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Magnetic separation



DNA targets

DNA probes

Substrate

Passivation

Magnetic labels

Spintronic transducer

Hybridization of DNA probe and target

1-Scalable magnetoresistive biochips for point of care

diagnostics

Trends in Biotechnology, August 2004

Labelled targets

Hybridize first

Label after



1 a) magnetic labels

Dynal 2um

Micromod 2 um

Micromod, Germany  http://www.micromod.de

Dynal Biotech, Norway http://www.invitrogen.com

Chemicell

Particles typically used in bio-separation

ADVANTAGES 

•Non remanent magnetic moment

(avoid clustering)

• High saturation moment (high 

signals)

• Small (avoid steric hindrance)

• Stable 

• Biocompatible 
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Lowest fields to be detected

For a 50nm FeOx particle:

=0.7, H=1.2kA/m, d=0.2um

Bmax=4T

But for a 6m2 sensor, 

Baver = 1 nT

HOW TO DETECT THESE FIELDS?

-1.16 - 0.95 H [Oe] - 0.32 0.11

Magneto encephalography, B 10fT (SQUIDS, SVs+SC FG)

Magneto cardiography, B few pT
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THE SPIN VALVE SENSOR

100nm<W<100 um

See annex for microfab + transfer curve micromagnetics



1-Control the magnetics of the thin free layer:

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

H

M

e.a.
h

t

w

E/V=-o H.M + K sin2q - ½ o Hd.M

q

Where Hdy = -My Ny

Minimizing energy:

sinq = o H Ms/ 2 Keff 

Keff = K + ½ o Ms
2 Ny

Ny  (t/h ) ln [(h-D)/ D]
B.D.Cullity(1972) Introduction to Magnetic Materials, A.W, MA Theory Magnetic Recording, N.Bertram, p.172

Hd

How to make a SV or MTJ sensor?



AF

Mp
Mf

Hext

Hj

Hdem,f

Cu

J

Hf

Spin Valve or MTJ Sensor: biasing

sinqf = o [Hext-Hj-Hdem,p+Hf ] Ms / 2 Keff 

Hdem,p



Micromagnetic simulation for SV sensor
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1-g) How to chose the best sensor? Noise spectrum

INESC-MN
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Frequency (kHz)

0.1 mA sense current ~1;  ~1

R ~ 650 W

Nc ~ 1.8 E+11 noise carriers

For 1 mA sense current:

• 1/f knee at 50 kHz

• thermal noise: 0.2 nT/√Hz (linear regime)

• 30 Hz: 13 nT/√Hz (corresponds to 250 nV)

U shaped SVs, (80x2m2)

1 nT/sqrt (Hz)

IMAGIC, FP7 (2011-2014)



The Magnetic Tunnel Junction

ins

TMR=2P1P2/1+P1P2

CoFe 55

P=[D(F)-D(F)]/ [D(F)+D(F)]

P %
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a)

I = 1 μA

A = 2x30 μm2

R = 58 kΩ

b)

c)

Ta30A/NiFe30A/MnIr60A/CoFe25A/Ru8A/CoFeB35A/AlOx10/CoFeB30/Ta30

Increasing sensitivity I

AlOx based Magnetic Tunnel Junction sensor transfer curve 

See annex for microfab + transfer curve micromagnetics



IMAGIC stacks : Generation 3
Transport results

TJ933 - [5 Ta / 25 CuN]x6 / 5 Ta / 5 Ru / 20 IrMn / 2 CoFe30 / 0.85 Ru / 2.6 CoFe40B20 / MgO [22 kOhm um2] / 2 

CoFe40B20 / 0.21 Ta / 4 NiFe / 0.20 Ru / 6 IrMn / 2 Ru / 5 Ta / 10 Ru

Series of 116 MTJs 

with 100x100 µm2

TMR = 166.38 %

Hf=8.94 Oe

Hc measured= -0.89 Oe (real~ 0.1 Oe)

RxA min : 29387.04 Ω µm2

RxA max : 78282.26 Ω µm

Ibias : +5.365910 mA

Vout(H=0)=3.0V

Sensitivity at H=0 : 

19.83 

mV/V/Oe

198.3 V/V/T

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


INESC-MNSlide 2/8

Matrix architecture - Scalability

• A 16x16 element matrix has been 

fabricated

I

Snip2Chip kick-off meeting



Integration of Magnetoresistive Biochips on a CMOS circuit.

Dec 2011



INESC-MN’s 3rd generation MR biochip

8 mm

• 24 sensing units:

• 1 U-shaped spin-valve sensor

(2.5 m × 80 m)

• 1 U-shaped current line 

(l = 50 m; w = 10 m; s = 17 m)

• 1 single sensor (2.5 m × 80 m)

Current line
40 µm

Sensor

• Higher dynamic range

• Higher biological sensitivity

• Need to focus labels in large areas

(1000-2000 m²)

Spotted probe

Appl.Phys.Lett., vol.87, pp.013901, 2005 



1-e) target arraying over immobilized probes:

250nm beads and magnetically assysted hybridization

40 µm



Snip2Chip Lisbon meeting INESC-MN

1-d) Spotting biological targets on the biosensing platform

1 µM Oligo solution, Cy5 labeled
200 pL droplets

Gesim spotter

Spotting site

Disposable biochip



Biomolecular recognition experiments

0 400 800 1200 1600
-200

0

200

400

600

800

1000

1200

1400

 

 

V
0
-V

 (


V
 r

m
s)

Time (s)

Cystic Fibrosis Related DNA hybridization
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10 µm

Dynamic hybridization at work
Complementary target

Add 250 nm labels

Start attraction

End attraction

Washing Binding 
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•Values are an average of 

the signal of 16 sensors.

• Reproducibility using 

different chips for the same 

target solution.

• Higher than 15:1 ratio 

between complementary and 

non-complementary targets.

• Reduced non-specific 

recognition.

Detection of 20mer DNA Hybridization
probe on Au Compl. target

508±40 μV

Non-compl 

2913V

AIP Conf. Proceed, vol. 1025, pp.150-175, 2008

POC

Diagnostic

Platform

INESC  MN

INESC ID
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Biosensors and Bioelectronics ( 2009)



Apoptotic fragmentation of DNA 

Application:  Cell-free DNA as cancer biomarker? 

• Cell-free DNA: DNA that can be found outside of cells in blood circulation. Results mainly

from dying cells (apoptosis or necrosis)

• The cfDNA found in cancer patients is qualitatively different from what is found in healthy

people:

Healthy 
people

Apoptosis
over

Necrosis (due to programmed enzymatic activity)

Shorter 
cfDNA

fragments

Random fragmentation of DNA 
Cancer 
patients

Necrosis

increased

Longer 
cfDNA

fragments

Integrity index:
ALU247 (longer cfDNA fragment)

ALU115 (shorter cfDNA fragment)

ratio

< 200 bp

> 200 bp

Universal cancer biomarker in therapy follow-up ?



Blood finger-prick

Sample preparation 

step
separation of plasma 

from blood cells

Plasma  injected in 
the detection chip

Measurement of the chip



ENVIRONMENT MONITORING, SECURITY AND FOOD QUALITY CONTROL

Elisabete Fernandes, PhD Student
Contact E-mail: elisabete.fernandes@deb.uminho.pt

Protein A MNPs 250 nm

covered with anti-Salmonella

antibody

Salmonella Enteritidis

Salmonella Bacterio(phage) PVP-SE1

Heterogeneous “sandwich-assay” concept
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The signal obtained…

Specific bacteriophage for Salmonella enteritidis

Affinity of the specific phage was about

20 times higher (average absolute value

of 100 µV against 5 µV).

No bacteriophage

Unspecific bacteriophage

Also immuni assay biochips



urine containing 

hCG molecules 

hCG

anti-hCG antibody 

attached to blue die 

(detector antibody)

control detector antibody 

attached to blue die

membrane substrate

anti-hCG 

capture antibodies

control capture antibody

(control blue line) 

hCG molecule 

bound to

anti-hCG antibody 

positive test result 

(blue line)

migration 

direction

1-j) Immunocromatographic tests: also a target for MR biochips 

With

R.Ibarra+

de Teresa

D.Serrate

Zaragossa



Lateral Flow Membrane

Labels the analyte of interest with 

magnetic nanoparticules and 

captured by antibodies in the 

detection zone.

No moving parts......

I )

II )



Zaragossa, INESC MN

Biosensors and Bioelectronics, 2012



Detecting labelled cells in flow



With C Fermon, and M Pannetier

APL 2009



Cell detection – Kg1a cells

cell=5-10m

Cells marked with 50nm

FeOx particles

Lab on Chip ( 2011)



Mgnetophoresis: using magnetic beads to separate biological entities

F mag =  (m.B)

v

F mag

NANODEM FP7 (2012-2015)



MicrofluidicMicrofluidic fabricationfabrication
UV light

Quartz mask

Al 150nm

Si

PR 14m

UV light

Quartz mask

Al 150nm

Si

PR 14m

Si

PR 14m

Si

PR 14m

PR channels mold

PDMS PDMSPDMS PDMS

PDMS

Microfluidic Channels

PDMS

Microfluidic Channels

PR patterning

PDMS Casting

INESC-MN

The fluidic component is made of 

PDMS using a standard micro 

molding technique. 

A master made of photoresist was 

patterned with UV lithography 

to define a counter mold of PDMS

Irreversible bonding between 

PDMS surface and the passivation 

surface of the chip: SiO2 

This picture shows a perfectly 

sealed system without leaks and 

with laminar flow. 

40m

Perfect Sealing

40m

Perfect Sealing

MICROFLUIDICS PROCESS







Stimulation 
electrode

Recording 
electrode

Rat hippocampus

Synaptic current monitoring with high

Spatial resolution ( with A.Sebastiao, IMM, V.Santos, ICVS)

INESC MN and IMM

MAGNETRODES, FP7 (2013-2016)



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

INESC – MN, INL 

400µm Oxide Layer

Substract

SV SV SVSV

Mice Brain Slice
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INESC-MN

Integration of Spin Valve Magnetoresistive Sensors in Micromachined Probe Needles

Fabricated on SOI wafers

Spin Valve Sensor

MR=8.14%; 

Hc=4.1 Oe; 

Hf=17.8 Oe

CoFe 2.3nm
Cu 2.2nm

NiFe 3.5nm

Ta 5nm

IrMn 8nm

CoFe 2.3nm

Ta 5nm

Characterization

INL



Measurement of neuronal activity using magnetoresistive sensor integrated in Micromachined Needles

Results – MTJ response

INESC – MN 

The MTJ sensor readout: 

- 20μV amplitude  

- 20uV amplitude signal corresponds to a magnetic field of 
about 3μT. (too strong ?? Evidence of capacitive coupling 
through ionic medium) VERIFIED Expect few hundred pT
maximum

- Type of signal expected 
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Probe Layout and Pinout

J.Gaspar, J.Noh, INL

Going to flexible probes for in vivo experiments



Fabrication Process

• Encapsulated magnetic 

sensors/exposed Pt electrodes

1. Magnetic sensor on polyimide

2. Definition of metal lines/electrodes

3. Polyimide encapsulation

4. Probe definition/pads opening

5. HF vapor SiO
2
 etching/release

Flexible PI probe (20-µm-thick)

Electrical pads

Magnetic spin valve sensorExposed Pt electrode

2
0

 µ
m

J.Gaspar, J.Noh, INL



Magnetoresistive Behavior

5
5
 m

m

200 µm

Encapsulated

spin valve sensor

Exposed

Pt electrode
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Incresasing sensitivity III:

Hybrid MTJ+flux guide structures: towards pT detection at 1Hz

 

500 m 

 

 

10 m 

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

MTJ pillar
Flux guide tip

Top contact

Long.

Permanent

Magnet biasing

Biomagsens Mid Term Review INESC-MN



Noise characteristics 

0 20 40 60 80 100
0
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V
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+V
Shot

 = 0.42 nV/Hz
0.5

SRS SIM910 Amplifier,40 dB

Span 100Hz; RBW 1Hz; AVG 1000



=3.2 E-9 m

2

51 pT @ 30 Hz

97 pT @ 10 Hz

Wafer#1650 (Singulus), RxA 150 Wm
2

PME2, Sensor# 55

A[m
2
] = 676(26x26) ; R

Low
= 1.36 W

Ro    = 2.1 W; TMR = 97%; S = 72 %/Oe

Field Resolution
S

v
[p

T
/H

z0
.5
]

f[Hz]

Room

Temperature

External

Long Bias 35 Oe 

IBias [A]

 0.01

 0.1

Biomagsens Mid Term Review INESC-MN

Appl. Phys.Lett.,  91, 102504, August 2007

(1pT at 500 kHz) 

Need reduce 1/f mag and 

white mag noise  



pT DC Magnetic Field Detection
Hybrid SpinMEMS; DC to AC flux transformer

2006-2010, hybrid MR / thin film MEMS

1 nT at 1 Hz

2x6um2

SV sensor

dc flux

gate

ac flux

2011-onwards,

also bulk MEMS, INL and UC

Berkeley/Davis



Magnetic Tweezer, DNA manipulation, DNA translocation

I
AC

I
DC

V
+
, I

+ V
-
, I

-

10m

M.R.

ATP

FP6 BioMolSwitch



INESC-MN

Optical Scope – Vertical Switch

52nd MMM Conference – Tampa FL November 2007 FA-05 28/38

45 mA

IMT

0 mA

Achieved:

60nm resolution



INESC-MN

Inesc MN research group

Clean room class 1000

Obrigado!

www.inesc-mn.pt

INL 

http://www.inesc-mn.pt


ANNEX 1

3 problems from the nanoelectronics course at IST-Lisbon







ANNEX II: The Spin Valve Sensor

Contact pad

Free

Pinned

W

L

h

qp

qf

Spacer

Exchange

Contact pad

1-C.Tsang, R.E.Fontana, T.Lin, D.E.Heim, V.S.Speriosu, B.A.Gurney, and M.L.Williams, 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.L.Williams, IEEE Trans.Magn.., 30, 316 (1994); P.P.Freitas,

J.L.Leal, L.V.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).

DV = ½ (DR/R).I.Rsq.(W/h) <1-cos (qf-qp )>



Spin Valve sensors-magnetic response
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SV materials

Basic stack(94-97)
Specular SAF(01-)

Ta 50A

MnIr/MnPt

CoFe

Cu

CoFe

NiFe

Ta

8%<MR<10%

Hc < 2Oe

Hf < 10 Oe

Hex > 600 Oe(MnIr)

> 1000 Oe (MnPt)

NiFeCr

MnIr/MnPt

CoFe

Cu

CoFe

NiFe

Ta

CoFe
Ru

SAF+NiFeCr(97-02)

NiFeCr

MnIr/MnPt

CoFe

Cu

CoFe

NiFe

NOL2

Ru

NOL1
CoFe

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

10%<MR<15%



ANNEX 3: MR DEVICE MICROFABRICATION PROCES  

Current-perpendicular-to-plane (CPP) device fabrication



Microfabrication process









Critical Step #1 : Ion Milling of a NanoPillar
Etch Stop Point Detection 

Ion 

Gun

TiW RuTa

IrMn

NiFe
MgO

IrMn

Key Parameters : 

RF Power : 190W

V+:  +150V

V- : -1500V

I+ : 184mA

I- : -43mA

Ar Flow : 45 scmm

P=3.21x10-4 Torr

Neutralizes : 

2 x [90mA; 4 sccm ]
Braga

June 6th, 2012
Slide 4/15

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






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



INESC-MN
Tunnel Junctions Characterization
Automatic Measurement of Transport Properties

Automatic Measurement Setup 

Probe Card

36 Kelvin 

Needles

KLA 3700

Probe Station

Fully Automatic Measurement of magneto-

transport properties :

- Resistance

- Magnetoresistance Transfer Curve 

- Current-Voltage Characteristic

- MR Bias Voltage Dependence

- Breakdown Voltage

- Current Induced Switching 

Integrated Data Analysis Software

6’’ Wafers measurement capability (2 or 4 

contacts)



Milling machine

ANNEX 4

Microfluidic

PDMS

processing



Irreversible surface bonding - II

SiO2 - PDMS


