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Magnetoresistive sensors offer an interesting alternative to conventional methods of current sensing
when simple and compact solutions are a requirement. Features like high sensitivity, wide frequency
response and the ability to be microfabricated in high volume, reducing the costs, make these sensors
an optimal choice for power monitoring systems and energy meters.
The present work compiles the microfabrication of a full 6 inch wafer with annealing free 136 AlOx based magnetic tunnel junctions elements connected in series and its applicability in a magnetic high
current sensor based on a Wheatstone Bridge.
An average value of TMR= 36.02% with a non-uniformity of 8.9% across a full wafer was achieved,
giving a 93.97% yield. Sensors with a RxA product of 115kΩ.µm2 , a sensitivity S = 0.9%/Oe, an
effective barrier height ofΦef f = 2.28 ± 0.06 eV and a detectivity of 16.8 nT /Hz 1/2 at 30 Hz were
obtained.
Using series of 136 MTJs as resistive elements of a Wheatstone Bridge biased with 1 µA, a
sensitivity of 3.02 mV /V /Oe with an offset voltage of Vof f set = 9.8 mV (1.7%) and a linear range
of 80 Oe was successfully achieved for the current sensor with an accuracy of 4.4%. These sensors
can hold up voltages in excess of 100 V without breaking down.

I.

INTRODUCTION

Thin film magnetoresistive sensors are of ultimate importance nowadays and widely used in several cross-field
applications as mobile phones and biomolecular recognition. Tunnel Magnetoresistive sensors are driving the
next generation of spintronics devices due to their growing maturity and higher TMR ratios.
Current sensing technology is evolving from conventional methods like using shunt resistors to interesting
alternatives with magnetoresistive sensors, that can offer compact and simple solutions. These sensors have
a linear response, high sensitivities, an extremely low
power consumption and can be fabricated in high volume. Which represents a low cost with optimal electrical
characteristics alternative for power monitoring systems
and energy meters.
In this work, a full 6 inch wafer with AlOx Magnetic
Tunnel Junction sensors was microfabricated and fully
characterised. Afterwards, a Full Wheatstone Bridge
based on the obtained MTJ sensors was developed, tested
and encapsulated ready for industrial high electrical current sensing. A Wheatstone Bridge configuration was
chosen since it gives a linear response with an offset-free
signal, and an array of MTJs connected in series as the
resistive element of the bridge in order to increase the
detectivity and electrical robustness of the device.

II.

THEORETICAL BACKGROUND

The magnetoresistive effect is the dependence of the
electrical resistance of a material on its state of magnetization, which can be changed by an external magnetic
field. This effect is what makes it possible to construct
magnetic field sensors. There are different types of magnetoresistive sensors based on different physical effects,
mechanisms and features. The one we will address on this

work is the most recently discovered: Magnetic Tunnel
Junction (MTJ). An MTJ is composed of two ferromagnetic (FM) layers separated by a thin insulating layer,
usually AlOx or M gO. Thin enough (typically 4 − 30 Å)
to enable the electrons to move from one FM electrode to
the other, through tunnel effect. This tunnelling process
is a strictly quantumm mechanical phenomenon, as it is
forbidden in classical physics due to the resistance of the
barrier being infinite.
The magnetization of one of the ferromagnetic layer
is pinned to serve as a reference while other is free to
move in order to align with an external magnetic field.
It is important to state that, unlike other magnetoresistance structures like spin-valves, the current in MTJs
flows perpendicularly to the plane defined by the layers
in the junction stack. When the magnetizations of the
two FM layers are parallel the resistance of the MTJ is
low (Rmin ). When the magnetization of the free and
pinned layer are in anti-parallel state, the resistance is
high (Rmax ). The magnitude of the magnetoresistive effect is called magnetoresistance and is expressed as:

M R(%) =

Rmax − Rmin
× 100
Rmin

An important feature of MTJs is that they behave
as non-linear resistive elements, as the current imposed
across the MTJ does not increase linearly with the output voltage. Therefore, the tunnelling transport across
the barrier gives rise to a Current-Voltage (IV) relation
that does not follow Ohm’s Law. This relation can be described by the Simmons’ model [1] [2]. By fitting experimental data to these models, one can obtain the values
for the effective barrier height Φ and thickness t. The
equation also shows that the tunnelling resistance depends exponentially on the barrier height and thickness.
MTJs have several different applications and can have
two different magnetic responses to an external magnetic
field: a square response, where the MTJ is either in the
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(a)(a) Square response and (b) linearisation method
used in this thesis: shape anisotropy. The arrows
represent the direction of the layer magnetization
when no external magnetic field is applied. Adapted
from [14].

a certain point called Voltage breakdown (Vb ≈ 1.5 V ),
an electrical disruption of the dielectric will result in the
destruction of the junction. At this point one or more
pinholes will be formed across the tunnel barrier providing a low resistance metallic conduction channel through
which most of the current will flow, resulting in the loss
of TMR [15].
In current sensing, there are several techniques based
on different physical principles [16]. Magnetic field sensors can be used in current sensing, since they can detect both static and dynamic magnetic fields generated
by current lines when placed in close vicinity, see Fig.
2. Assuming a current wire with a length much larger
than the distance between the line centre and the sensor (l >> d), the magnetic field generated by the current
line can be calculated by the general equation of the BiotSavart law:

H(d) =

µ0 I
2πd

(1)

where µ0 = 4π × 10−7 T.m/A is the vacuum permeability constant and I is the electrical current passing
through the wire.

(b)MTJ sensor linear response to an external magnetic
field

Figure 1: Linear response in MTJs.

parallel or anti-parallel state and has hysteresis, or a linear response, where the magnetization of the free layer
rotates coherently with an external magnetic field and the
sensor has a linear change in resistance until it reaches
the parallel or anti-parallel state. In order to obtain this
linear behaviour, the free layer must be orthogonal to the
pinned layer in the absence of an external magnetic field.
For distinct applications, different responses are in need.
For instance, magnetoresistive random access memory,
MRAM, require a square response, while in field sensing applications a linear response with no coercivity is
needed.
In order to get the desired linear response, there are different linearisation techniques [10–13], but the one used
in this work is shape anisotropy [8], that takes advantage of the self-demagnetising field of the free layer, as
depicted in Fig. 1(a). This method results in a MTJ
characteristic curve as shown in Fig. 1(b).
To characterise the linear response of the sensor, the
slope of the linear transition is called sensitivity of the
MR
sensor (S = T∆H
%/Oe, where ∆H is the field range
with linear behaviour).
One feature of MTJs is its dependence of the TMR on
the bias voltage applied across the device. The TMR decrease phenomena occurs due to the presence of defects in
the insulating barrier. If the voltage is increased beyond

Figure 2: Scheme of the magnetic field generated by the current line and the position of the current sensor.

III.

MICROFABRICATION OF MTJS ON A
6INCH WAFER

The MTJ stack was deposited on top of a 600
Silicon wafer passivated with 100 nm of SiO2
and a stack (units in Å):
Passivated Si Substrate/ Ta(50)/ [Ru(150)/Ta(50)]x3/ N i80 F e20 (30)/
(Co70 F e30 )80 B20 (30)/ Al(7)x2/ (Co70 F e30 )80 B20 (30)/
Ru(6)/ N i80 F e20 (30)/ M n76 Ir24 (180)/ Ru(150)/
Ta(50). During the deposition a 40Oe magnetic field is
applied to define the easy axis of the different layers.
Deposition is followed by the first lithography by Direct
Writing Laser to pattern the bottom electrodes that
are next defined by ion milling in Nordiko3600. A
second lithography followed by another ion milling are
performed to define the junction pillars. The structures
are all passivated, except for the pillars that still have
photoresist on top, with 1300Å of Al2 O3 . A lift-off
process leaves the pillars uncovered again and a third
lithography is done to define the top electrodes. 3000Å of
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Figure 4: Autocad image of all layers simultaneously for one
sensor array.

A.

Characterization

Magnetotransport Curves

The first step in characterising the fabricated sensors is
to evaluate the magnetotransport curves. In Tab. I and
Fig. 5 we present some results of the characterisation
made in the 140 Oe Setup for 4 randomly chosen sensors
among the wafer: a single and an array structure, both
for before and after annealing.
No anneal
Single Series
TMR (%)
36.32 35.97
2.10 196
Rmin (kΩ)
Sensitivity (%/Oe) 0.81 0.94
168
115
RxA (kΩ.µm2 )

Figure 3: 3D schematics of the microfabrication process steps.
Green represents the bottom stack layer, Black is the Al2 O3
barrier, Yellow is the top stack layer and Red the photoresist.
z axis is not at scale with xy

Anneal
Single Series
50.81 43.54
4.39 495
3.50 3.22
351
291

Table I: Resume of the values of some important parameters
for the same sensors featured in Fig. 5 (AlOx single and series,
before and after annealing).

Aluminium plus a 150Å thin layer of TiW are deposited
by sputtering in Nordiko7000 and lift-off the unwanted
areas. A fourth and last lithography is done to define
the vias followed by a passivation with 4000Å of Al2 O3
deposited again at UHV-II. A lift-off is yet needed to
leave the vias open to the pads. The whole process is
illustrated in Fig. 3.
The mask for the sensors was designed in AutoCad and
all the layers are shown simultaneously in Fig. 4 for a
sensor array. The pillar junction has an area of 2 × 40µm
and one sensor has 136 MTJ elements connected in series.
Each dye comprises 202 of these array sensors and 3 test
structures of single MTJs, and one wafer fits 37 dyes.

Figure 5: TMR transfer curves of the sensors in study (AlOx
single and series, before and after annealing).

The sensors gave good results, showing transfer curves
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Figure 7: TMR versus RxA distribution for about 7000 MTJ
series sensors over a 6inch wafer measured in transport upon
microfabrication before annealing and for 50 sensors after annealing.

Figure 6: Wafermap of TMR of the full 6inch wafer for 7474
MTJ series sensors over 37 dyes measured in transport after microfabrication, not annealed. Not-working sensors are
marked with red, and is mainly caused by residues of photoresist on the pillars during the lift-off step.

with linear and non-hysteretic behaviour and no discontinuities. The arrays have a slightly lower TMR than singles due to the overall transfer curve of the array being
a result from averaging each individual element. Counting with local deviations in the microfabrication process,
possible broken barriers and the added contact resistance
of 136 connected elements, a decrease in the saturation
field of the series sensors is almost inevitable.

critical for the array to function normally.
The data was also compiled in a plot and histogram to
better analyse the results. Figure 7 shows a plot of TMR
versus RxA for the working AlOx sensors and also for
50 annealed sensors from the wafer centre. An histogram
of the same data is also presented for the distribution of
TMR and RxA in Fig. 8.
The results present an average value of T M R =
36.02% with a standard deviation of σ = 3.21% and
RxA = 169kΩµ2 with a σ = 62kΩ which translates in a
TMR uniformity of 8.9% and RxA uniformity of 36.6%.
Comparing with the literature [6], the results are not fully
satisfactory, as uniformities of 13.02% (RxA) and 2.36%
(TMR) have been reported, which is still far from our
results. Although all the sensors represented in the histogram are working perfectly, the non-uniformity for the
RxA is rather large. But sensors with large resistances
(large output power and low power consumption) require
large RxA values, and large RxA always requires a much
tighter control in the AlOx deposition than low RxA.

Uniformity of TMR and RxA
IV Characteristics

In order to get information about the uniformity of
finished sensors across the 6inch wafer, all the MTJs were
characterised using the AutoProber Setup. Fig. 6 shows
a wafer map of the TMR values of each sensor.
Only 6.03% of the total number of sensors on the 6inch
wafer are not working. During the lift-off process of the
first passivation, some pillars still had photoresist on top
after 4 days in microstrip bath. The regions with a bigger concentration of PR observed with the optical microscope coincide with regions of the Fig. 6 with more
non-working sensors. Which is expectable, since pillars
where the PR didn’t lift-off cannot make contact with the
top electrode and the series of MTJs get a discontinuity

One characteristic that differentiates an MTJ sensor
from a spin valve or other GMR sensors is their non-linear
response of the output voltage of the sensor for all applied
currents. This non-linear response can be fitted with the
Simmons model [2] to extract valuable information about
the barrier thickness t and height φ.
Fig. 9 presents the experimental data acquired for voltage when biasing the sensor with different currents and
the correspondent fit and results, for annealing free and
annealed single sensors.
The values for barrier height φ are within the expected
ones (1−3eV ) as presented in [3]. A slight increase of the
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(a)Histogram of TMR distribution
(a)Fit of the IV curve for as deposited single sensors.
Results: t = 10.33 ± 0.08Å, φ = 2.28 ± 0.06eV

(b)Histogram of RxA distribution

Figure 8: Histogram of TMR and RxA distributions of AlOx
136 series MTJs.

barrier height φ upon annealing, from φ = 2.28 ± 0.06eV
to φ = 2.80 ± 0.53eV (23% increase) is observed due to
the diffusion of oxygen that reduces the metallic remains
within the Al, promoting a more stable and homogeneous
oxide. The barrier thickness decreased upon annealing
from t = 10.33 ± 0.08Å to t = 9.72 ± 0.52Å (6% decrease)
which indicates that there was some diffusion of oxygen
into the electrodes. These tendencies have already been
reported in [7], where a 39% increase for the effective
barrier height and 11% decrease for the effective barrier
thickness was observed for AlOx MTJs after annealing.

(b)Fit of the IV curve for annealed single sensors.
Results: t = 9.72 ± 0.52Å, φ = 2.80 ± 0.53eV

Figure 9: IV curves for comparison between as deposited and
annealed AlOx MTJ sensors.

TMR dependence on Voltage

Another characteristic of MTJ sensors is their dependence of the TMR on the Vbias . As can be seen in
Fig. 10, the TMR decreases with increasing Vbias and
a slight asymmetry exists between the positive and negative branches. This difference is due to asymmetries on
the interfaces of the barrier.
A V 1+ = (0.46 ± 0.04)V was obtained for the positive
2
branch in annealing free sensors and a slightly higher
value for annealed sensors V 1+anneal = (0.52 ± 0.04)V .
2
These values represent the voltage at which the TMR

Figure 10: Comparison of data between AlOx single sensors with and without annealing. TMR ratio normalised
(M R/M Rmax ) versus voltage bias.
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(a)Noise level and Detectivity for annealing free
sensors for three different resistance and similar
Vbias = 6.6V .

Figure 11: IV curves until breakdown of AlOx single MTJs
with and without annealing.

drops to half of its original value. This value is often used
as a comparison of interface quality of similar structured
MTJs and is typically in the 400 − 800 mV range [8].

Voltage Breakdown

The barrier in MTJs can break if a too high bias voltage
is applied and the process is irreversible. To test this
critical limit, the devices were increasingly biased until
their dielectric breakdown, Vb . This value translated the
robustness of the barrier and a reference value that can
never be surpassed or the sensor dies.
For a single MTJ, the voltage breakdown is Vb =
1.71 ± 0.04 V and Vb.anneal = 2.01 ± 0.03 V for as deposited and annealed sensors, respectively. An example
of each is shown in Fig. 11, where the abrupt decline
in Voltage output is identifiable as the breaking point of
the barrier. Vb increases after annealing which is coherent with the increase of φ calculated before, as was found
in [4]. For the case of the array sensors, the expected
value of voltage breakdown is 136 (number of junctions
in series) times of the single value. Being that value way
above 100V (voltage limit of multimeter at CTN) it was
not possible to break the sensors to obtain the experimental value. However, this shows that series sensors have
an improved robustness when compared with single sensors. Voltage breakdown increases with device resistance,
making smaller junction areas more robust against breakdown from strong biasing. However, MTJs with higher
resistance are more prone to destruction by electrostatic
discharge.
Although annealing free devices present a smaller
breakdown voltage than the annealed ones, that limit
is still much larger than V 12 , therefore not compromising

(b)Noise level and Detectivity for annealing free series
sensors for two different Vbias .

Figure 12: Noise level and Detectivity for annealing free AlOx
sensors with 136 junctions in series of 2 × 40µm2 each, measured at µ0 H = 0T

its usage as sensors.

Noise

The final characterisation of the fabricated sensors is
the noise. The noise was only measured in the array sensors because high resistance single sensors are very sensitive to electrostatic discharges, therefore breaking the
barrier during the wirebonding process. Fig. 12 shows
the results for the noise measurements in annealing free
array sensors and Fig. 13 for annealed array sensors
The Hooge parameter was obtained by fitting the
data to the empirical Hooge formula for 1/f noise spectral density [9] in the range of low frequencies (around
10 − 100 Hz) where the 1/f noise is predominant. At
high frequencies, the noise tends to thermal noise as predicted, since the other components like RTN and 1/f are
characteristic of low frequencies. The Detectivity plot is
also shown in each image and the values obtained are
resumed in Table II.
As we have an array of sensors, the noise level is ex-

7

Figure 13: Noise level and Detectivity for annealed AlOx sensors with 136 junctions in series of 2 × 40µm2 each, measured
at µ0 H = 0T for two different Vbias .
Annealing Rdut
treatment (kΩ)
128
No

184
233
282

Yes

603

Figure 14: Minimum detectable variation in the wire current
in function of the separation between the current line and the
sensor, for a detectivity of 67.9nT /Hz 1/2 . Example: for a
distance of 2.5 cm, the minimum detectable current is 8.5 mA
Vbias Detectivity (nT /Hz 1/2 ) Hooge Parameter
or α
it can be attributed to noise
(V) @30Hz
@1kHz
(10−7 µm2 )
6.4
14.5
1.71
1.35 ± 0.01
4.72 14.7
2.29
1.06 ± 0.01
6.55 16.8
2.65
1.58 ± 0.01
6.61 11.8
2.32
1.77 ± 0.01
6.68 28.0
4.03
10.8 ± 0.02
6.78 61.6
6.67
16.30 ± 0.02
2.48 67.9
8.89
2.72 ± 0.04

Table II: Summary of noise measurements for different sensor’s resistance and Vbias, before and after annealing at 0
Tesla field

pected to be 100 times higher than for the single sensor
according to (αseries /αsingle × N )1/2 . We know from
literature and previous works developed at INESC-MN
with similar AlOx stacks that the Hooge parameter is
around 2 × 10−9 , [5]. From the data collected we can
see that the Hooge parameter diminishes with decreasing bias voltage and is bigger for higher resistance sensors
that show also higher noise levels. After annealing, the
resistance and consequently the RxA product increase,
contributing for the rise of the α value. It is important to note that for annealing free devices appears a
strong Random Telegraph noise that is no longer noticeable after annealing due to better crystallized magnetic
layers resulting in a decline of magnetic fluctuations. Detectivity levels vary from 14.5nT /Hz 1/2 to 28nT /Hz 1/2
at 30Hz for annealing free sensors and go as high as
67.9nT /Hz 1/2 for annealed devices, which indicates that
annealed MTJ sensor with AlOx do not have better performances than the annealing free sensors, which is an
improvement in the fabrication process, since this reduces the time needed to have finished working devices
and saves on costs. It is to note that the annealing setup
available at INESC-MN can only hold up to three 100 dyes
at a given time and the process is usually left over night,
which means a total saving time of about 10 days in the

(a)Schematics of the
new PCB design in
Eable

(b)Picture of the new PCB
with sensors mounted and
wirebonded.

Figure 15: Final current sensor.

fabrication process.
The noise measurements allow us to calculate the minimum variation of current that can be perceived by the
sensor for various distances between the current line and
the sensor, as shown in Fig. 14.

IV.
A.

CURRENT SENSOR

Device Layout and Mounting

From the sensors fabricated before, four AlOx annealed arrays of 136 MTJ sensors were chosen with very
similar resistance values to integrate in a full Wheatstone
Bridge configuration. The bridge connections were designed and imprinted in a custom PCB (printed circuit
board) with dimensions of 15 mm×15 mm where the sensors are mounted and wirebonded posteriorly, as shown
in Fig. 15.
The circuit is biased through the channels VCC /GN D
and the output of the bridge (Vout ) is acquired at the two
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Figure 16: R-H curves of the 4 array sensors chosen to mount
on the new Wheatstone Bridge.

Figure 17: Wheatstone Bridge voltage output as a function
of the Magnetic field measured at the 140 Oe Setup.

Sensor R0 (Ω) MR (%) S (mV /Oe) Coercivity (Oe)
1 627
35.71
2.5
0.77
37.64
1.9
0.58
2 609
3 573
36.97
2.3
0.56
4 569
37.40
2.3
1.18
Bridge 594
202
1.78
0.5
Table III: Results of the characterisation of the array sensors
chosen for the Wheatstone Bridge, with a Ibias = 1µA

middle terminals.

B.

Characterisation

The four array sensors where characterised through
their magnetoresistance response curve measured in the
140 Oe Setup. The results are shown in Fig. 16 and
summarised in Tab. III.
To run a test and calibrate the bridge behaviour under
magnetic fields, using the 140OeSetup and biasing the
device with a current Ibias = 1µA, the voltage output
was acquired while sweeping the magnetic field in a range
±140 Oe. The V-H curve obtained for the Wheatstone
bridge is depicted in Fig. 17.
The voltage offset is Vof f set = 9.8 ± 0.02 mV , which
is usually presented normalised by the Voltage bias:
Vof f set = 1.7%, a sensitivity S = 1.78 ± 0.01 mV /Oe also
usually normalised to S/Vbias = 3.02 ± 0.01 mV /V /Oe
and a coercivity Hc = 0.5 Oe. The bridge output has
a linear range of ±40 Oe a power consumption of only
0.6µW for Vbias = 0.59 V .
In Fig. 18 is visible the dependence of the biasing
voltage on the bridge output, showing that higher voltage bias gives higher sensitivity values. However, when
normalising those values with the bias voltage, a common
sensitivity appears S ≈ 3 mV /V /Oe.

Figure 18: Bridge voltage output as a function of Magnetic
field, for various bias voltage, measured at the 140Oe Setup.

Encapsulation

The design and projection of the encapsulation was
made using AutoCad, see Fig.19(a). Two steps where included so that the current sensor can be placed in one
or the other, depending on the current values one wishes
to measure. The first step is distanced a bit more than
1 cm from the centre of the current wire, allowing measurements up to ±200 A, and the second step distances
more than 2.5 cm from the wire centre, which allows measurements in a range of ±500 A while still operating in
the linear range of the sensor.
Using a 3D printer available at INESC-MN, the encapsulation was finalised and presented in Fig. 19(b). In
order to achieve better accuracy, the current sensor needs
a calibration in situ, as the wire diameter can change.
With the sensor at the first step of the encapsulation,
which corresponds to being distanced 1 cn from the wire
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(a)AutoCad 3D design of the final
encapsulation of the current sensor.

Figure 20: Bridge voltage output as a function of the current
passing through the copper wire.

results of measurements using the transport measurement setup, that applies an already calibrated external
magnetic field in a range of ±140Oe thus obtaining a
V-H transfer curve, and the same bridge output voltage
results obtained with the generated magnetic field created by the electrical DC current driven in the Cu wire
ranging from 0 to 50A for a chosen distance, which gives
the Iwire − V characteristic curve. This measurements
were already presented above in Fig. 17 and Fig. 20, for
a 1 cm distance and a 1µA biasing current.
From the values of sensitivity obtained with the fits of
V-H and V-I plots in the linear range we get:

(b)Picture of the final encapsulation
printed using a 3D printer available at
INESC-MN and the sensor mounted

Figure 19: Final encapsulation of the current sensor

centre, the results for the output of the bridge as the wire
current is being sweeped from 0 − 50 A are shown in Fig.
20. The sensitivity is 0.36 mV /A.

Since the local magnetic field created by the electrical
current gives an output voltage that directly corresponds
to a fixed value of external magnetic field, by having the
voltage dependence of the Bridge on the magnetic field
and on the current in the wire, we can easily determine
the magnetic field created by unit of current.
Using again the Eq. 1 we can calculate the expected
magnetic field generated by the current line for a d =
1 cm distance and for I = 1A:
4π × 10−3 × 1
= 0.2 Oe/A
2π × 1 × 10−2

Hcreated =

∆V
= 0.36mV /A
∆I

(3)

∆V
∆I
∆V
∆H

(4)

= 0.202Oe/A

This value of created magnetic field by unit of current
coincides with the expected theoretically.

Induced Magnetic Field Calibration

Hexpected =

∆V
= 1.78mV /Oe
∆H

(2)

To determine this value of induced magnetic field experimentally, we can compare the bridge output voltage

V.

CONCLUSIONS

The main objectives of this thesis was to microfabricate a fully functional 6 inch wafer of AlOx MTJs with
a good uniformity and develop a current sensor based
on a Wheatstone Bridge with the fabricated sensors as
resistive elements.
The wafer was successfully fabricated and fully characterised resulting in a non-uniformity of 8.9% for the
TMR (average value of 36.02%) and 36.6% for the RxA
product (average value of 169 kΩµ2 ) across more than
7000 sensors with 136 junctions connected in series each.
The sensors are fully operational without any annealing
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thermal treatment, giving sensitivities of S = 0.94 %/Oe.
Some sensors were annealed, which resulted in a substantial increase of the RxA product to 291 kΩµ2 and also
on sensitivity to S = 3.22 %/Oe and TMR to 43.54%.
Using the Simmons model on the VI plots, an effective
barrier thickness of Φ = 2.28 ± 0.06 eV was obtained and
a 23% increase for annealed sensors, which is due to the
diffusion of oxygen that promotes a more stable and homogeneous oxide. A reduction of 6% was observed for
the effective barrier thickness upon annealing, which is
explained by the diffusion of oxygen into the electrodes.
When analysing the positive and negative branches of
the IV curve separately, before and after annealing, an
improvement of the barrier symmetry is also observed
by the proximity of the values. By biasing some test
single structures with increasing current until their dielectric breakdown, the values for V1/2 = 0.46 ± 0.04 V
and Vb = 1.71 ± 0.04 V were obtained for annealing free
sensors and V1/2 = 0.52 ± 0.04 V and Vb = 2.01 ± 0.03 V
for annealed ones. This translates in a slight improvement of the robustness of the barrier for annealed sensors, although the usage of the annealing free devices is
not compromised since Vb is much larger than V1/2 . Since
the expected value of voltage breakdown for the series
sensors is 136 times higher than of the single structures,
these devices can operate at biasing voltages higher than
100 V .
The final characterisation of the sensors was the noise.
As expected, the noise is dominated by thermal noise at
high frequencies and by 1/f and RTN at low frequen-

cies. After annealing, the RTN noise present in annealing free sensors, is no longer noticeable due to better
crystallised magnetic layers. Detectivity levels vary from
14.5 − 28 nT /Hz 1/2 at 30 Hz for annealing free sensors
and go as high as 67.9 nT /Hz 1/2 for annealed ones. This
indicates that annealed devices do not always have better performances than annealing free devices, which is
an improvement in the fabrication process since it allows
to save time and in costs. With these noise measurements, we calculated the minimum detectable current in
function of the distance between the current line and the
sensor. For a distance of 2.5 cm, the minimum current
variation detectable is 8.5 mA.
For the current sensor, four similar MTJ series sensors were chosen and fully characterised. A PCB with a
Wheatstone Bridge circuit was designed and the MTJs
were wirebonded to the pads of the PCB. Under a controlled magnetic field (140 Oe setup) the current sensor
was tested and characterised, giving a Vof f set of 1.7%,
coercivity Hc = 0.5 Oe and a sensitivity of 1.78 mV /Oe,
which with a bias current of 1µA corresponds to S =
3.02 mV /V /Oe. An encapsulation for the current sensor
was designed in AutoCad and printed in a 3D printer
so that it can be used under any conditions. This encapsulation comprises two different steps depending on
the range of currents intended to measure. The second
step can measure up to 500 A without saturating the
sensor. The sensitivity achieved was S = 0.36 mV /A for
Ibias = 1 µA. Accuracy of the current sensor was tested
to be 4.4%.
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[16] Ziegler, Silvio, et al. ”Current sensing techniques: A review.” IEEE Sensors Journal 9.4 (2009): 354-376.

