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Presentation

INL- International Iberian Nanotechnology Laboratory

1000 m2

Nanofabrication 
Clean Room

A clean room environment is required in order to achieve high yield
and good reproducibility of small scale devices

Thin Film Deposition 
and Material Growth

Optical and E-Beam 
Lithography

Etching, Ashing, and 
Micromachining

Metrology, Inspection 
and Wafer-Scale 
Device Testing

Advanced Packaging, 
Annealing, and Back-
End Processes
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Part I
Fabrication techniques
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Deposition

Thin Film Deposition and Material Growth

DC and RF magnetron sputtering

Plasma Enhanced Chemical Vapour Deposition (PECVD)
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Coating

Lithography

Yellow filters to protect the resist 
of white light

Volume

Rotation speed

Number of rotations

Temperature for curing
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Mask Aligner

Lithography

6” Mask aligner with mercury lamp 8” Mask aligner with LED lamp

Masks fabricated in the DWL

Minimum feature size 3 mm
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Direct Laser Writer

Lithography

Diode laser with 405 nm

Minimum feature size 1 mm

Grey scale
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Electron Beam

Lithography

100 kV Electron Beam

Minimum feature below 10 nm
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Develop

Lithography

Volume

Rotation speed

Time

Post exposure bake
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Nanoimprint lithography

Lithography

Molds review: Journal of Nanoscience 2016 657129
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Ion beam and Reactive etching

Etching

Reactive Ion Etching:

anisotropic etching of silicon oxide, silicon nitride, polysilicon, and other materials such 
as amorphous Si, using a plasma source and fluorine chemistry

anisotropic etching of Si trenches with high aspect ratios and through wafer vias. For 
that, it uses a switched process by alternated cycles of SF6 plasma etching and C4F8 
plasma for polymeric deposition. 

Secondary Ion Mass 
Spectroscopy (SIMS)

Ion beam etching

Ion Gun

Substrate TableNeutralizer
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Part II
Introduction to spintronics
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GMR – Physical origin

Giant Magnetoresistance Effect
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GMR – Physical origin

Giant Magnetoresistance Effect

Antiparallel magnetizations Parallel magnetizations

Low resistanceHigh resistance
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Physical mechanism

Tunnelling Magnetoresistance Effect (TMR)

Julíère Model

Spin is conserved during tunneling

Probability of Tunneling proportional to density
of states product in initial and final ferromagnet

𝑇𝑀𝑅 =
𝑅𝐴𝑃 − 𝑅𝑃

𝑅𝑃
x 100
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Coherent tunnelling effect

Tunnelling Magnetoresistance Effect (TMR)

Amorphous 
Barrier

Crystalline 
Barrier
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Stack optimization

Magnetoresistive devices

Magnetic Sensors
Non-volatile 

Memory

Spin Transfer
Nano-Oscillator

Elvira Paz

Vortex
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Exchange interaction

Ferromagnetism

Conditions for ferromagnetism:

Non-compensated spin moments
Positive Exchange Interaction

Nearly filled or nearly empty orbitals 
tend to have J>0
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Hysteresis loop

Ferromagnetism

Magnetic domain growth under a 
magnetic field

𝑯

Retentivity - A measure of the residual
flux density corresponding to the saturation
induction of a magnetic material.

Residual Magnetism or Residual Flux -
the magnetic flux density that remains in a
material when the magnetizing force is
zero. Note that residual magnetism and
retentivity are the same when the material
has been magnetized to the saturation
point. However, the level of residual
magnetism may be lower than the
retentivity value when the magnetizing
force did not reach the saturation level.

Coercive Force - The amount of reverse
magnetic field which must be applied to a
magnetic material to make the magnetic
flux return to zero. (The value of H at
points c and f on the hysteresis curve.)
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Granular Model

Exchange Bias

Ideal Interface Mauri Model Roughness model

Exchange anisotropy at an ideal interface.
All interface spins of the antiferromagnet
are uncompensated and act in the same
way on the ferromagnet. Here we assume
ferromagnetic coupling across the interface

When the exchange coupling is stronger
than the anisotropy, noncollinear (see
angles a and b) configurations are likely. A
domain wall in the antiferromagnet is
formed when the ferromagnetic film is
magnetized to the right. Only one spin
sublattice of the antiferromagnet is shown

At real surfaces with roughness the nearest
neighbour exchange couplings cannot all be
fulfilled simultaneoustly. Therefore
frustration (red crosses) and domain walls
(dashed line) occur and the number of
uncompensated spins at the interface is
reduced, here from 6 (ideal interface) to 2
(rough interface)
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Exchange Bias with an Anti-ferromagnet

Exchange Coupling

Hex

Magnetic Annealing
with cooling under a
magnetic field H
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The RKKY Interaction

Artificial Magnetic Materials

impurity

electrons
Up
Down

Magnetic impurity in a conducting medium 
induces spatial fluctuations of spin polarization 
of s-electrons about the impurity

the oscillatory term of wave number 2kF falls 
off like r-3 at large distances 

the second impurity placed in the vicinity 
experiences interaction with the first impurity

depending on the distance between impurities 
the interactions may be ferromagnetic or 
antiferromagnetic
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The RKKY Interaction in thin film magnetic heterostructures

Artificial Magnetic Materials

Ruderman-Kittel-Kasuya-Yoshida Interaction

It refers to a coupling mechanism magnetic moments in a 
metal by means of an interaction through the conduction 
electrons.

𝐽𝑅𝐾𝐾𝑌 𝛼
1

𝑟3
cos(2𝑘𝐹𝑟)

Co80Ni20

Co80Ni20

Ru
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VSM

Magnetic carachterization

VSM – Vibrating Sample Magnetometer
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Magnetic sensors

Magnetoresistive devices

Buffer

IrMn 7.5nm

CoFe 2.0nm
Ru 0.85nm
CoFeB 2.6nm
MgO ~ 0.8nm
CoFeB 2.6nm

Ta 0.21nm

NiFe 16nm

Buffer

Cap

Free 
Layer

Reference Layer 
(SAF)

Pinning Layer

Tunnel Barrier

Cap
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Magnetic sensors

Magnetoresistive devices

-10 -8 -6 -4 -2 0 2 4 6 8 10

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0
After 3

rd
 Annealing 

 X Direction

 Y Direction

 

 

N
o

rm
a
li
z
e
d

 M
a
g

n
e
ti

z
a
ti

o
n

 [
a
rb

. 
u

n
it

s
]

Applied Field [kOe] -200 -150 -100 -50 0 50 100 150 200

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0
After 3

rd
 Annealing 

 X Direction

 Y Direction

 

 

N
o

rm
a
li
z
e
d

 M
a
g

n
e
ti

z
a
ti

o
n

 [
a
rb

. 
u

n
it

s
]

Applied Field [Oe]



www.inl.int

Elvira Paz 29

Free Layer Energy

Linearization of an MTJ Sensor

Zeeman 
Energy

Crystalline 
Anisotropy

Demagnetizing 
Field

Pinned Layer 
Stray Field

Néel Coupling

Zeeman energy - or the external field energy, is the potential energy of a magnetised body in
an external magnetic field

Magneto-crystalline anisotropy - a ferromagnetic material is said to have magnetocrystalline
anisotropy if it takes more energy to magnetize it in certain directions than in others

Demagnetizing field - magnetic field (H-field) generated by the magnetization in a magnet. It
is also called the stray field (outside the magnet)

Pinned Layer Stray Field – magnetic field generated by the magnetization of the pinned layer

Neel coupling - effect of the dipolar magnetic coupling (also known as or “orange-peel”
coupling)
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The origin of magnetic anisotropy

Magnetic Anisotropy

Magneto-crystalline anisotropy

M

Easy axis

Hard axis

Uniaxial anisotropy
Easy Axis vs. Hard Axis

H
angle
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Free Layer Energy

Linearization of an MTJ Sensor

Stray and demagnitizing field Néel coupling

x

y

H

Hd

Hs

Pinned Layer Stray Field
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Induced Anisotropy

Magnetic Anisotropy

Shape anisotropy

M

Easy axis

Hard axis

-
-
-
-

+
+
+
+

Hd

𝑯𝒅 = −𝑁𝑴

𝑬𝒅 = −
1

2
𝜇0𝑴 ∙ 𝑯𝒅 = −

1

2
𝜇0𝑁𝑀

2

Demagnetizing Field

𝑁 – Demagnetizing factor

In general N is a tensor that depends on the shape 
of the magnetic material

Magnetostatic energy
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Shape anisotropy

Linearization of an MTJ Sensor

𝐻𝐷𝑒𝑚𝑎𝑔 =
1

2
𝜇0 ഥ𝑁 𝑀

The demagnetizing field can be very difficult to calculate for arbitrarily shaped objects,
even in the case of a uniform magnetizing field

For the special case of ellipsoids, long thin rods, and flat plates, Hd is linearly related to M
by a geometry-dependent matrix of the demagnetizing factors N

It can be as important as magnetocrystalline anisotropy in driving the magnetization
process under many circumstances

Na, Nb, and Nc are the demagnetizing factors pertaining to the three principal axes, and
Na + Nb + Nc = 1

𝐸𝑀

𝑉
=

𝜇0𝑀𝑆
2

2
(𝑁𝑎𝑚𝑥

2 + 𝑁𝑏𝑚𝑦
2 + 𝑁𝑐𝑚𝑧

2) Magnetostatic energy

ഥ𝑁 =

𝑁𝑎 0 0
0 𝑁𝑏 0
0 0 𝑁𝑐
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Shape anisotropy

Linearization of an MJT Sensor

L

0.1 μm30Å

H(Oe)

L=10μm

H(Oe)

L=1μm L=0.3μm

H(Oe)
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Shape anisotropy

Linearization of an MTJ Sensor

Patterning

Crystalline Anisotropy Shape Anisotropy

M

++

--

+
+
+
+
+

-
-
-
-
-

All ferromagnetic layers have an easy axis
defined during deposition/annealing

Virtual magnetic
charges far apart,
low energy

Virtual magnetic
charges far close,
high energy
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Free layer energy

Linearization of an MTJ Sensor

Zeeman 
Energy

Crystalline 
Anisotropy

Demagnetizing 
Field

Pinned Layer 
Stray Field

Néel Coupling

x

y

H
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Free layer energy – Finding the energy minimum

Linearization of an MTJ Sensor
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Free layer energy – Finding the energy minimum

Linearization of an MTJ Sensor
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Part III
MTJ stack deposition and microfabrication
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Applications

Magnetoresistive devices

4 pillars of spintronics

Memories

Sensors

Oscillators

Logic
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Stack optimization

Magnetoresistive devices

Magnetic Sensors
Non-volatile 

Memory

Spin Transfer
Nano-Oscillator

Elvira Paz

Vortex
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Sensors

Magnetoresistive devices

Lower Power Consumption

Metallic Stacks (Low Resistance)

High Resistance 
Tunnel Barrier

Smaller Footprint

Larger Sensitivity
(modest amplification requiments)

Highly Tunnable Dynamic Range

Higher Sensitivity to weak magnetic 
fields

Higher Thermal Stability (adequate for operation 
in Harsh Environments)

TMR sensors are being used in 
consummer market Hard Disk 
Drives since 2005

~2-3% ~8-20% ~200%MR :



www.inl.int

Elvira Paz 43

Artificial neurons – Neuromorphic computing

Magnetoresistive devices

MemoryOscillator
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Artificial Neuron

output = 𝑓 

𝑖

𝑊𝑖𝑥𝑖

Simplified Neuron

Weighted inputs
Nonlinear
transfer-function

Synapses
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Artificial neurons – Neuromorphic computing

Magnetoresistive devices
Th

ic
kn

es
s 

(n
m

)

Diameter (nm)

MM

MM

oscillator MM

MM = magnetic memory

CMOS

VbiasAmp. Analyser
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Device fabrication

Magnetoresistive devices

• 5 Lithography layers
• 22 processes
• 60 steps

Runsheet necessary for:
• Smooth team work
• Control of the process
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Runsheet

Microfabrication process
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Runsheet

Microfabrication process

Deposition

Lithography

Etching
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Lithography

Microfabrication process

Direct Writer Laser (DWL)

Mask Aligner

RESEARCH INDUSTRIAL PRODUCTION
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Pillar definition - Ion milling

Microfabrication process

Ion Gun

Substrate TableNeutralizer

Elvira Paz

Secondary Ion Mass 
Spectroscopy (SIMS)
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Pillar Definition - Ion beam Etching

Microfabrication process

Substrate table oscillating to 
avoid side wall deposition

Elvira Paz
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Bottom contact definition

Microfabrication process
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Insulating oxide deposition

Microfabrication process

Plasma Enhanced Chemical Vapour 
Deposition (PECVD) – SiO2

RF magnetron sputtering – Al2O3

RESEARCH INDUSTRIAL PRODUCTION
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Via open - Oxide etching

Microfabrication process

Reactive ion etching (RIE) – SiO2Ion milling – Al2O3

RESEARCH INDUSTRIAL PRODUCTION
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Top contact definition

Microfabrication process

Thick metal sputtering
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Pasivation

Microfabrication process

Oxide deposition

Elvira Paz
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Process summary

Elvira Paz

Microfabrication process

56
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Magnetic annealing

Elvira Paz

Post-process treatment

57

Required to:

Set the correct crystalline
structure
CoFeB/MgO/CoFeB

To control the exchange
bias direction
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Transmision elctron microscope

Characterization

Bottom ElectrodeTop Electrode Insulation Layer
MTJ Pillar

Top View
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Automatic probe station

Characterization

Large Series of 1102 
MTJs with an area of 
100x100 mm2 each. 
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Uniformity

MTJ after process
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Part IV
MTJ stack linearization
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Applications

Magnetic sensors

1 10 100 1000 10000 100000

1
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Sensitivity required

for Magnetoencephalography

Noise spectral density 

error after 400 averages 

with a 2- confidence (96.8%)

Bias Current : 3.551mA

Bias Voltage : 20 V

Applied Field : 0 Oe

MTJ Series Resistance : 5632.2 
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Sensitivity required

for Magnetocardiography
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6x4 mm2 array of
1102 MTJs connected in 
series with an individual 
area of 100x100 mm2

VolumeFL
NoiseMagnetic

1


Conventional SQUID sensors

Requires expensive cryogenic 
equipment

Requires expensive shielded 
rooms

Why MTJ sensors?

They work at room temperature

No need of expensive shielded 
rooms

Low power consumption

High output power
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Applications

Magnetic sensors

-314 -312 -310 -308 -306 -304 -302 -300 -298
-320

-318

-316

-314

-312

-310

-308

-306

-304

Offset Corrected 

XX Field Sensor Output [mV]

O
ff

s
e
r 

C
o

rr
e
c

te
d

 

Y
Y

 F
ie

ld
 S

e
n

s
o

r 
O

u
tp

u
t 

[m
V

]

Y
Y

 F
ie

ld
 S

e
n

s
o

r 
O

u
tp

u
t 

[m
V

]

XX Field Sensor Output [mV]

V
Bridge

=5V

-8 -6 -4 -2 0 2 4 6 8

-8

-6

-4

-2

0

2

4

6

8

Why MTJ sensors?

They have a good temperature 
stability

They are robust and reliable 
devices

Low power consumption

High output power
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MTJ Stack

Sample description

The sensing layer and the soft pinning 
layer thicknesses control the magnetic 
linear range of the sensors

Changing the thicknesses we control 
the sensitivity

PtMn 17nm

CoFe 2.0nm
Ru 0.85nm
CoFeB 2.6nm
MgO ~ 1nm
CoFeB 3.0nm

Ta 0.21nm
NiFe tNiFe

Cap 

Sensing Layer

Reference Layer (SAF)

Pinning Layer

Tunnel Barrier

IrMn tIrMn
Ru tRu

Soft-Pinning Layer

Buffer 

CoFe tCoFe

3 Anisotropies involved:
Magnetocrystalline: Uniaxial anisotropy (SL-Hk)

Sensing layer soft pinning field (SL-Hex)

Reference layer strong pinning field (RL-Hex)
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Characteristic fields

Magnetic characterization
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Process

2-step annealing process

Applied field

SL-Hk

SL-Hex

RL-Hex

First annealing
330ºC 1T 2hr

X Applied field

SL-Hex

RL-Hex

Second annealing
TBlockSL-AFM < T < TBlockRL-AFM

SL-Hk

Y

Uniaxial Anisotropy 
induced during 

deposition

X

Tunable linear 
response of the 
sensing layer with 
respect to the 
external magnetic 
field
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Stack characteristics

2-step annealing process
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Changing the thicknesses of 
NiFe and CoFe allows the 
sensing layer slope to be 
tuned over a large range.

Exchange decreases with 
increasing MnIr thickness.

Thinner MnIr appears to be 
better textured than thicker 
MnIr.

… 

… 

Ruthenium Iridium Manganese Nickle Iron
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Limitations

2-step annealing process

Successfully lineared MTJs with 
linear ranges > 60-100 Oe

Usually fails to meet the most demanding 
requirements for sensing applications

With the 2 annealing process we are not 
taking into account the magnetocrystalline
anisotropy.

We try to linearize with a 3 annealing process 
to control the 3 anisotropies independently

European patent: EP15171162.9
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Process

3-step annealing process

Uniaxial Anisotropy 
induced during 
deposition

Different times, temperatures
and directions can be used to
control all the anisotropies of
the stack
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1st Annealing

3-step annealing process

Applied field

RL-Hex

X
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1st Annealing

3-step annealing process

Applied field

SL-Hk
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2nd Annealing

3-step annealing process

TBlockRL-AFM < T < 275ºC (270ºC 1T 2hr)

To rotate both AFM without rotating the SL-Hk

Temp: - Above the block temperature of the reference 
layer AFM

- Below 275ºC at which the magnetocrystalline
anisotropy rotates
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2nd Annealing

3-step annealing process

TBlockRL-AFM < T < 275ºC (270ºC 1T 2hr)

To rotate both AFM without rotating the SL-Hk

Temp: - Above the block temperature of the reference 
layer AFM

- Below 275ºC at which the magnetocrystalline
anisotropy rotates
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3rd Annealing

3-step annealing process

TBlockSL-AFM < T < TBlockRL-AFM (150ºC 0.02T 1hr)

To rotate SL AFM without rotating nothing else

Temp: - Below the block temperature of the reference layer AFM
- Above the block temperature of the sensing layer AFM

Field: Enough to rotate the sensing layer 
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3rd Annealing

3-step annealing process

TBlockSL-AFM < T < TBlockRL-AFM (150ºC 0.02T 1hr)

To rotate SL AFM without rotating nothing else
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Magnetic behaviour

2-step vs 3-step annealing process
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Temperature behavior

2-step vs 3-step annealing process
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Transfer curves

2-step vs 3-step annealing process
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Description

MTJ stack

Capping

Buffer

Ta 5nm
Ru 5nm
IrMn 20nm

CoFe 2.0nm
Ru 0.7nm
CoFeB 2.6nm
MgO ~1nm
CoFeB 2nm

Ta 0.21nm
NiFe 4nm

Ru 7nm

Buffer

Cap

Free Layer

Ru 0.2nm
IrMn 6nm

Reference 
Layer (SAF)

Pinning Layer

Tunnel Barrier
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linearization of bulk sample
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Electrical properties

MTJ after process
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Difference between magnetic field measured by the gauss probe and by the
series is of the order of 25%, due to:

Uniformity of the field

The positioning and area of the MTJ series is not exactly the same as that of
the gauss probe
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Electrical properties

MTJ after process
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The TMR dependence with 
bias voltage is negligible up to 
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Noise measurements

MTJ after process

An AC magnetic field induces an AC magnetic 
excitation Rac

DC bias current (Ibias) through the MTJ to 
measure the AC Vout :

Vout (f , H) = Rac · Ibias

Reference measurement is acquired without 
AC field applied

Electrical noise from the circuit is substracted

The Spectrum analyzer input must be protected from the large sensor Vbias

AC Coupling, only AC components of the sensor output reach the spectrum analyzer

No amplification: G = 1
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Noise measurements

MTJ after process
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