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1 Executive Summary

Introduction

This project has delivered underpinning metrology to foster the development, testing and calibration of
advanced magnetic sensors by the European magnetic sensor industry.

The Problem
The automotive branch is one of the most important European industrial sectors and is one of the driving
forces for advanced magnetic sensor development. Many sensors are used in

control or for passenger safety applications via systems such as antilock braking systems (ABS) and
electronic stability program (ESP), and many more will be required in the future. At the same time these
sensors will be required to meet ever tighter specifications that need to be verified by suitable metrology.

In addition to the automotive industry, there are many other industrial applications of magnetic sensors in
fields such as geological exploration, aerospace, biomedical, consumer products, information and
communications technology (ITC). In all these fields improved sensor devices need to be developed by the
European industry and they need to be able to meet tighter specifications, with respect to reliability,
operation temperature, device size, field range and calibration uncertainty, etc. Hence, the European sensor
industry requires underpinning metrology to develop, produce, test, and calibrate advanced industrial
magnetic sensor devices to stay competitive in the global market.

The Solution

To address these needs of the European magnetic sensor industry the MetMags project has delivered:
1. Metrological tools and methods for industrial magnetic sensor development,

2. Metrological in-line tools and methods for sensor production, and

3. Metrology for sensor testing and calibration.

Impact
All these new calibration facilities and metrology tools and methods will enable the European magnetic
sensor industry to develop, produce and calibrate more reliable magnetic sensors to stay competitive in the
global market. The project results have been efficiently disseminated to stakeholders via various paths and
during the project the research outputs have already been used by industry generating significant early
impacts.

Examples for early impact include:

1 New metrology tools have enabled a world leading European based magnetic sensor producer to
identify device defects generated by a specific processing step. The manufacturing process was
subsequently optimised allowing the subsequent high volume production of highly reliable magnetic
anisotropic magneto resistance (AMR) sensors.

1 New low field calibration facilities were used to measure the magnetic moment of components for the
ESA EarthCARE mission. These kind of magnetic cleanliness measurements significantly contribute to
the success of present and future European space missions.

1 Reliable magnetic field measurements are underpinned by a Best Practice Guide for Magnetic Field
Measurements which is available online. This can be seen as a first step towards standardisation with
impact on magnetic field measurements in industry, bio-medical, safety and health.

The novel European metrology infrastructure will enable European sensor manufacturers to meet tighter
specifications of the application sectors. In the long term it will strengthen one of the key enabling European
industries with strong economic and social impacts for Europe.
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2 Project context, rationale and objectives

Magnetic sensors can be found in a broad range of products in various industrial fields like consumer
electronics, ICT, and the automotive industry. The fast product development in these fields creates the need
for advanced magnetic sensors, which have significantly improved specifications with respect to for example
resolution, reliability, size, signal-to-noise ratio, and operation temperature, among others. To verify the
sensor specifications and to enable advanced sensor development requires an underpinning metrology for
their testing, characterisation, and calibration.

The automotive branch is one of the most important European industrial sectors. At the same time it is one of

the driving forces for advanced magnetic sensor development: Many magnetcs ensor s ar e used
cars e.g. for motor control to optimised fuel consumption or for passenger safety applications like ABS and

ESC. Automotive magnetic sensor systems thus significantly contribute to the European goals for the
reduction of greenhouse gases as well as to European traffic safety. Note that EC regulation No 661/2009
requires ESC systems on all vehicles from Nov. 1st 2014. It is obvious that such safety relevant sensors

have to meet the highest specifications with respect to device reliability. Many more magnetic sensor devices

will be required in the future cars. At the same time these sensor will also be required to meet tighter and
tighter specifications which need to be verified by suitable metrology tools.

In addition to automotive many other industrial applications of magnetic sensors can be found e.g. in
geological exploration, aerospace, biomedical, consumer products, ITC, and others. In all these fields
improved sensor devices need to be developed by the European industry, again with advanced
specifications, with respect to various aspects like reliability, operation temperature, device size, field range,
and calibration uncertainty, among others. To underpin these advanced developments the European sensor
industry requires metrology to develop, produce, test, and calibrate advanced industrial magnetic sensor
devices to be able to compete in the global market.

Therefore the goal of the project was to foster development, production and calibration of advanced
magnetic sensors by the European sensor industry and to advance their application in present and emerging
technologies. This goal was achieved by providing the metrological framework for the development,
production, and testing and calibration of advanced magnetic sensors.

The three key objectives of the project were to:

Objective 1: Develop metrological tools and methods for industrial magnetic sensor development (traceable
characterisation of advanced materials, optimisation of sensor devices, emerging new concepts)

Objective 2: Develop metrological in-line tools and methods for sensor production (traceable measurement
of magnetic parameters of devices such as thin films, multilayer stacks, patterned magnetic microstructures,
individual magnetic microdevices etc.)

Objective 3: Develop metrology for sensor testing and calibration (metrological chain including specific coil
setups, reference and test magnetic materials, metrological tools for testing magnetic properties in HF range
(GHz), stress and reliability properties).

Project Organisation

To efficiently meet the three objectives the project was organised in the following five technical work
packages (WPs). A brief overview of the WP structure with participants, key tasks and interactions between
the WPs is given. More details on the work of the technical WPs is provided in the next section of this report.

- WP1: Metrology for AMR thin film sensors (INRIM, PTB, TUBITAK UME)
This WP developed metrological tools and methods to relate performance of future ultra-small AMR
sensors to the occurrence of local defects, geometrical properties and stress. It was supported by WP4.
The results obtained on domain wall (DW)-pinning at defects are relevant for WP5 (DW-devices).

- WP2: Magnetic Sensors Testing and Calibration (NPL, CMI, PTB)
This WP expanded the parameter range of traceable calibration of advanced magnetic sensors. Specific
tasks were calibration at operational temperature (cp. WP4), noise measurements, and three axial
calibrations. Calibration facilities developed in WP2 were used to investigate sensors from all other WPs.
A best practice guide for field measurements was developed and disseminated to the stakeholders.
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WP3: Metrology for spin torque materials and devices (PTB, INRIM)

This WP provided metrological tools for characterisation and in line testing of spin torque sensor
materials and devices. One deliverable was non-destructive metrology of key spin torque material
parameters. It was supported by modelling of WP4 and supports DW-dynamics measurements of WP5.

WP4: Micromagnetic numerical modelling (INRIM, PTB)

This WP provided procedures to validate micromagnetic simulation tools used for industrial sensor
development. Validated models resulting from this cross cutting WP were applicable to all technical
WPs. Specific tasks addressed modelling of thermal effects (WP2), modelling of AMR sensors (WP1)
and modelling of DW-sensors (WP5).

WP5: Metrology for advanced magnetic sensor concepts (NPL, INRIM, PTB)
This WP provided metrology for advanced micro Hall sensors and for the emerging concept of domain
wall sensors. This WP heavily interacted with simulations within WP4.

Research results

Overview of the research results

The project has delivered metrology tools and methods that will enable the European high-technology
industry to progress in some of its most progressive branches and to strengthen the European position in
global competition. The project results relate to the three scientific and technical objectives in the following
way:

Objective 1: Develop metrological tools and methods for industrial magnetic sensor development.

il

Validated modelling tools for the micromagnetic modelling of micro- and nano-scale magnetic thin film
sensors have been developed. They allow reliable modelling of the most important magnetic sensor
device properties including magnetic domain structure, magnetisation reversal curves, magneto
transport properties and sensitivity. Such reliable modelling is a key towards efficient model based future
sensor development (WP4).

A metrology system for the characterisation of novel magnetic domain wall sensor devices has been
established. The systems allows for accurate and complete mapping of the domain wall-related change
in the anisotropic magnetoresistance as a function of the magnitude and orientation of the applied
magnetic field. It allows identifying highly reproducible transitions between domain states and hence to
determine the optimal working parameters to underpin the development of specific novel domain wall
sensor devices (WP5).

A new micro Hall sensor based method for the calibration of the magnetic stray fields of magnetic near
field probes for MFM has been developed. It will in the future allow MFM base traceable measurements
of magnetic stray field on the nano scale with strong implications device testing and materials research.

Metrology tools based on magneto transport and magnetic imaging under variable fields and strain
conditions for optimisation and development of future AMR sensors (WP1).

Inductive metrology for key material parameters of magnetic multilayer stacks such as the damping, the
anisotropies, and the critical current density jc of spin torque sensor materials (WP3).

Objective 2: Develop metrological in-line tools and methods for sensor production.

|l

A method for the fast and non-destructive inductive determination of key material parameters for Spin-
Torque (ST) materials has been developed and tested. It allows for the first time to determine the key
material parameter of the ST critical current density in a lithography-free process. This method will allow
both more efficient ST material development as well as fast in line process control (WP3)

Magnetic force microscopy in variable magnetic fields and under variable applied stress has been
established. It allows imaging details of the magnetisation reversal process to test and verify the
predicted magnetisation reversal in magnetic sensor devices and prototypes. It further allows testing the
influence of strain on the magnetisation processes. This allows evaluating the robustness of sensor
devices for industrial applications in harsh environments (WP1).
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Objective 3:  Develop metrology for sensor testing and calibration.

1 A novel calibration procedure for the calibration of tri-axial Helmholtz coil systems was developed. The
novel method is simple, versatile and reliable. It allows reliable on-site calibrations of industrial or
academic tri-axial coil setups with low calibration uncertainty. As opposed to other calibration
approaches the <calibration does require cotmfhé e x on
calibration principle was verified adpnoBdlArdexpardedb ur ban
uncertainty of 0.05 degrees was achieved for calibration of the orthogonality. The sensitivity was
calibrated with a low extended uncertainty of less than 450 ppm (WP2).

1 A portable three-axis SQUID system for the determination of the magnetic noise vector field behaviour
of industrial facilities that produce a nominally zero magnetic environment. Explicitly for metrological
applications, SQUID magnetometers with precise calculable SQUID loops have been designed,
fabricated and characterised showing ultra-high field sensitivity of typically of 7.006 n T /o £0.3 %.
These systems are now available for the on-site noise metrology magnetic shielding (WP2).

1 A low magnetic field facility was equipped with a magnetic shielding and thermal isolation, to produce a
magnetically and thermally stable environment for noise measurements down to a frequency of 0.1
mHz. Additionally the system was equipped with temperature forcing system now enabling precision
calibrations of sensitive magnetometers operational temperatures in the range of -55 "C to 125 C
(WP2).

1 A best practise guide for magnetic field measurements (WP2)

9 Tools for strain reliability testing of AMR sensors (WP2).

1 Metrology and simulation tools for inductive testing of magnetic properties in the GHz range (WP3).

In the following a detailed description of the technical work and results of the five technical work packages
will be given.

WP1: Metrology for AMR sensors

AMR sensors are highly important for many industrial applications like position and motion sensors,
electronic compasses and automotive safety systems like anti blocking breaks (ABS) and electronic stability
systems (ESC). To meet the high reliability standards and low failure rate needed for safety relevant devices
requires underpinning metrology for AMR sensor testing.

This WP has provided:
1 Magnetic force microscopy tools suitable for magnetic domain imaging in variable magnetic fields and
under variable applied stress for the characterization of industrial AMR sensors.

1 Metrology tools based on magneto transport and magnetic imaging under variable fields and strain
conditions for optimisation and development of future AMR sensors.

1 Studies of the magneto transport and magnetization reversal behaviour of advanced AMR sensor
prototypes.

Magnetic imaging of AMR sensors

Magnetic force microscopy allows for a high resolution local characterisation of the magnetic microstructure
of patterned sensor materials. In this project a microscopic characterisation of the sensor magnetisation
response on magnetic in plane fields was requested by the stakeholders. Therefore, PTB designed and
manufactured a sample stage for a commercial MFM scanning head that allows the reliable application of
magnetic fields along any in-plane direction during the MFM imaging process (two permanent magnets are
precisely positioned by stepper motors and the sample can be rotated).The field values are measured at the
position of the sample. The stage was completed and tested. Fields from 0 to 167 mT can be applied.

This setup was used to perform detailed MFM investigations on a large number of patterned elements of
different sensors provided by the collaborator. These investigations point out the presence of complex
domain structures revealing closure and vortex domains in several parts of the sample. The measurement of
an unexpected intrinsic anisotropy of the magnetic thin films was a key finding. Furthermore it could be
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shown, that imperfections in the material have a strong pinning effect on domain walls. Figure 1 exemplarily
shows MFM images of domain patterns of sensor elements at different parts of the sensor area. The new
metrology was used to evaluate the impact of a wafer processing step on the sensor performance and the
underlying nanomagnetics processes. Several reports on the results were sent to the industrial collaborator.
On the base of these results the sensor production process was reconsidered by the collaborator.

Figure 1: MFM images of patterned sensor elements at a magnetic field of 27 and 58 Oe, and in a remanent
state after applying a magnetic field of 58 Oe.

The presence of a uniaxial anisotropy has been confirmed by MOKE measurements. This was particularly
evident in the patterned elements with a circular shape (especially the biggest ones), which do not display
any (in-plane) shape anisotropy. In fact, after saturation with a magnetic field applied along the 0° direction,
its subsequent removal left the circular elements in a remanent state with magnetic domain walls aligned at a
non-zero angle. This in-plane uniaxial anisotropy is rather strong, as it is able to overcome shape anisotropy
in the ellipsoidal-shaped elements of the pattern. Figure 2 shows in the two frames almost the same portion
of the sample magnetised with a saturating magnetic field (left) and at remanence (right). In the latter case,
clearly visible transverse domains are marked by the clear-dark vertical bars appearing in the three shortest
ellipsoidal elements. In longer ellipsoidal elements such features have not been observed.

Figure 2: Left: saturating field along the horizontal direction. Right: magnetic remanence.

A consequence of this uniaxial anisotropy is that the shortest ellipsoidal elements were impossible to
saturate even at the highest applied magnetic field (a
occurs through rotation of the magnetisation along the easy axis direction and fragmentation into multiple
domains, followed by domain wall motion and last by rotation in the opposite direction when the applied
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taken at applied magnetic fields (along the horizontal direction) making a loop branch (+Hmax- 0 - -Hmax).
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Figure 3: MOKE snapshots at different applied fields making a whole loop from left to right and top to bottom.

As a result, the hysteresis loops reported in Figure 4 display some expected and unexpected features. The
ellipsoidal elements aligned along the 0° direction are characterised by more squared hysteresis loops, as
expected, as the applied field lies along the shape anisotropy direction. However, irregularities are observed
in the shortest elements (evidenced by the circle in the top-left frame of the figure), as the previously
discussed uniaxial anisotropy is responsible for a different reversal mechanism and ultimately for reduced
coercive field and remanence values. For the elements which are not aligned to the applied magnetic field,
the coercive field is not significantly affected; however the loops shapes become less squared. The elements
aligned at 90° with respect to the applied field are not saturated even at 4000 A/m, probably because of the
demagnetising field due to the shape anisotropy.
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Figure 4. MOKE loops for elements having different orientations with respect to the applied field.
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Magneto resistive metrology system for AMR sensors.

To relate the observed magnetic microstructure to the magnetoresisitive properties of the sensor, a local
measurement of the magnetoresistance as a function of the applied in-plane field is required. Therefore, a

resistive measurement system was provided that allows an electrical contacting of single individual elements

in the patterned sensor mat er i al using fAPi c olpne fieldup 180 anT ean bepr o b e s
applied during the measurements. This allows to measure local AMR curves.

Picoprobe probes

1.000 -

element A
element B
element C

0.985

Figure 5: Schematic drawing of the local electric contacting scheme with wafer probes (right) and
measurement results on AMR sensor elements with different orientations (field parallel to the stripes) (left).

Such characterisation can contribute to an understanding how local defects contribute to the sensor net
signal via local variations of magnetisation and thus to the AMR.

Stress testing of AMR sensors

The aim of this task was to develop a stress tolerance testing procedure based on a device that allows for an
application of well-defined flexural stress to thin films and components. Therefore, the in-plane field MFM
stage was complemented by a specially developed unit that allows a controlled bending of the substrate
thereby applying mechanical stress. This expansion of our MFM imaging facilities allows AMR sensor
imaging in the presence of mechanical strain beyond 1 GPa and under applied in-plane field in field ranges
from 0.6 mT -17.5 mT or 5.8 mT -166.8 mT, depending on the permanent magnets.

Figure 6 a shows the stress unit and the complete stage including the in-plane field unit. Stress unit and in-
plane filed unit are driven by stepper motors and computer controlled. The tensional stress s at the substrate
surface can be calculate form the deflection of the substrate if the materials Young's Modulus and Poisson
ratio are known.

In stress measurements on samples from our collaborator at s=300 MPa showed weak influence on the
domain pattern as expected for Permalloy with its low magnetostriction. In multi domain states in some cases
a slight motion of domain walls after the bending was observed, however there is no clear evidence for a
causal relationship to the stress. As consequence the tested commercial AMR sensor devices do not suffer
from stress induced degradation of sensor properties.
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Figure 6: Specially developed stress unit (left) and complete MFM measurement stage including stress unit,
sample rotation and in-plane field unit (right).

Laboratory investigations of fundamental AMR sensor elements

The aim of this task is to develop and characterise model systems for different defects that can serve as
reference standards for AMR sensors characterisation techniques.

With MFM, films of soft magnetic materials with antidot arrays and well defined artificial defects were
analysed. The incorporation of antidot arrays in AMR sensor materials allows an engineering of their
magnetic properties, i.e. a direct adjustment of the sensor response. Therefore, here antidot arrays in
Permalloy thin films are regarded as model systems.

Lattices of circular antidots in a 30 nm thick Permalloy film with small antidot diameters (d=60, 80, and 100
nm) and a low filling factor (~0.6) in Permalloy films were fabricated at PTB by e-beam lithography and lift-off
process. The influence of antidot diameter, antidot spacing, and the aspect ratio of the lattice on the
remanent domain configuration are investigated by magnetic force microscopy and supported by
micromagnetic simulations. In such model AMR systems the influence of defects on the magnetic domain
structure and on remagnetisation processes was characterised.

To support the results from section 1.1, the micromagnetics of sensor elements was simulated with a
Landau-Lifshitz-Gilbert micromagnetic simulator. Figure 7 shows some simulation results of the
magnetisation followed by calculated MFM images. The simulations are helpful to analyse and understand
the experimental MFM images.

Figure 7: Simulated spin configuration in a sensor element during the relaxation of spins and corresponding
calculated MFM images.
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Arrays of antidots with larger diameter (280 and 480 nm) and in different lattice configurations (hexagonal
and rhombic respectively) have also been prepared at INRIM by EBL on Permalloy thin films with a thickness
of 30 nm. Typical arrays are shown in Figure 8.

C)

2pm

—_

Figure 8: SEM images of NigoFezo antidot arrays prepared by electron beam lithography having a hexagonal
(a) and rhombic (b) lattice configuration.

Their magnetic and magneto-resistive properties have been investigated at room temperature through MFM
and AMR measurements (see Figure 9). The effect of disorder has been then taken into account by a
different approach, i.e. by preparing antidot arrays with hexagonal configuration with the technique of self-
assembling of polystyrene nanospheres that intrinsically produces holes arrays with dislocations, grain
boundaries and point defects. A typical antidot array prepared with this technique is shown in Figure 10,
together with its typical AMR response. These data have been provided as input to WP4.
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Figure 9: Room-temperature AMR measurements for hexagonal (left) and rhombic (right) antidot lattices
prepared by EBL in the longitudinal (red curves) and transverse (blue curves) configurations.
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Figure 10: Left: SEM image of a NiggFezo antidot array prepared by self-assembling of nanospheres. Right:
corresponding room-temperature AMR measurements along the longitudinal (red curve) and transverse
(blue curve) directions.

The detailed comparison of the experimental and simulated results in the different applied field configurations
has provided an insightful description of the magnetisation reversal mechanisms and of their role in
determining the field dependence of the AMR effect, together with lattice geometry. For ordered samples
with both hexagonal and rhombic lattice, a consistently larger AMR signal in the transverse configuration has
been detected and properly described by means of the micromagnetic model. Finally, the experimental
analysis on less regular lattice samples (obtained via bottom-up technique) has put in evidence a larger
coercivity and an isotropic behaviour.

WP2: Magnetic Sensors Testing and Calibration

Industrial stakeholders develop magnetic sensors with highest specifications for example with respect to
noise or variable temperature environment. To traceably calibrate these advanced sensors high level
calibration facilities are needed at the NMIs. These have been provided within WP2.

The combined effort of the partners involved in this Work Package has produced the following industry
focused outputs:

1 The Best Practice Guide A Gener ati on and measurement of DC magne

range of 1 nT to 1 mT.o6. The content of this guide
A stakehol der omrincldding whatave thoughtowas irhportant (temperature, and non-
perfect environment)o. The guide has been sent to

a copy after the work was presented at EMSA 2014.

1 A portable SQUID array for the determination of the noise behaviour of industrial facilities that
produce a zero magnetic environment.

1 Unique facilities for characterising sensitive magnetometers at temperatures in the range of -55 C to
125 C. This temperature range was decided at an industrial stakeholder event held at NPL. This
exceeded the deliverable requirement of -40 "C to 100 C.

1 Angular calibration of sensor alignment for magnetometers with an extended uncertainty of 0.05

Capability for measuring noise at 0.1 mHz for use in International space projects.
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Magnetic noise measurements at 0.1 mHz

Figure 11: Left: Picture of low magnetic field facility at NPL including thermally isolated can. Right: magnetic
noise of low magnetic field environment.

By incorporating a three layer can inside the NPL low magnetic field facility and thermally isolating the can, it
was possible to produce a magnetically and thermally stable environment for noise measurements down to a
frequency as low as 0.1 mHz.

This facility has been used by the European Space AGENCY (ESA) to produce a low noise gradiometer for
magnetic cleanliness work. This gradiometer can be used for all future ESA missions that require
magnetometers to deliver their science programme.

Facility for characterising magnetometers in the temperature range -55 Cto 125 C

Figure 12: Examples for industrial calibration of sensors in the new facility of NPL. Left: fluxgate calibration
(Bartington Inst. Ltd.), Right: AMR sensor calibration (NXP).

By incorporating a commercial forced air temperature system into the NPL low magnetic field facility in such
a way that the AC magnetic cleanliness was not disturbed, a step change in the ability to characterise
sensors for the automotive industry, geological exploration and space applications where the actual
temperature experienced during their operation is significantly different to that used during their development
and calibration has been achieved.
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