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Outline

Magnetoresistive sensors
- thin film materials
- thermal stability
- noise, SNR => detectivity for pT
- 3D detection on chip

Applications
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  Magnetic sensors

xMR sensors
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  WHY MAGNETORESISTIVE SENSORS ARE CANDIDATES FOR MANY APPLICATIONS ?

Magnetoresistance

MR =
𝑅௠௔௫ − 𝑅௠௜௡

𝑅௠௜௡

• Work at room temperature
• Small sizes
• Thin films =>  in plane sensitive directions
• Large wafer production
• Compatible with CMOS wafers

AMR: 2-5%
GMR: 6~15%
Al2O3 TMR: 20~40%
MgO TMR: 80~260%

Linear range
DH   ~  10-300 Oe

(1-30 mTesla) 
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Substrate (Si/SiO2)
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MIT, 1996
IBM, 1997
INESC, 1997

Electrons will tunnel if apply voltage between electrodes
Spin is conserved upon tunneling 
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  Accurate control of the thin film thickness
- impact on TMR
- impact on R

MgO (0.5 nm)

Co40Fe40B20

Co40Fe40B20

HRTEM

1 Å => 10x R
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Nanotechnology 27, 045501 (2015)

Physica B: Cond. Matter, 435, 163 (2014)

IEEE Trans.Magn.49 (7), pp. 4405-4408 (2013

IEEE Magn.Mat. (in press, 2023)

Scientific Reports , 11, 215 (2021)

Appl.Phys.Letters 118, 072401 (2021);

Adv. Electronic Materials, 7 , 2000976 (2020)
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20 um

MgO target with  Ar plasma

Film thickness:
Controlled at the atomic scale 
1 Å  =  0.1 nm

Wafer microfabrication 
in a Clean Room

Multilevel device 
patterning
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Low noise, high signal 

Challenges II
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  Reaching the limits
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Detecting ultra-low signalsHow to distinguish signal from noise ? 

Detectivity limit:       

SNR = 1     
(Signal = Noise)

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

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

32 Hz
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Noise Spectrum of Magnetoresistive Sensors
Main noise contributions
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Field detectivity (D)

H = Hooge’s constant
A = MR area 
f = operating frequency

Operate at high f
Increase MR
Increase V
Reduce linear range ΔH
Reduce Hooge value

(in 1/f regime)

 
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S=TMR/DH 
sensor sensitivity 

Detectivity limit:        SNR = 1       (Signal = Noise)

[in Tesla]

Voltage
(or R)

Field

ΔR

ΔH

frequency

Voltage 
noise

1/f

thermal
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Field modulation for high frequency 
Increase MR
Increase V
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field

14

Sensors, 18(3), 790; (2018)

Micromachines, 7(5), 88 (2016)

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

Journal of SPIN, Vol.1 (1), pp 71-91 (2011) 

Appl. Phys. Lett. 95, 023502 (2009)

J.Appl.Phys. 103, 07E924 (2008)



INESC MN 

  

Microsistemas & 
Nanotecnologias 
 

  

  

Hexternal

Modulate dc magnetic field at high frequency using MEMS 
resonators with incorporated magnetic flux guides

geometry

goal
shift the sensor operating frequency to the kHz region
where the noise can be 2 orders of magnitude lower then dc

spin valve noise spectrum

magnetic MEMS 

Appl. Phys. Lett. 95, 023502 (2009)

J.Appl.Phys. 103, 07E924 (2008)
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Field modulation for high frequency 
Increase MR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field

16

J Appl Phys, 2007, 101: 09B501

J PhysD-Appl Phys, 2007, 40: R337

Nat Mater, 2004, 3:862–867

J. Physics: Cond.Matter, 19 (2007) 165221

Ann Rev Mater Res, 2009, 39: 277–296

J. Appl. Phys, 99, 08A907 2006
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“Magnetoresistive Sensor Development Roadmap (Non-Recording Applications)” 
IEEE Trans.Magn. (2019)

AlOx and MgO barriers

State-of-the-art 
MR sensors in 
production (2023)

Crystalline 
barrier

Amorphous 
barrier
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  200mm backend GMR / TMR technology 

6 targets IBD  (extra module
8 targets in PVD;  2019)
Dep pressure 2 x 10-5Torr
Heated substrate
Assist gun, 
Base Pressure 5x10-8 Torr

substrate
Ta 50 A

Ru 180 A

Ta 30 A

IrMn 200 A

CoFe 22 A
Ru 9 A

CoFeB 30 A
MgO 13.5 A

CoFeB(t)
Ru 50 A
Ta 50 A

TiWN

F

R

P

B

TUMAPOS
SME Instrument

MASMA
SME Instrument



MgO TMR sensors
Amorphous CoFeBSi , CoFeBTa

F.Matos, et.al. AIP-Advances, 13, 025108 (2023); 
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Field modulation for high frequency 
Increase TMR
Increase V  (area or thickness)
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field

R.Chaves, et.al , Appl. Phys.Lett, 91, 102504 (2017)

E. Paz et.al – J. Applied Physics; 115. 2014 



INESC MN 

  

Microsistemas & 
Nanotecnologias 
 

  

  

-400 -300 -200 -100 0 100 200 300 400
3000

4000

5000

6000

7000

8000

9000

10000

 

 
R

e
s

is
ta

n
ce

 [


]

Measured Applied Magnetic Field [Oe]

TMR=174.5%
RxA= 30.6 kmm2

R [1 MTJ] =3.06 

Linear range : [-29 Oe : 20 Oe][H=0]  :
dR/dH= 126.2 /Oe

Large Series 
1102 TMR elements with
A= 100x100 mm2 each. 

E. Paz · S. Serrano-Guisan · R. Ferreira · P. P. Freitas - Journal of 
Applied Physics; 115. 2014 

MTJ sensor
pillar

1 mm x 1 mm
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Saving space:  GMR sensors packed

Packed sensors

Zw
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Scientific Reports , 11, 215 (2021)
AIP Advances 8(5):056644 (2018)
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[1] E. Paz et al., J. Appl. Phys., vol. 115,2014.
[2] tdk.com, “TDK biomagnetic sensor”, 2019
[3] S. H. Liou et al., Proc. IEEE Sensors, 2009

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

Arrays Packed TMR (Z=2)
Arrays Packed TMR: Shifted (Z=2) 
Single Level TMR
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Applications

- Neurosciences
- Robotics
- Pattern readout
- Biochips

If no time: 
move to end
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Applications

Neuronal probes with MR sensors
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Magnetic detection

26

Estimated fields ~pT - nT

Estimation of the magnetic field:

• MagnetoEncephaloGraphy :
SQUID - signal distance = 3 cm
Field = 1 fT (Field decay : 1/(r2)

• Magnetrodes:
MR - signal distance = 10-100 μm
Field ≈ 100 pT – 1nT

FET-EU project
Magnetrodes
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100 mm

SEM image: sharp tip (in-vivo) SEM image: flat tip (in-vitro)

100 mm
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Substrate: 50 mm SOI
952 sensors in series
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Vertical 
displacement ():

When penetrating the tissues:

• axial force along the tip longitudinal direction;

• slight bending of the probe, force 
perpendicular to the longest direction.

Sensor output: remains linear, non-
hysteretic and without discontinuities

Valadeiro et al IEEE Trans Mag 51 (2015)  4401104
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W electrodeMR sensor

L.Caruso, S.Cardoso, P.P Freitas, P.Fries, M.
Lecoeur, et.al
“In vivo magnetic recording of neuronal activity”,

Neuron, 95, 1–9 (2017)

In Vivo validation of MR sensor probes
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flexible probe - polyimide

Si probe (single MR)

Si probe (arrays MR)

Flexible magnetic probesDetectivity (D)  - minimum detectable field
SNR =1

IEEE Trans Magn. vol. 51 (11) 4401104 (2015)
J.Gaspar et.al, IEEE Trans Magn. Vol.53 (4), 5300204 (2017
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  Applications in robotics

If no 
time:move to
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TACTILE INSPIRED IN NATURE

Magnetic cilia bending induces magnetic profile variation

MR sensor transduces variation into an electrical signal

A. Alfadhel and J. Kosel, Advanced Materials, 27, 7888–7892, 2015.
P. Ribeiro, et.al. IEEE Robotics and Automation Letters, 2, 971–976, 2017.



INESC MN 

  

Microsistemas & 
Nanotecnologias 
 

  

  

33

CILIA SIMULATION – 3 LEVELS

Mechanical simulation
(FEM – with COMSOL) Magnetic moment

simulation
Deformation

Simulation: indentor iteratively
lowered against cilia
Steps of 100 µm
Discretized into cross-sections

Estimation of m
direction

Magnetic moment
simulation

H (x direction) 
over surface

Average field over
sensor area

Best fitting function
describing field

Magnetic field
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RESULTS – FRUIT SURFACE ASSESSMENT
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RESULTS - UNPATTERNED TEXTURES

• Surface roughness from the signal standard deviation
• Configuration A and B provide better resolution
• 5.9 µm resolution

P.Ribeiro et.al., IROS 2020 : International Conference on Intelligent Robots and Systems 2020
P.Ribeiro et.al., ICRA 2019 
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Proof of concept
Fruit quality classifier

Braeburn apples
• 12 ripe fruits
• 12 senescent fruits

Sabrina strawberries
• 12 ripe fruits
• 12 senescent fruits

Data acquisition
• Data rate: 1 kSPS
• Scan speed: 1 mm/s
• 10 consecutive scans in each area
• 2 areas per fruit
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FRUIT QUALITY SENSING - RESULTS

3 features were extracted from the signal

FEATURE WHAT IS MEASURED PHYSICAL 
CHARACTERISTIC

Stiffness (E) Sensor signal with 
achieved contact Fruit hardness

Waviness (S) Std. deviation of 100 
point moving average

Deformation over
fruit surface

Roughness (R)
Std. deviation of high-

pass filtered
(f > 150 Hz) signal

Fruit surface texture

Fruit can be classified
into two classes

Ripe

Senescent

Waviness Roughness

Raw signal upon scanning
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FRUIT QUALITY SENSING - RESULTS

Stiffness (E) Fruit hardness
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Combining 
R, S, E

Gaussian classifier 
(Gaussian Näive Bayes)
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FRUIT QUALITY SENSING - RESULTS
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Final food inspection 
Integrated 

Food control 
& 

management 
system 

“From farm to fork”

If no time: 
move to
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  Magnetic Biosensors and biomedical interfaces 

Needle sensors
Flexible MR Sensors

If no time: 
move to



Magnetic trap

Magnetic force exerted on MNP: Fmag =  (m . B) 

magnetic moment m ,  magnetic field B

6

B



Microfabrication
1. PECVD 500 nm SiO2 : 6” wafer

2. magnetron sputtering 15 nm TiW(N)/600 
nm AlSiCu/15 nm TiW(N) : bottom 
electrode (M1 layer) 

3. optical lithography

4. etching 
• This M1 film also connects the center of the 

coils to the contact pad

5. RF sputtering SiO2 500 nm /Al2O3 25 nm
• passivation layer to insulate the coil from the 

bottom electrode

6. optical lithography

7. electroplating 40 mm of Cu (M2 layer)

8. spin coating 40 mm polyimide 
• passivation

9. sputtering 1 mm AlSiCu 
• ensures an optimum optical contrast for the 

detection of the fluorescence in the MNP

10. sputtering 2 µm SiO2
• guarantees the planar surface required for 

the magnetic trapping and in the future, to 
promote probe linking

11. RIE to open 250 µm wide vias for 
contact pads

6” wafer

Silvério et.al., Micromachines 10(9):607 (2019); 

Silverio et. Al., IEEE Trans Magn. 53 (11) 5100806 (2017)



Magnetic Field Mapping
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The vertical magnetic field over the central coil is 

opposite to the vertical field in the 4 outer coils

• favorable for particle trapping and cell concentration

The field generated by 100 mA was measured to range 

between -70 to +90 µT

1000 mA actuation + PM field 

• larger magnetic fields: -1500 to +3000 µT

• sufficient to generate a magnetic force to deflect the 

MNP trajectories and trap them

100 mA

Magnetic Tunnel Junction (MTJ), sensitivity 
0.04 V.mT-1, dimension 91  14.5 µm2

280 mm from the chip surface 



Thermal response
• Joule heating  flow cooling

200 mm deep triangular microchannels
enclosed on the copper block

sat. magn. 1320 kA.m-1

Silvério et.al., Micromachines 10(9):607 (2019); 

Silverio et. Al., IEEE Trans Magn. 53 (11) 5100806 (2017)



Thermal response

refrigerant (water) flow rate of 100 mL.min-1

3.7 ºC

16 min operation

27 ºC

pulsed current: 500 mA 
8 s ON / 15 s OFF

500 mA, 1 MEMT

water flow, thermal grease

Silvério et.al., Micromachines 10(9):607 (2019); 

Silverio et. Al., IEEE Trans Magn. 53 (11) 5100806 (2017) Tombelli, et.al., Analytical and Bioanalytical Chemistry 414 (10), 3243 (2022)



MNP Trapping and concentration

12

16 pulses @  +750 mA
1 s ON + 2 s OFF + 1 s ON + …

16 pulses @  –750 mA
1 s ON + 2 s OFF + 1 s ON + …

direction of the 
current in the coils

MNP concentration
0.058  mg.mL-1

microchannel 

Tsurf,max = 3 ◦C

Silvério et.al., Micromachines 10(9):607 (2019); 

Silverio et. Al., IEEE Trans Magn. 53 (11) 5100806 (2017) Tombelli, et.al., Analytical and Bioanalytical Chemistry 414 (10), 3243 (2022)



Magnetic separation
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Magnetic biosensors

Trends in Biotechnology, August 2004

IEEE Magnetics Letters, 10 (1) (2019); 

Anal. Bioanal. Chem. (2019) 411, pp. 1839  (2019); 

ACS Nano 11 (11), pp 10659–10664 (2017)

Lab-on-Chip 18, 2593-2603 (2018); 

Analytical Methods, 8, 119-128 (2016); 

Lab-on-Chip,  2012, 12 (3), 546 – 557 (2011) 

Lab-on-Chip, 11 (13), 2255 – 2261 (2011) 

Biosensors and Bioelectronics 11, 100149, (2022)

Biosensors and Bioelectronics, 210, 114302 (2022), 

Target DNA

Magnetic label

Magnetoresistive sensor

DNA probe

Substrate

Passivation layer

On-chip current lines for magnetic labels attraction

Immobilized probe hybridization 
with a complementary target DNA 

Detection of 
Biomolecular Recognition

Magnetic moment

Hex

Débora Albuquerque
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Microfluidic 
Channel

100 µm

Sensors

Microfluidics  technology

Labels magnetization

Detection principle

Detection signals
Labelled 
bacteria

Magnetic cytometer

Freitas et.al., Lab-on-Chip,  2012, 12 (3), 546 – 557 

Lab-on-Chip, 11 (13), 2255 – 2261 (2011) 
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Magnetic Labels Super-paramagnetic

M = Mo [coth(mo m H/kBT) – kBT/mo m H]

• No remanent magnetic moment (avoid clustering)
• High saturation moment (high signals)
• Small (avoid steric hindrance)
• Stable
• Biocompatible

Particles typically used
in bio-separation

Dynabeads anti-Salmonella 
(2.8 mm) 

SEM image

Salmonella cells

Need the particules to 
generate a magnetic field

Freitas et.al., Lab-on-Chip,  2012, 12 (3), 546 – 557 

Lab-on-Chip, 11 (13), 2255 – 2261 (2011) 
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Challenges – quantification 
localisations
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If no time: 
move to
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Applications in scanners

If no time: 
move to
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Acquisition electronics

Casing

Permanent magnet

Flexible printed circuit (FPC)

TMR chip

Barcode



Swipe reader: printed barcode
Regular laserjet toners contain ferromagnetic (Fe3O4/Fe2O3) nanoparticles 

→ Other toner/ink formulaƟons also present ferromagneƟc properƟes (e.g. MICR)
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Alignment
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Disc magnet provides a limited region where B < 1 mT (±170 μm) → requires good accuracy from the alignment procedure 
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Swipe reader: assembly

Purpose:
• Hold reader components
• Protect sensor chip
• Limit sensor tilt
• Minimise sensor-barcode distance
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Swipe reader: assembly
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Handheld magnetic code reader
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6 mm

Hiden codes detectable 
through 2 mm of material

Hiden codes detectable 
through 2 mm of material

Handheld magnetic code reader

NEXT CHALLENGE:
Decode QR codes
NEXT CHALLENGE:
Decode QR codes
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