magnetic Recording
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[I-SOLID STATE NON-VOLATILE MEMORIES

MTJ-MRAM
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3 MRAM Approaches l

— —.

FIMS writing TAS+ FIMS writing CIMS writing

Exchange biased

storage layer Shape anisotropy

Shape anisotropy

Elliptic with AR~1,5 Circular Elliptic with AR~1,5
lWH#(AR-1).t. ML |, #J, L2 |, # J_L2IAR
~1-2ns ~1-2ns <0,5ns
L>200nm(no toggle) 35nm<L<200nm 25nm<L<150nm
25nm 35nm 25nm

NEXT MRAM project ( 2000-2005)




I11) Magnetoresistive Sensors in Automobile INL?:}’

Applications, other industrial applications RTEE oG
At least 15 different types of sensors using magnetoresistive *Information from Sensitec
devices are already being integrated in automobiles website
Active suspension .
Wheel speed sensor " Electric power steering (EPS) Ad Vantag eS .
; 2 Steering angle / torsion e Contactless, wear-free operating
Varklisaatie g T Pedal position principle for angular and linear
Wiper position measurement
* Large air gap

* Large permissible air gap tolerances
» Withstands extreme operating
conditions

* Full redundancy possible

» Failsafe design

* Flexible integration

* High bandwidth for measurements
in time slots of less than 100 ms

Electronic
throttle control

Travel sensor for pneumatic cylinders y .
ontinuously variable

Rransmission (CVT
Cam~ and crankshaft (v

Active stabilizer Gear wheel speed sensing

+ Navigation Systems  sesiausmen:
+ Electric Batteries Safety Systems
+ Acceleration Sensors for Airbags (MEMS+Magnetoresistive)
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IV-MagnetoResitive (MR) Biochips:
diagnostics
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Trends In Biotechnology, August 2004
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V-Biomedical imaging applications

Requirements:
Magnetoencephalography-fT
Magnetocardiography —pT

Low field MRI-fT

Increase GMR/TMR sensitivity, decrease noise background

Devices:
GMR/TMR + fluxguide hybrid sensors
MEMS + GMR/TMR hybrid sensors



MR sensors: basics
1-Anisotropic Magnetoresistance

(intrinsic property)

3d moments
Non spherical M 1 -]
3d wave functions o,

3d moments

Different Scattering M || J L Ct———— >+ ]

Cross sections

J.Smit, Physica 16, 612 (1951): T.R.McGuire and R.I.Potter, IEEE Trans.Magn., 11, 1018(1975): P/|
O.Jaoul, I.A.Campbell, and A.Fert, J.Magn.Magn.Mater., 5, 23(1977); L.Berger, AIP Conf.Proc., .34,
355(1976); L.Berger, P.P.Freitas, J.D.Warner, and J.E.Schmidt, J.Appl.Phys., .64, 5459 (1988).



AMR in thin Nig,Fe,, films
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How to make an AMR sensor?
1-Control the magnetics of the thin NiFe slab:

Magnetic Energy of a semi-infinite thin film (w>>h,t)

E/V=-p, H.M + K sin?0 - % p_ H,.M

Where de = -I\/Iy Ny

Minimizing energy:

sind = pu, HM,/ 2 K«

Keff:K'I'l/zquszNy

t

Ny = (Uzh ) In [(h-A)/ A] <

B.D.Cullity(1972) Introduction to Magnetic Materials, AW, MA Theory Magnetic Recording, N.Bertram, p.172



2- R vs H response for a single NiFe stripe

R=R . +AR c0s? 0

Chapter 7, Theory of Magnetic Recording, N.Bertram, 1994 NON |inear near H = O
N.Smith, IEEE Trans.Magn., 23, 259, 1987



3-Biased Soft Adjacent Layer AMR
sensor

H

ext

Chapter 7, Theory of Magnetic Recording, N.Bertram, 1994 T "
N.Smith. IEEE Trans.Maan.. 23. 259. 1987 Lmearlzed OUtpUt



Micromagnetic simulation for SAL and
MR layers

1.0 H F“ Ms(SAL)=Ms(MR)=800emu/cq
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AMR heads used till 1995 in HDD and still in use for tape recording



e The Spin Valve Sensor

GMR effect, spin dependent scattering

At NM/M interfaces and in the bulk
(1986) » Exchange

Pinned

h Spacer

Free

Contact pad
Contact pad

AV =7% (AR/R).I.Rsq.(W/h) <1-cos (0+0, )>

1-C.Tsang, R.E.Fontana, T.Lin, D.E.Heim, V.S.Speriosu, B.A.Gurney, and M.LWilliams, IEEE Trans.Magn., 30, 3801 (1994).

3- B.Dieny, V.S.Speriosu, S.S.Parkin, B.A.Gurney, D.R.Wilhoit, and D.Mauri, Phys.Rev.B, 43, 1297(1991).

4- D.E.Heim, R.E.Fontana, C.Tsang, V.S.Speriosu, B.A.Gurney, and M.LWilliams, |IEEE Trans.Magn.., 30, 316 (1994); P.P.Freitas,
J.L.Leal, LV.Melo, N.J.Oliveira, L.Rodrigues, and A.T.Sousa, Appl.Phys.Lett., 65, 493 (1994);

J.L.Leal, N.J.Oliveira, L.Rodrigues, A.T.Sousa, and P.P.Freitas, IEEE Trans.Magn., 30, 3031(1994).



Spin Valve sensors-magnetic response

#H"H"l-h Py

.
—

B
o O

\ment [memu]
| \
i

7|

2 |

/ _ _
S L5heSmmre?____H =362 0e -
g 900 -600 -300 O 300 600 900
H[Oe]
10 ) T ) T ) T T T T
b 0o—o0—0—0—0—
1 —— ‘." MR = 9.6 %
8 — \ Resistance = 47 ohm |
5 H,= 9 Oe
H_=30e
6 4 ]
S
Neel Coupling /2
—
N =
0 T T T T T p §—0—ara
4150 4100 50 0 50 100 150

Magnetic Field (Oe)



Basic stack(94-97)

8%<MR<10%
Hc < 20e
Hf < 10 Oe
Hex > 600 Oe(Mnlr)
> 1000 Oe (MnPt)

SV materials

SAF+NiFeCr(97-02) Specular SAF(01-)

NOL2

Ru

NiFeCr NiFeCr
10%<MR<15%
Hex > 3000 Oe 14%<MR<16(20)%



Spin Valve Sensor: biasing

AF

|

Sinef = Mo [Hext'Hj'Hdem,p+Hf] Ms/ 2 Keff



Sensor design issues

Patterned
underbiased

------

Unpatterned
/ MR loop

Patterned
Properly biased




Micromagnetic simulation for SV sensor

FIMH Ang. Distribution

1.0 H R E-my T tfree:6OA
— X t .. =30A
t. ,=22A
0.5 1 H=100e
unpatterned H =600 Oe
FREE fAng. Distribution A% h=2um
P 0.0 5 . 8 2
=) j=1x10 ~ A/cm
= w>>h
2]
|_.._______________.__\_!:_._T_-_T_._—_._T...__
1.0 - 5
—"
> I ' I v I v v I v I v I
O h (Mm) 2 -150 -100 -50 0 50 100 150



Spin Valve Sensor Transfer Curve
Ta20A/NiFe30A/CoFe20A/Cu28A/CoFe25A/Mnlr60A/Ta25A

6- - Al glgigE_n 1610
i =8 mA f' e, :
5 | ] 605
R=72,0Q =150
- ’ 4600
44 MR =5,85%
_ 1 S$S=0,14 %/0e _/ 4595 >
S 3- BN
x | 2 4590 3
S 5 2X6 um ] S
] 4 585
1 - H=-150e T
| -4 580
_ et _
0- IR S L ek —®—tp2d07s6 ] 575

-150 -100 -50 0 50 100 150
H (Qe)



How to chose the best sensor? Noise spectrum -

U shaped SVs, (80x2um?) data
For 1 mA sense current: - — - f|t
» 1/f knee at 50 kHz
- thermal noise: 0.2 nT/VHz (linear regime)
’,\T 10'16 - * « 30 Hz: 13 nT/VHz (corresponds to 250 nV) .
c\|< y~1; a~1 0.1 mA sense current
a R ~ 650 Q 1/f knee at 1 kHz
> Nc ~ 1.8 E+11 noise carriers .
2 nT/sqrt (Hz)
4 |Calculated thermal background
0"+ - " -~ " - - - .';.f I
O' 1 1 S (thermal)]:(ll)K TR

Frequency (kHz_



The Magnetic Tunnel Junction-|

incoherent tunneling through an amorphous barrier
Top Lead

Julliere’s model for incoherent tunneling

Accross amorphous barriers ( AlOx, TiOx)
Magnetization.
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Tunnel Junctions deposited by lon Beam
Nordiko 3000 deposition system

gr, Deposition Conditions
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1nm thick barriers for read heads

1Torr 5mins
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Tunnel Junctions Characterization

Automatic Measurement of Transport Properties

Automatic Measurement Setu

GPIB {IEEE 488) Bus

KLA 3700 < AR L - ¥ S f \

Probe Station (_Q
-y ‘{‘



Patterned Junctions Transport Properties
TMR(%)

Bottom electrode Oxidation: Top electrode
Ta 90A/ NiFe 50A/ Mnlr 90A/ CoFeB 40,50,60A/ Al 9A CoFe 30/NiFe 40/Ta 30/TiWN2

60A CoFeB 50A CoFeB
7690 nclion#2 5. anmealed al 260°C

Susana TJB91 annealed 280 Magnetoresistance Histogram FAI600/Ta90/NiFe50/Mnir90/CoFeB50/AI9+0ox/CoFe30/NiFe40/Ta30;
Magnetoresistance Category Size : 0.9 (%)

TMR=47.6%
Area=2x4 ]sz
RXxA=432 Q.um’

w
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N
o

TMR [%]

Total Sensors: 443 out of 540 Hf= 0 Oe
41.23 Hc. =22 Oe

free

Average :
RMS Deviation : 67753
Maximum : 461
Minimum: 0
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The IMlagnetic Tunnel Junction-li
Coherent tunneling through a crystalline MgO barrier

2) Magn Anneal

1) Stack dep
( 10 target PVD)

7 Ru

B 1h 3300C 1T

Stert: 10302013 10:41 AM  Enct N/A  Jok: 330C AT 2 Comments:

2.6 CoFeB
SAF
2 CoFe
7.5 IrMn/ or 20MnPt
5Ru




The TMR device: process
4) stack magn. characterization

TEEE TREANSACTIONS ON MAGNETICS, VOL. 42, MO, 7, TULY 2013

+ 1.0 1.0
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. C . “Ss
Linear response optimization: 2"¥ annealing temperature IN L“.\.
VSM plots obtained in a matrix of annealing temperature vs NiFe thickness el

NANOTECHNOLOGY
LABQRATORY

5Ta/15Ru/5Ta/15Ru/5Ta/5Ru /17 PtMn /2.0 CoFeg,/ 0.85 Ru/ 2.6 CoFe,,B,,/ MgO
4x123 3kW 600sccm / 3.0 CoFe,,B,,/0.21 Ta/ 8 NiFe / t,,, /2 Ru/5Ta /10 Ru

Annealing tyn =6 NM tynr=8 NM tynr=10 Nm tynr=12 Nm tynr=14 Nm tynr=16 Nm

[ [ f
T=330°C ‘ ‘
1T,2hr e a.
05 05 05 05 05 05 |
o7 s H s s o ) o ]
| — — o I S

1 1 S| 1 = s e e | 1 1 i S S S—— 1 JpE————
= jpm—— E =
f [ |
s s | 0s 1 0s 0s 0s ‘
=200 °C i i . i . i | [ |
1 1 h h 03 —0zs —nas —nas 025 025
T, r, n.a.
o7 o7 I s s ors ) 073 |
_7-;.// )ﬂ,-*j i 2
. o e . e ) =
1 1 —— 1 emmm—} 1 1 L — 1 ]
. . . . . i} .
vl f
4 I
05 05 I 05 H 05 [X] 05
025 0.25 0.25 0.25 0.28 ‘ 035
=250 °C i, i |
i : ] F F g g
1T,1hr h a. |
J J
—ors ~07s 075 ~07s | 075 ) s 1/
= T A
. Py S N N P - N e

T=270°C : .
1T,1hr,h.a. "

00 -150 100 50

e e |
. " N 1 N

0 00 150 10 - 0 S0 1M 10 200 00 150 10 - 0 S0 1M 10 200 00 150 10 - 0 S0 1M 10 200 00 150 -1

o
) ) 0

The annealing temperature used to produce the linear response must be optimized for each stack :
notice that Hf, Hc and Hk change with the temperaure even after obtaining linear response.
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CIPT Transfer Curve for
a specific probe spacing

Rsq [€/sq]

9.7

The basic TMR device: process

5) CIPT transfer curve characterization
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The TMR device-process
7) MTJ ion milling , w/wo SIMS end point detection

Ca
p Early Etching Stage : At the level of the barrier: Final oxidation step:
Large incident angle Shallow incident angle Any material deposited in
16 NiF reduces shadow effects, increases the etching in the the sidewalls of the junction
¢ but results in heavy sidewalls of the pillar, is oxidized, becoming an
Free redeposition reducing the amount of insulator.
3 CoFeB redeposited material
Cu
2.6 COFeB ) \l/ TJ#212 31 August 2011 212W-+350V/1500V 0.25A 42sccm N1.2 0.13A first etch SEM : cis
SAF 1000—:“ Cu Cu F-30000
2 CoFe s00- r
7.5 IrMn/ or 20MnPt w00 \L 2000
5 Ru 7003 L
] —20000
600 E
5"“— 15000
o] -
Buffer 3007 ;mooo
200] r
E _—5000
100 L
o 1 . =2 |
00:00 35:00
/ Chart / Ta ~/ Ru Ir # Cu / Fe # Ni

Marker



Multiproject Wafer Service ( 200mm and 150mm, INL and INESC MN )

MTJ stacks
deposited on
Si/Si0O, blank
wafers and
patterned with
minimum feature
sizes of 1umm

Process extension
to 100 nm
features

avallable




TMR sensor: output, noise, detectivity

noise power S?2 (f)= 2 eI R? coth (ZZVT) + aVIIT (V4/Hz)
sensor output AV= ( %) (1 — (%)") V,<H>/(2 H ") (V)
Defining ¥y= AV/<H> (VIT)

Then minimum field detectable is
D2=S%/x 2= (1/ 5 2) [(2eR/V) coth (eV/2KyT) +<le7 ] (T? Hz)

For a series of N sensors

D=S%x5 2= (1/52) [(2¢R/V,,,) coth (eV/2NK,T) +a =
1

For Viy/N <<KpT, D*=S32=(1/5?) (ANRKGT/V o >+t~ |

(T2 H2)



Full Wheatstone Bridge
Magnetic sensor requirements

NNNNNNNNNNNN L IBERIAN

NANOTECHNOLOGY
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1 _— 1 —1 s
Viias R I R Viias R-AR I R+AR

Bridge output is Immune to thermal drifts

Intermag 2012 : GG-07 Vancouver
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Final Device Geometry

Full Whetstone Bridge Incorporating MTJs connected in Series

Linear MTJ
--J—--

INUCZ

INTERNATIONAL IRERIAN

NANOTECHNOLOGY
AAAAAAAAAA

11

Magnetic field

May 11th 2012

. Type | MTJs ||FeH Type Il MTlJs
= R __— TO00A
Free Layer ‘\ Free Layer R Al O3
= [ Al ;‘SO%A
= H H ORI
2-layer SAF e 3-layerSAF [ [ndividual MTJ Area: 5x70 um?
Reference Reference | MTJ Elements in series: 110 per arm
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Current in plane Transfer Curves

INGS

MT]J Stack | vs. MTJ Stack Il after annealing TG
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2D Magnetometers

ENIAC-JTI

Output from two orthogonal bridges

XX Component
Sensor
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Sensor output during a 360° rotation

Offset Corrected
XX Field Sensor Output [mV]
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NDT Testing with TMR sensors

| I

Aluminum Mock-up with a width of 100 um
and a depth ranging of 0.2, 0.5 and 1 mm

In collaboration with INESC ID

FP7-IMAGIC

Gold contact PCB

Wirebonding

MTI Chip

Al contact

MTI sensor

L—— | Exitation

A OO O line




MINIMIZING INTERCONNECT RESISTANCE IN LARGE MTJ SERIES, stack 4

TJ933 — Si/ Al,O4 (100nm) / [5S Ta /25 CuN]x6 /5 Ta/5 Ru /20 IrMn /2 CoFe,, / 0.85 Ru / 2.6
CoFe,oB,, / MgO 2x41 / 2 CoFe,yB,,/ 0.21 Ta/4 NiFe /0.20Ru/6IrMn/2 Ru/5Ta/ 10 Ru

200mm wafer processed at INL

! I ' I ' I ' I I T T
9000 4 "‘*«.\ Serles of 1102 MTJs W|th
\,\\ 100x100pm® I (Taicu) xn
8000 kY 4 Buffer minimizes
kX
o 1 1 Interconnect
— 7000~ 5 1 resistance
(o)) s .
O I % _ 1 contribution
c 60004 Hc=0.550e \\\\ TMR=174.5% ]
o Hf= 5.7 Oe % RxA=30.6 kQ um?
2 )
‘o 5000 - W i
(b} ‘-\':\!.
o Linear range : -29 Oe to 20 Oe Rt
4000 ' ¥ -
hln..‘.----
3000 —7r r r1r - r r r - 1 1T 1 *r T ° 1

-100 -80 -60 -40 -20 0 20 40 60 80 100

''''''''''''''''''''
NAN DTECHNOLDGY
ABOR
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Previous results — Buried

330

300 -
270
240 ]
210 4
180
150
120
90
60 4
30

Detectivity (pT/HzU‘s)

—— @1kHz
—e— @10 kHz

—+— @100 kHz

Hh-
¥ 178 pT/HZOS

67 pT/Hz05

3

22 pT/HZ%5 -

¥
&

0 2 4 6 8 10

260 -
240 -
220 -
200~
180
160
140
120~
100
80
60+
40
204

Detectivity (pT/Hz"®)

175 pT/HZOS

i’—r"”‘\“‘= - -— 5

—= @ 1kHz
—+— @ 10 kHz
—+— @ 100 kHz

- & &

rY &

e S re 4 2

£ 4%

162 pT/HZ0S

21 pT/Hz05

]

T v T T T T

00 05 10 15 20 25 30

Bias Voltage (V)

72 MTJ in series 50x50 pm?

Rsensor =990 Q

26 MTJ in series 100x100 pum?

0.5 mm

Rsensor =130 Q

L 000



Internal TMR prob

fpor Reference signal
f =1 kHz — DDS# AC@ Jouws
meas - Bias Auxiliary Signal Recovery
Agilent 322204 | Resistors Board 7965

f_.=999kHz | DDS#2¢

(—b B:C or 1um§ é _—_—_7{_— Lock-In
i

bias 4 10z 1 Amplifier W
| =100 uA Agilent 332204 | -
S H 0-p 1AN= — L |
Shared clock - Spectrum
reference - D || Analyzer
e Probe HP 1142
Tektronix RSA
f o =1000 kHz *|_DPDS#3 ac __Snglesemsar 3300
excitation e T or differential

Iexc=1AO—p




Friction Stir Weldin i

ros

Top view i S S e
(scanning side)

Bottom view ,
(Welding side) &




Noise (nT/Hz"®)

5P

INESC MN-NEOCERA

Scanning probes

current imaging in Ics

50
w] 2X2 um?
14
=20 1
=
10 1
O T T T T T T T
-100 -80 60 40 -20 0 20 40
Magnetic Field (Oe)
100 |
10 t
100 II 1000 II I”:ILIOIOOO — I”:I.IOI(I)OOC
Frequency (Hz)

SPIN, 2011

60 80 100

(b)

(c)




TMR sensor linearization strategies

2: thin CoFeB ( out of plane)
80 > I J 1 y I * I

70]  7.2%l0e
60
50 -

40 -

TMR (%)

30 ~
20 -

10

0 S
E T T T T T T v T
804 6.6 %/0e

J—

— F—

70 2,

60 6.2 %/Oe
50 -
40 -

TMR (%)

30 -
20 -
10 -

0 4

H (Oe)

— - -
-150 -100 -50 0 50 100

glass/Ta 5/Ru 18 /Ta 3/PtMn 18/CoFe 2.2/ Ru 0.9/
CoFeB3/Mg01.35/CoFeB 1.55/ Rub5/Tab

P. Wisniowski et al, JAP 103,07A910 (2008)
P. Wisniowski et al, IEEE Trans. Mag.,44(11), 2551-2553 (2008)

TMR @ 20°C 76%
Sensitivity @ 0 Oe & 250 V/V/Tesla
20°C
Linear range @20°C [-5 Oe; 5 Oe]
Voltage Noise @ 10 700 nV/VHz

kHz & 20°C (for single TMR)

Voltage Noise @ 10
MHz & 20°C

70 nV/VHz
(for single TMR)

Field Noise @ 10
kHz & 20°C

6 nT/VHz
(for single TMR)

Field Noise @ 10
MHz & 20°C

0.6 nT/VHz
(for single TMR)

T — 55 TS



Reaching pT detectivity with MR sensors
CEr) Magneto Cardiography

Magneto-CardioGraphy :
Amplitude: 1011 - 10071
Frequency: 0,1 — 1kHz
Temporal resolution: 1ms

Contactless (no electrodes) and non invasive
technique

Cartography of circulating currents
Additional information to Electro-Cardiography

Magnetically Shielding Room — Neurospin

Low noise
—> pre-amplifier SRE’_BD
Dewar (INA1D3) amplifier
> Acquisition
Mixed card
sensor
Volunteer

19

Lisbon, January 12-13th, 2012
With permission from M.Pannetier, C.Fermon



Hybrid SC-SV devices, measured at 4K
&0 MCG recordings at various locations

ECG W—V\\/.
1100 (Y

MCG

x |
A 100 ms I 20pT
| - 1
Al i, s S S e P SN i\ A g N s DO

AVt i, s A ey A
Right Left
A e R

M.«r—\.\‘,.. .4_{—,\,‘. _-'-1\-».\/~ N-r-._» _o‘-‘{-'-"\— e Tamn
20pT |
D o B e sy
) 100 ms :
G ey e S i e

Lisbon, January 12-13th, 2012

With permission from M.Pannetier, C.Fermon

IR

21



Hybrid MTJ+flux guide structures: towards pT detection at RT and low freq.

Flux guide tip
Top contact

MTJ pillar

Long.
Permanent
Magnet biasing

Goal: increase volume of free layer-reduce magnetic 1/f noise
increase junction area-decrease barrier 1/f noise
Increase sensitivity: flux guides + MgO MTJ

Eemegcensvid rermrevew ..



Noise characteristics :
Field Resolution o, =3.2 E-9 um

Wafer#1650 (Singulus), RxA 150 Qum’
PME2, Sensor# 55

A[um’] = 676(26x26) ; R _ =1.36 Q
Ro =21Q; TMR =97%; S =72 %/Oe

200 -

=
o1
o

External
Long Bias 35 Oe

Sv[pT/HZ ]

97 pT @ 10 Hz
51 pT @ 30 Hz IBias [A]
—u—0.01
504 Rroom —e—0.1
Temperature
SRS SIM910 Amplifier,40 dB 05 (1pT at 500 kHZ)
O Span 100Hz; RBW 1Hz; AVG 1000 VoermatVano = 0-42 NVIHZ™
0 20 40 60 80 100
Need reduce 1/f mag and f[Hz]
white mag noise Appl. Phys.Lett., 91, 102504, August 2007

erm Review



INL approach to picoTesla field detection INL“:}"

Large Arrays of linear MTJs integrating large area MTJs NANOTECHNOLOGY
LARORATORY
H H H 10000 — T — T — T T — T — T — T
Detection of very weak magnetic fields at INL : _ _
2R R i 9000 - /‘ \ .
N Aoy of 1102 MT)s - { -
T S EEEEEEEEEEEEE RN ) ) __, 8000 - | TMR=174.5% .
EREE u-].n T 1 connected in series C | ' RxA=30.6 kQ um? |
H _1 " with an individual Q7000 \ R [L MTJ]=3.06 2 1
PEE : 2 1 4
f ,' area Of 100)(100 Mm § 6000 - [HZO] . Linear range : [-29 Oe : 20 Oe]
HHH R dR/dH= 126.2 Q/Oe
= & 5000 & .
< ¥ | |
Total Area : 4000 1
4x6 mm? S R Il
-400 300 -200 -100 0 100 200 300 400
o Measured Applied Magnetic Field [Oe]
l_rl
o . . . .
10000 v r ATt rrr e E Direct detection of weak magnetic fields
S 1 Average noise Bias Current : 3.551mA S obtained WITHOUT magnetic shielding.
: =
N 1 spectral density 1 Bias Voltage : 20 V —  150] - ‘ T \ ‘ - — ]
L 1 after 400 averages [ Applied Field : 0 Oe J1ES5 2> T 100 I
= 1000 3 A . MTJ Series Resistance : 5632.2 Q 1 ) E s T\ l
o ] wr o f - c & M L N
= ﬂ o PR S W VLI EARE NFIINUVY VORI
100 o w4004 1 I
ZO 3 1E6 s 8 11404 pT/Hz"® @32Hz ‘
- El 8 L 0O 10 20 30 40 5 60 70 80 90
© 1 h Q Frequency [Hz]
™ 10 4 w = ———r
L. E o 150 4
- 3 @ L
c .g = 100 4
Q Noise spectral density ®] % 50 ; fﬁ
© error after 400 averages 41E7 Z @ ol MAA A apsfin v’\,.ﬂ_«,, Pt L
> 14 3 Q Al N R B U v I
= with a 2-o confidence (96.8%) ] g, 5 s0l ¥ '
o LA S S ALY L AL IR AL IR R L © @  -100- o d
11 1 10 100 1000 10000 100000 = S 5] 243PT/HZ " @32Hz
>° z 0O 10 20 30 40 50 6 70 80 90
Frequency [Hz] Frequency [Hz]
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och

INESC-MN’s static, multiplexed MR b

8 mm 40 um

6.

A O00OEE [ OO

OO0 O OO0 O 40@.om
OO0 0O 00 0O 4)EHsa

o e o o o o o

—m— Passive hybridization | |
—e— Assisted hybridization ||

T
-ﬁzg 0.02 {'/% '
o014

0.00

nding / V sensor

™ No target DNA
10"°10"10*10**10™*10™10™° 10”° 10® 107 10° 10®

ftmolar sensitivity (DNA chip)
multiplexed analysis DNA concentration (M)

CMOS, microfluidics, sensors Tech review, Lab On Chip 2012



1-d) Spotting biological targets on the biosensing platform _

Spotting site

Ml*‘

, B O A B
1 uM Oligo solu1'|on Cy5 Iabeled
200 pL dr'ople'l's

e

Disposable biochip

pempeempeeconmeerre 1



Protein/DNA Biochip  plasma injected in

Blood finger-prick . .
the detection chip

| Sample preparation step
separation of plasma
» from blood cells

Cell free DNA detection in blood
As cancer biomarker

250 nm MPs on-chip signal Measurement of the chip

0.04 +

0.035

0.03

mssALU115-Mag
0.025 (1.6 x 10-7 M)

0.02

mssALU247-Mag

0.015 (1.3x 10-7 M)

0.01 +
0.005 -

Avbinding/vsensor — Vreference

0 1

SH-Probe115 (5 uM) SH-probe247 (5 uM)




Also used for protein and immuno assays

Protein A MNPs 250 nm covered
with anti-Salmonella antibody

_ —_

\\//\S\almonella Enteritidis

wmoalmonella Bacterio(phage) PVP-SE1

The signal obtained...
250
-8 "Reference Sensor” Specific bacteriophage for Salmonella enteritidis
200 —— "Negative Sensor" 7/
A~ "Positive Se””r"/ Unspecific bacteriophage
150
\\ No bacteriophage

A V (u.Vrms)
o
o

0 ﬂ_‘J &%4:4 Affinity of the specific phage was about

20 times higher (average absolute value
50 of 100 puV against 5 uV).

0 10 20 30 40 50 60 70

Time (min)
Elisabete Fernandes, PhD Student

Contact E-mail: elisabete.fernandes@deb.uminho.pt



Detecting labelled cells in flow

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ N
L o) IR Magnet (190mT) T \\

\\\\\




Cell detection — Kgla cells/CTCs

16000
14000
12000 -
] 10000 -
_§ 8000
3 6000 -
Normal measurement Saturated sensor 4000+
20 4 2000
o-Hemocytometer SVRun1l SV Run 2 SVRun3
z
S 0 .
5 Lab on Chip ( 2011)
1)
Degn7o-10um
20 -
' I B I " I ' I b I ' I ‘
0 25 50 75 100 125 150
Time (s) s “
w =0 - Ll
- R L TS, Mg
Cells marked with 50nm P P“-‘* = R
FeOx particles |
NANODEM FP7 (2012-2015) -73.I845 ''''' l 555555 73.I865' I '73I. 7777777 se5 |




Synaptic current monitoring with high
Spatial resolution ( with A.Sebastiao, IMM, V.Santos, ICVS)

Stimulation Recording
electrode electrode

INESC MN and IMM

Rat hippocampus

MAGNETRODES, FP7 (2013-2016)



Si Needles with MR sensors or planar electrode array of MR sensors

Probe de5|gn fori in- V|tro appllcatlons

II‘ I
IIII I|\|‘ ‘ | |‘ | I\| ‘ f |.
Iﬂl || I
||H||||‘|||IH |H| ||‘ '||\ |‘ | ‘ |||
'|||||| u || i Il '||| |\| ‘||| ‘ ||||

Microneedle sensor array

Potential
Currents \ /

Oxide Layer
SV SV

Substract

INESC — MN

Planar sensor array



FP7 MAGNETRODES (2013-2015)
Probe desigb for in-vivo applications

* Probe specifications:

1) Shaft angle 18¢
2) Thickness < 100 um

3) Length~ 1 cm

___* Optimized SV and MTJ sensors



5

lAIOY!CNIOLM‘
LARSRATON

Silicon probes

-~




OOooooooooo
gooooooood
Oooooooooo .
SEEHEHEEEE — Probe Tip Area -1000x1000 pum?
Oooooooooo
Ooooooooond R .
SBEHEEBEEE — 140 Magnetic Tunnel Junction sensors
OoooooooOod
gooooooood 2
& o(s ol ala fetalae — each sensor — 50x50 pm
OOogooooooo
L —
ool T —+— 140 MTJs in series -
R=24000 | :

RA=25kQ.um’
Ru 10 nm |=2 - 5 mA
iz 0.72VImT i

Ta0.21 nm
CoFeB 2 nm
Mg@1l nm
CoFeB 2.6 nm
Ru 0.85 nm

1000 -

Detectivity (pT/sqrt(Hz))

- = 140 MTJs
1007 1030pT @ 30Hz
170pT @ 1kHz
1 20pT @ 100kHz
T Ibias=2.5mA
-20 T T T T T ' T 7 T ' T i T 10 UBAALALAL LA BRI R L) B AL B LR R
-150 -100 -90 0 S0 100 150 10 100 1000 10000 100000

Magnetic Field (Oe) Frequency (Hz)



Flexible Probes
(polyimide)

SV 1176

IrMn 8nm

CoFe 2.3nm
Cu 2.2nm

CoFe 2.3nm

NiFe3.5nm

d nm

488 |- Device: PIAIOSV22_0.5mA_ASLS0_Dev03_Struct05

480 } lh. =0.5mA
R, =90860
MR = 6.5%
472 +

464 |-
dV, /dH = 339.4 WV/Oe
H@ R/2 = -20.1 Oe
456 |-

SV sensor output, V,, [mV]

-160 -50 0 50 100
Magnetic field, H [Oe]




Measurement of neuronal activity using magnetoresistive sensor integrated in Micromachined Needles

Results — MTJ response

60 — T

45 — Signal
— Impulse T

30 -

OutPut Voltage (uV)
=

45 |
In Vivo - Spinal Cord 0.
156 158 1.60 1.62 1.64 166 1.68 1.70
The MTJ sensor readout: Time (s)

- 20V amplitude

- 200V amplitude signal corresponds to a magnetic field of
about 3uT.

- Type of signal expected
I (NESC - MN



VI: New spintronic Nanodevices ( STT-RAM, Nano Osc,, ...)

Applications

Memory Elements High Frequency Generators Field Nanosensors

Spin Transfer Torque -MRAM s Spin Transfer Torque based NanoOscilators Magnetoresistive Nanosensors

140 B et Ipc with improved spatial resolution
135} ®_ 135} © PR 38107 A - ) 2000 nir
TMR=20% : g3 80030888 1000 i
sl 4 %J“"E:s ax10{asen Theigth ,I,'V A’A_A"A"’A:A'AE‘:A:‘
180 H.= 25 Oe 180r M | l— ‘,l,o/r 800 nm
o - . Bgd _ =8 um A
< el =) sl ??&’ | | AU g 5 distance btw ctcs = 4 um /' [“ VV/V‘V""’;V"")‘ 500 nm
o x ~ 3 Spin Valve Sensor .J v
g Amgl g . I
12.0- 120 i ls § Ay
SO ! g VY oo
<5 - _®-
L L ey . S &Y e o g 200 nm
s S ik s | BlaS T g /A/ v’! ’*,0“”
: 2 *
) P T 4 A ‘*of“ 9‘»“_‘»4,4444—: 100 nm
-150-100-50 0 S0 100150 -28-21-14-7 0 7 142128 ' a _ 44,{4 4
H (Oe) Ipc (MA)
MR element  High Frequency Probes
Jie Yang et al. IEEE Trans. Magn., with TE and BE

46, NO. 6 (2010)

4 _—

750 .
| M2 SOOAISOOOA l In
MTJI:ff‘//sogoAA
. f=9.687 GHz 1%
N - =
M1 I %007 Af =358 MHz
Ilmw | | 2 | =6 mA W
MO =
()
2 250-
9 MmosFET &
GC
N-+diffaision
........ = STI 0_
P-type Si substrate 9.66 968 970 972

Frequency (GHz)



Process for STT Nano-oscilators: Simulations

Micromagnetic Simulations

1.0
2ad* Hap

— 1] ———

E I uex—u.u'-r CIHI\.’III

(&)
S 1xid’ H, ] SAF
”g 0.5+ J'T" J. =0.02 erg/cm”
g, o i..il\ VI ’bOI‘EDI —1U/U emu/cm3
@ P 20 nm : 5 M (CoFe)=1200 emu/cm®
% |1 30 nm - ! I
£ 0.0+ 40 nm “rieée L0 Fadnetic moment/Area
% 4 50 nm " — e nulcmz) M=azaln,
2 -bag'- Cayer o
g | 60 Nnm 1
g 70 Nm «+——« . <+'-
o 519" VSM curve

[
> | 80 nm 05 ] 2 Unpatterned
1 1
E 1. | 90 nm . -II:J'"'-""-'
-3x1(d T T T -1.01 T T T H{koe)
1500 -1000 -500 -10% 5000 0 1000 10,0154
'1.0 T T O .
Applied Field (O
-10.0 0.0 P ( l%’)).O

H(kOe)

T
20.0

vy
et}

0
E

o nnl i

L el i

Magnetization uni

0.5

~r

INESC MN

Accurately choose the properties/dimensions of nanostructures to fabricate
in accordance with the envisaged application

Dot =50 nm

vector (0/30) Y
1 Z X
- A



INESC MN INL

Obrigado!



MR DEVICE MICROFABRICATION PROCES
Current-perpendicular-to-plane (CPP) device fabrication

Top Contact Lead

Top |
Contact

Barri er-(% Al 5-10A + Oxid. Junction Pillar

.
e

Bottom Electrical

Contact | Current

Bottom Contact Lead




Microfabrication process

Stack
1.5 pm thick photoresist lilllllllillll

_ h | f
e e

The complete stack is Stop point is signaled
~18004 thick by the transparency of

the substrate




Optical lithography - DWL

2) Digital Mask Format (LIC)

Relevant Parameters : Laser Energy and Focus Point must be
- Laser Energy matched with development parameters
- Laser Focus Point in order to provide sharp edges in mask
Exposed Unexposed

photo-resist photo-resist

Photo-resist

Stage

Stage Movement Direction



4) Resist Strip

Resist Striper

Microstrip 2001 (Fuji) is used
to remove the remaining
photo-resist

)

~2 hours in a hot bath
(65" C) + Ultrasounds

750pm x 50um

At this point, the shape of
what will become the bottom
contact lead is defined.




5) 2. Lithography : Junction Pillar Definition 6) Junction Pillar Etching

Stop point must be after the barrier and
before the substrate. Calibration samples
are used to monitor the etching stop point.

-

/ e

Minimum Junction Area : 1x1 pm?




6) Junction Pillar Etching

Art
beaam
| : |
¢ beam T
e N & Ar/O, -
700\ \\ NN __beam
' ! 40::._;..;_."._\‘.‘ _-_-_ -.__-___'_-.- —
End point L1
Early Etching Stage : At the level of the barrier: Final oxidation step:
Large incident angle Shallow incident angle Any material deposited in
reduces shadow effects, increases the etching in the the sidewalls of the junction
but results in heavy sidewalls of the pillar, is oxidized, becoming an

redeposition reducing the amount of insulator.

redeposited material



Critical Step #1 : lon Milling of a NanoPillar INL?:}’,

INTERNATIONAL IRERIAN

Etch Stop Point Detection NANOTECHNOLOGY

LAGORATORY

UL

lon Gun

Key Parameters :

RF Power : 190W
V+: +150V
V-:-1500V
I+:184mA

|- : -43mA

Time mm:ss

S Chart  /Ta 7 Ru Mg / Co / Mn Ir / Cu /7 Fe IW / Hi AT /Al
Ma

graga .
June 6th, 2012 Slide 4/15
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7) Insulating Oxide

Al,O, or SiO,

- m)

~1 day in a hot bath
(65" C) + Ultrasounds

Only connection to the
top electrode

Via opening can be seen
visually in an optical
microscope.




10) Top Lead Definition : Metal deposition

9) 34, Lithography : Top Lead Definition

+ Lift-off

Al (3000A) + TiWN, (150A)

Top Electrode

Reinforcement Definition

of the bottom
contacts




Up to 70,000 sensor devices in a 200mm diameter wafer




