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Abstract
Spinvalves are one of the most used magnetoresistive sensors nowadays. The range of applications
is countless and is only limited by the detectivity performance of these sensors. Therefore, techniques
that improve this capability are extremely important and have a huge impact in the future application
of these sensors. The most efficient techniques comprehend a trade-off between detectivity and the
spatial footprint. In this work, a new technique to improve detectivity without the loss in spatial
resolution is studied. It is based in the parallel connection of spinvalve sensors by means of vertical
packaging, instead of the usual in-plane parallel connections. The results of the noise measurements
demonstrated a reduction of the thermal noise as a function of the number of spinvalve packaged (M )
√
as 1/ M , as expected. The same dependency was not observed for 1/f noise, instead, a dependency
with the magnetic stability of the magnetic moments was obtained. However, the detectivity levels of
the packaged system did not improve as expected due to the change in the sensitivity of the spinvalve
package. These influence in the sensitivity was investigated, and, based on that, ideas to future work
on this technique is presented.
Keywords: spinvalve, noise, detectivity, packaging

spinvalves. However, the high noise levels of MTJs
at low frequencies negatively influence the detectivity limits, which promotes SVs has reliable sensors
[3].

1. Introduction
Nanotechnology is an area of recent research that
has gained increasing interest due to their promising capabilities applicable directly at aspects of our
everyday lives and also as support for the development of many other scientific areas. Nanotechnology allows, among many other things, the creation
of sensors, namely magnetoresistive (MR) sensors
that are used in a wide range of applications.

Some important applications, such as the study
of the human brain using magnetoencephalography
(MEG), demand for high spatial resolutions and
high detectivity levels (in the order of few fT) at
low frequencies (<10 Hz), meaning high sensitivity
capabilities and low noise characteristics on these
sensors. Therefore, extended research is performed
to improve these characteristics by means of: stack
development [4–8], meander structures [9, 10], microelectromechanical systems (MEMS) integration
[11–14], magnetic flux guides (MFG) [7, 15–17],
and circuit configurations, such as sensor arrays or
Wheatstone bridges [8, 18, 19].

Magnetoresistive sensors use the magnetoresistance characteristic of materials to sense and, consequently, measure magnetic fields. Magnetoresistance is described as the change in the resistance of a magnetic material by an applied magnetic field. There exist several sources for magnetoresistance, which originate different magnetoresistive sensors. Spinvalves (SV) and magnetic tunnel
junctions (MTJ) are the most used magnetoresistive sensors nowadays [1]. Although the operation
mechanism is based in the relative orientation of
their ferromagnetic layers, the physical principle is
different, thus, promoting different characteristics.
Spinvalve are based in the scattering dependence on
magnetization orientation, while MTJs are based on
the spin-dependent tunnelling effect through an oxide barrier[2]. MTJs show higher sensitivity than

MFGs consist in a magnetic structures that concentrates the magnetic field in the sensor’s region,
which promotes an increase in the sensitivity by decreasing the sensor’s linear range. Several groups
report the use of MFGs as a reliable technique. In
2007, André Guedes et al. [15], presented the use of
MFGs made of an amorphous alloy of CoZrNb to
improve the detectivity of spinvalve sensors. The
group showed the improvement of the detectivity
1

√
√
limit, at 10 Hz, from 47.4 nT/ Hz to 2.2 nT/ Hz
by incorporating the MFG structure. The drawback
of this approach is the increase of spatial footprint,
due to the large dimensions of MFG structures, in
the order of 0.1 mm2 .
In 2009, Guerrero et al. [20] demonstrated theoretically that series of N magnetic tunnel junction
(MTJ) sensors decrease the overall 1/f noise of the
√
the thermal noise presents
system as 1/ N , however,
√
an increase with N . In the same way, M MTJ sensors in parallel configuration was proven to decrease
√
both noise types as 1/ M .
Since then, several groups [3, 21–24], following
this strategy, reported the use of sensors in series
or parallel configurations to improve their detectivity capacities. José Amaral reports in its work [21]
the use of two arrays with 992 (16 in series and
62 in parallel, occupying an area of approximately
1 mm2 ) and 6200 (50 in series and 124 in parallel, occupying an area of approximately 5 mm2 )
spinvalve (SV) sensors that improved the √
detectivHz and
ity limits
at
30
Hz
respectively
to
3
nT/
√
1.3 nT/ Hz, compared to the detectivity
of
the in√
dividual SV sensor presented as 21 nT/ Hz, for the
same frequency.
The work in this thesis aims to take advantage of
the parallel configuration strategy by vertical packaging, thus, obtaining spinvalves connected in parallel without the drawback of spatial resolution loss,
as illustrated in figure 1. Another important advantage of this technique is the fact that, contrarily to
in-plane arrays, it can be complemented with the
MFGs approach.

of the resistance of ferromagnetic multilayered systems upon the application of a magnetic field. GMR
was first discovered in 1988 by Fert and Grunberg
when studying the resistance of Fe/Cr multilayers.
The change in resistance arrives from the spin
scattering dependency on layers’ magnetization.
The multilayered system mentioned above can be
basically defined by two magnetic layers: free
layer and pinned layer; and one nonmagnetic layer:
spacer. Contrary to the pinned layer, the free layer
is able to rotate freely within an external magnetic
field. The spacer layer, which stays between the
previous two, separates them magnetically. This
system was first discovered in 1991 by Dieny et al.
[25] and later developed by Heimi et al.
The value of resistance varies with the relative
orientation of the magnetic layers. The maximum
value of resistance is achieved when the free and
pinned layer are antiparallel (Rap ) while the minimum value is obtain for a parallel state (Rp ). Numerically magnetoresistance (MR) is characterized
by:
MR =

Rap − Rp
.
Rp

(1)

2.1. Spinvalve transfer curve
To understand the elements that influence the behaviour of SV sensor’s transfer curve, an analysis of the free layer energy is necessary. For that,
the mono-domain approach is used, which considers that each layer is defined by only one magnetic
moment.
The energy terms considered are the following
[26]:
• Zeeman Energy: Describes the energy from
the interaction between the applied magnetic
field and the free layer’s magnetization, as:
EZeeman = −µ0 H · MF V
= −µ0 HMF cos(θ)V,

(a) Spinvalves in parallel con- (b) Spinvalve in parallel configuration in-plane.
figuration by vertical packaging.

(2)

where µ0 is the vacuum permeability, H is the
applied field, MF is the magnetization of the
free layer, θ is the angle between the magnetization and the applied field, and V is volume
of the free layer.

Figure 1: Representation of two techniques to create spinvalves in parallel configuration. Figure a)
represents the configuration used nowadays with
the associated increase of spatial footprint. Figure b) represents the novel technique proposed and
studied in this thesis.

• Free Layer’s Demagnetizing Energy: Describes the energy from the interaction between
the applied magnetic field and the demagnetizing field from the free layer, as:
1
EDemagF ree = − µ0 HDF · MF V,
2

2. GMR Sensors
Spinvalves are magnetoresistive sensors which
means that they can sense magnetic fields. This
capability arrives from an effect called giant magnetoresistance (GMR), which consists in the change

(3)

where HDf ree is the demagnetizing of the free
layer. As mentioned before, this field is difficult for most geometries. Here, is considered
2

only the x component, which is the most relevant considering the geometries of the problem,
expressed as:
HDfree = −Nxx MF cos(θ)x,

"
Etotal
1
=εtotal = µ0 MF Nxx MF cos2 (θ)
V
2

(4)

1
+ Hk sin2 (θ)
2

where Nxx is the xx component of the demagnetizing matrix. Accordingly, the energy term
is defined as:
1
µ0 Nxx MF2 cos2 (θ)V,
2

(9)
#

− cos(θ) (H − HDP + HN eel )

By application of the principle of energy minimization, two solutions for a transfer curve are obtained. The first solution is a square response curve,
• Pinned Layer’s Demagnetizing Energy: which is valid for Hk > Nxx MF , meaning that the
Describes the energy from the interaction be- anisotropic component is higher than the demagnetween the applied magnetic field and the de- tizing component. On the other hand, the second
magnetizing field of the pinned layer sensed by solution corresponds to a linear curve, illustrated in
figure 2. This solution is valid for Nxx MF > Hk ,
the free layer, as:
which means that the demagnetizing component
surpasses the anisotropic one. In practice, this is
EDemagP = −µ0 HDP · MF V
(6) achieved by patterning the spinvalve sensor in a
= −µ0 HDP MF cos(θ)V,
rectangular shape, which consequently increases the
where HDP is the demagnetizing field of the demagnetizing field parallel to the smaller dimension. In these conditions, the sensitivity is given by
pinned layer sensed by the free.
1
Nxx MF −Hk and the offset by HDP − HN eel .
• Néel Energy: Describes the energy from the
interlayer coupling between the free and pinned
cos(θ)
1
layers due to the roughness from the thin film,
1
as:
slope =
EDemagF =

(5)

(NxxMfree - Hk )

EN eel = −µ0 HN · MF V
= −µ0 HMF cos(θ)V,

(7)
H

where HN is the magnetic field created by the
interaction of the magnetic dipoles from the
free and pinned layers due to the surface roughness.

HDpinned- HNeel - (NxxMfree - Hk )

1
µ0 Hk MF sin2 (θ)V,
2

+ (NxxMfree - Hk )

-1

• Crystalline Anisotropy Energy: Describes
the energy that results from rotating the magnetization away from the anisotropic direction.
This can be seen as an energy resulting from
the interaction between the magnetization and
an anisotropic field (Hk ) that tries to rotate the
magnetization back to the favoured crystalline
axis. The energy terms will depend on the
anisotropic configuration, which for the sensors
used in this work is parallel, which means that
the magnetic anisotropy of the free and pinned
layers is parallel. This magnetic anisotropy is
defined during the stack deposition by the application of a magnetic field. The expression
for the anisotropy energy is:
Eanisotropy =

HDpinned- HNeel

Figure 2: Linear response representation for parallel
anisotropies configuration.
2.2. Noise
Noise is a physical phenomenon that describes fluctuations that exist in a system, which can occur
in different areas such as acoustics, electronics, optics, statistical mechanics among many others. In
electronics, noise represents voltage or current fluctuations in all passive or active elements.
For sensors, noise is an important element since
it represents their limit. A signal measured by a
sensor must be higher than its noise level, otherwise
only noise is measured.
To compare the performance of different magnetoresistive sensors, it is used a concept called detectivity, which quantifies the minimum magnetic
field that can be detected by the sensor. This is
√
measured in T / Hz and given by:

(8)

The total energy density is then described by:
3

more useful for the study of series configuration
(10) whereas the current noise source helps in the parallel configuration analysis.
For a system composed by M spinvalves in parwhere S defines the sensor noise voltage output in
√
V / Hz and ∆V /∆H represents the sensitivity of the allel, the best way to analyze this configuration is
sensor or, in other words, the slope of the V (H) to think in terms of current noise sources, which,
in this case, implies adding the M current noise
curve.
sources. This sum corresponds to a division by M
• Thermal Noise: It arrives from the thermal for the voltage noise output. The final expression
random motion of the charge carriers, the elec- for the noise output is given by [20]:
trons, due to collision with other electrons and


also with impurities of the material. Therefore,
αH I 2 r2
1
2
4k
rT
+
,
(14)
S
=
B
SV
it depends on the resistance (R) of the mateM
NC f
rial, since it quantifies these collisions, and also
0
on the temperature (T ), since this one is a mea- where is r is the equivalent resistance measured
surement of the kinetic energy of the atoms in from the parallel configuration.
Since sensitivity is defined as:
a material. Thus, the equation of thermal noise
is given by:
∆V
= γr0 I = γVtot ,
(15)
2
Sthermal
= 4kB RT,
(11)
∆H
D=

S
,
∆V /∆H

the detectivity of the parallel configuration is
given by:

where kB is the Boltzmann constant.

• 1/f Noise: In electronics, 1/f noise is exs

plained by electron trapping in crystal defects,
4kB rT
αH
1
since after it is released in a random way, fol+
.
(16)
DSV =
2
γ
M Vtot
Nc M f
lowing a probability that favours highest energies at low frequencies [21]. For spinvalves, 1/f
With this, the conclusion is√that both noise terms
noise is expressed as:
of detectivity decrease with M .
αH I 2 R2
2
,
(12) 3. Experimental Methods
SSV
=
1/f
NC f
In this work, several stacks of spinvalves were de-

posited by ion beam deposition at Nordiko 3600
and Nordiko 3000. Here is presented the two stacks
used in the main part, related to the fabrication and
study of vertical packaged spinvalves.

where I the bias current, R the resistance, Nc
is the number of charge carriers, f is the frequency, and αH is the Hooge constant that
can vary with the type of device.
1/f noise can exhibit an electrical and a magnetic component, which are expressed as contributions to the Hooge constant previously defined:
αH = αHelectric + αHmagnetic .

• Nordiko 3000 Stack
SV1889: Ta 20 / Nife 26 / Cofe 30 / Cu 27 /
Cofe 30 / MnIr 75 / Ta 50
• Nordiko 3600 Stack

(13)

36SV2397: Ta 10 / Nife 28 / Cofe 25 / Cu 24
/ Cofe 23 / MnIr 70 / Ta 30

In spinvalves, the electrical component is negligible when compared with the magnetic one.
The magnetic component arrives from magnetic fluctuations in the free layer due to the
thermal energy of the domains [27]. Therefore,
the magnetic 1/f noise depends on the stability
of the domain’s magnetization.

SV1889 stack was used in the noise and detectivity study, while 36SV2397 was used in the AlN
thickness effect on sensitivity study. The average
values of MR, Hf and Hc for both stacks after patterning are represented in the next table:

2.3. Noise in Parallel Configuration
Stack
MR (%) Hf (mT) Hc (mT)
A resistor can be represented in two different ways
related to the noise source. It can be represented
SV1889
5.0
-0.08
0.03
as a noiseless resistor in series with a voltage noise
36SV2397
5.4
0.37
0.12
source or as a noiseless resistor in parallel with a
current source, which represents Thévenin equivalent circuit or Norton equivalent circuit, respec- Table 1: Average magnetic properties from the two
tively. The voltage noise source representation is stacks used in this thesis.
4

Parameters

Nordiko
3600

Nordiko
3000

Sub rotation (rpm)
RF Power (W)
Grid 1 Voltage (V)
Grid 2 Voltage (V)
Grid 3 Voltage (V)
Gas Flow [Xe] (sccm)
Beam current (mA)
Field Strength (mT)

30
150
1005
-275
-50
4
120
50

30
110
1022
-300
—
2
24
4

10 µm, the total contact area for a singular SV is
30.575 µm2 while for a SV on a packaged system is
is 0.575 µm2 ). To test if side area is enough to ensure the electrical contact between all the levels of
the spinvalve package we compare it’s resistance.
In a parallel configuration, where all elements are
1
,
equal, the total resistance (Rt ) decreases with M
where M is the number of elements. Therefore, if
the electrical contact is being ensured by the side
1
area then the same Rt ∝ M
should be observed in
the packaged spinvalves. Thus, the resistance of six
samples with different numbers of spinvalves packaged was measured and the results are presented in
figure 3.

Table 2: Machines’ operation parameters.
Also, table 2 presents the deposition conditions
used in each machine.
Finally, to study the magnetic interactions between the SV stacks in the package, is necessary
to introduce a insulator spacer layer. Aluminium
nitride as good insulator characteristics and so it
was used as spacer in the package system. AlN was
obtained by magnetron sputtering at Nordiko 7000,
using the condition expressed in table 3.
Nordiko 7000
(module 4)
Ar/N2 flow (sccm)
Pressure (mTorr)
RF Power (kW)

Deposition Rate (A/s)

10/10
2
1
4

Figure 3: Representation of the resistance variaton
with the number of spinvalves packaged. Notice
that the theoretical curve was plotted by considering the experimental resistance for one spinvalve as
the theoretical resistance.

Table 3: Nordiko 7000 operation parameters for aluminium nitride deposition.
Despite being a good insulator, the surface roughness of AlN film is too high, 1.6 nm, which increases
the Néel coupling. To surpass this flaw is performed
a soft-etch on the AlN film. This consists in a etch
performed with a small angle, 20°, and during a
short time, 90 s, which serves has a smoothing process for the AlN’s surface. Using this process, surface roughness values of 0.3 nm are obtained.

The results evince a good agreement between the
theoretical and experimental values, revealing that,
in spite of being a small area, the side area is enough
to allow the electrical contact between the various
level that compose the packaged system.
4.2. Noise and Detectivity
To study the effects of the spinvalve’s vertical packing in the noise and detectivity, three samples were
microfabricated. The first consists in a individual
stack that is be used as reference (sample R) and the
other two consist in four spinvalve stacks packed,
one without spacer (sample NS) and the other with
 of AlN (sample S).
700 A
The noise was measured in five different structures. The first three consist in an individual spinvalve structure in each sample mentioned above
(structures R1, NS1 and S1) and the other two consist in parallel structures (in the plane) for the reference sample (structure R4) and for the sample
without spacer (sample NS4). These structures are

4. Results
4.1. Electrical Contact
When a normal spinvalve is microfabricated the
metallization process deposits aluminium on the top
and on the sides of a spinvalve. However, with vertical packaging this is not possible since the top
surface is unavailable. This fact can be an issue because, not only, being on top increases the probability of Aluminium atoms’ deposition on it, but also
because the top area is approximately 50 times bigger than the side area (considering that the thick the width is 3 µm and
ness of the spinvalve is 250 A,
the length of spinvalve covered by the aluminium is
5

represented in figure 4.
√1
M

R1
R4
NS1
NS4
S1

(a) R1 structure (b) NS1 structure.
where blue represents a spinvalve.

Thermal
ratio

3.1
1.6
1.5
0.8
1.4

1.00
0.53
0.50
0.23
0.47

1.00
0.50
0.50
0.25
0.50

αHooge
Nc
−13

(10

)

7.0
3.1
0.5
0.8
1.5

Table 4: Thermal ratios for the five structures studied, where M represents the number of spinvalves
in each structure. The thermal ratio was obtained
by dividing the noise levels in the thermal √
regime
theo
by the theoretical value (Sthermal
= 3.0nV / Hz),
obtained from equation 11. The αHooge/Nc parameter was obtained by fitting the noise spectrum curve
using equation 14.

(c) S1 structure
where red represents the AlN
spacer.

(d) R4 structure.

S√
(nV/ Hz)

(e) NS4 structure.

Figure 4: Representation of the five sensor’s structures measured in the noise setup.

Frequency (Hz)

R1

√
Noise (nV/ Hz)
R4 NS1 NS4

30
100
10000

85
52
4.6

30
16
2.2

12
6.8
1.6

7.6
4.0
1.0

S1
21
12
1.6

Table 5: Detectivity values for three frequencies for
the five structures.

The noise measurements were performed with the
structures biased by 600 mV and the results are presented in figure 5.

expected. The structure with only one spinvalve
(R1 ) presents a higher noise than the others and
similar to the value calculated. The structures with
4 spinvalves (R4, NS1 and NS4 ) show similar experimental noise values and in agreement to the theoretically expected, with a relative error of approximately 6%. Finally, the structure with 16 spinvalves (NS4 ) reveal also a good fit with the theoretical values with a relative error of 8%. These
results demonstrate that the spinvalve stacks’ packaging reduces successfully the noise of the structure,
and in the same away as the horizontal parallel configuration.
Notice that, at the low frequency range, the
curves have all different slopes, which, recalling
equation 14, should not occur. Since all the structures were biased with the same voltage (600 mV),
the only parameter that distinguish them is the
number of spinvalves in the packged system M .
However, the magnetic component of the Hooge
constant depends on the stability of the magnetic
moments of the magnetic layer, which is related
with the offset field of the sample. Figure 6 presents
the relation between the αHooge/Nc parameter and
the Hf . As expected, higher absolute values of the
offset field are related with lower Hooge constants,
which implies higher stabilities.

Figure 5: Noise spectrum for the five structures
measured. The inner graphic represents the ratio
between the experimental noise and the theoretical
thermal noise of one spinvalve given by equation
11. In the range of frequencies represented, the 1/f
noise is neglegible.
Table 4 represents the experimental thermal ratios, obtained by dividing the experimental thermal noise by the theoretical thermal noise calculated from equation 11, and also the theoretical ratio given by √1M , where M is the number of spinvalves in each structure. The experimental results
are consistent compared to the ones theoretically
6

Frequency (Hz)

α H NC

30
100
10000

12.3
7.6
0.7

4.2
2.2
0.3

6.3
3.5
0.8

4.0
2.1
0.5

7.6
4.4
0.6

Table 7: Detectivity values for three frequencies for
the five structures.
The detectivity spectrum shows that, between
the 3 structures measured that include only one
spinvalve patterned structure (R1, NS1 and S1),
R1 evidence the worst detectivity levels, while NS1
and S1 present similar performance values. However, analysing the results for the structures containing in-plane parallel sensors R4 (M = 4) and
NS4 (M = 16) both reveal similar detectivity lev√
els, which seems to contradict the D ∝ 1/ M relation explained in the detectivity equation 16. This
unconformity derives from the fact that the sensitivity of the samples is decreasing with the number
of spinvalves in the packaged system.

Figure 6: Relation between the αHooge/Nc parameter
and the offset field Hf .
The detectivity limit of each sample is calculated
by the noise level and the sensitivity obtained from
the magnetotransport curve. The results for the
magnetic properties of these samples is presented
in table 6 and the detectivity data is represented in
figure 7 and table 7.

R1
R4
NS1
NS4
S1

√
Detectivitiy (nT / Hz)
R1 R4 NS1 NS4 S1

MR
(%)

Rmin
(Ω)

Hf
(mT)

Hc
(mT)

5.0
4.8
4.8
4.6
5.0

536
140
132
32
117

-0.1
-0.3
-3.4
-2.7
-2.0

0.3
0.4
0.2
0.2
0.3

4.3. Sensitivity
To further understand the decrease in the sensitivity, four samples were microfabricated with different
S
(mV /mT ) spinvalves packaged. These samples will be designated as L1, L2, L3, and L4 and correspond re6.9
spectively
to a packaged system with 1, 2, 3, and 4
7.1
 of AlN.
spinvalves
separated, once more, by 700 A
2.0
The magnetic transport curves were measured and
1.9
the results are displayed in figure 8, and the data
2.7
presented in table 8.

Table 6: Magnetic properties obtained from the
magnetotransport curves for the 5 structures under
study.

Figure 8: Magnetic transport curves for the four
samples L1, L2, L3 and L4.
As analysed in the previous section and seen in
Figure 7: Detectivity spectrum for the five struc- figure 8, sensitivity decrease occurs in the packaged
tures measured obtained from the noise spectrum spinvalves, being a drawback that affects the final
and the sensitivity values presented in table 6.
performance of the sensor in terms of the minimum
7

MR
(%)

µ0 Hf
(mT)

µ 0 Hc
(mT)

Sensitivity
(%/mT )

4.9
4.9
5.0
5.0

0.01
-1.55
-1.67
-2.03

0.45
0.18
0.24
0.29

1.2
0.6
0.5
0.4

B

I

AlN
B

L1
L2
L3
L4

Spinvalve

Spinvalve

I

Si/SiO

Table 8: Magnetic properties obtained from the
magnetotransport curves for the 4 samples.
field detectable. To understand the origin of this,
its examined the elements that influence the sensitivity of a spinvalve sensor and extrapolate it to the
packaged system.
Recalling the minimization energy approach,
the sensitivity was given by Nxx Mf1ree −Hk , where
Nxx Mf ree defines the demagnetizing field of the free
layer and Hk the anisotropic field.
For a packaged spinvalve system, each free layer
senses the demagnetizing from the other free layers
in the same direction as their owns, which, consequently, decreases the sensitivity of the SV packaged system. Notice that the anisotropic field contribution is not considered because it is an internal
field component. It can be seen as a virtual field
that is intended to describe the interaction between
the crystalline structure and the magnetic moments
inside, and thus does not influence externally.
However, from the results obtained for the 4 samples, its observed an increase in the shift of the curve
with the increase of the number of the packaged
spinvalves, which is not explained by the previous
analysis.
Once more, the shift for a spinvalve sensor is
given by HDpinned − HN eel , where HDpinned and
HN eel are the demagnetizing field from the pinned
layer and the field from the Néel coupling sensed
by the free layer. Moreover, for a packaged system another contribution to the shift arises from
the magnetic field created by the current biasing
each spinvalve, and afterwards, sensed by the other
spinvalves.
To study the influence of the bias current on the
system, the sample L2 was biased and measured
with 0.03 mA and 3 mA and the results are presented in table 9.
To study the influence of the bias current on the
system, a patterned structure with two packaged
 thick AlN spacer was biased
spinvalves and 700 A
and measured with 0.03 mA and 3 mA and these
results are presented in figures 9 and table 9.

Figure 9: Magnetic transport curves for the two
packaged sample biased with 0.03 mA and 3 mA.

I (mA)

MR
(%)

µ0 Hf
(mT)

µ 0 Hc
(mT)

Sensitivity
(%/mT )

0.03
3

5.8
5.8

-0.68
-0.90

0.16
0.21

0.79
0.68

Table 9: Magnetic properties for the two packaged
SV sample biased with 0.03 mA and 3 mA.
As expected, since the magnetic field is proportional to its current source, increasing the current
originated a higher shift in the magnetotransport
curve of the packaged system, from −0.68 mT to
−0.90 mT. This shift was calculated theoretically
using Ampere’s law and the distance between the
free layers and the copper layers, which can be considered to conduct the majority of the bias current, thus being responsible by the created magnetic
field. Using this procedure the shift obtained is
0.27 mT similar to the obtained experimental value
of 0.22 mT. Also, a decrease in the sensitivity, from
0.79 %/mT to 0.68 %/mT is observed, which is explained by the relative shift of each stack in the
package, since the magnetic field created by the bias
current is sensed in opposite directions by each SV
that belongs to the package system. However, this
variation is minimal considering that was used a
current 100 times larger. Thus, the conclusion is
 given by the spacer, the
that for a distance of 700 A,
field created by the current passing in each spinvalve
is negligible. Therefore, the investigation is now focused in the demagnetizing field of the pinned layer
and the Néel coupling field.
The offset field for a single spinvalve is then defined as Hf = HN eel − HDpinned and so, to ensure
a centered curve, a fine tuning between the Néel
coupling, caused by the surface roughness, and the
demagnetizing field is essential.
For a packaged system, this tuning is much more
complex because each spinvalve senses the demagnetizing field from the others. In addiction to this,
8

each spinvalve senses different total demagnetizing
fields according to their position in the stack. For
example, an inner spinvalve senses a total demagnetizing field that is approximately twice the field
sensed by the an outer spinvalve. The difference in
the total demagnetizing fields created by each spinvalve implies different shifts, which produces a final
curve with a lower sensitivity.
The solution for this problem is to increases the
distance between the spinvalves by increasing the
thickness of the spacer.
To test this solution, six samples were microfabricated, six of them consisting in four spinvalves
packaged with different spacer’s thickness and the
other consisting in a individual stack.
Thickness

(A)

MR
(%)

µ 0 Hf
(mT)

µ0 Hc
(mT)

S
(%/mT )

0
100
200
300
900
1100

5.7
6.0
5.9
6.2
5.9
5.8

1.9
1.7
1.9
1.5
1.7
1.4

0.18
0.11
0.24
0.06
0.09
0.10

0.36
0.37
0.39
0.40
0.43
0.46

The results confirm the previous conclusions,
since the the sensitivity is increasing when increasing the thickness of the spacer. The larger separation diminishes the contributions of the external demagnetizing fields from the free and pinned layers,
which reduces the shift and also improves the individual sensitivity, as explained previously. Table 11
presents the sensitivity of one single spinvalve equal
to 1.01 %/mT. Extrapolating the results from table
10, considering a linear variation, it would be neces to recover
sary a spacer with a thickness of 7000 A
the sensitivity of the individual spinvalve.
Finally, the Néel coupling arises from the surface
roughness and can be described as:
HN ∝ CN h2 ,

where h is the amplitude of the roughness profile
and CN is a constant that incorporate the wavelength of profile, the thicknesses of the free and
spacer layers and the pinned layer magnetization.
Since the roughness is cumulative, each spinvalve
will sense different Néel coupling fields because the
amplitude of the roughness profile h of the AlN increases quadratically with the number of levels in
the packaged system. However, this effects is delimited by the limit of the roughness of a layer deposited by Magnetron Sputtering. This limit is related to the process and the conditions used, and
was demonstrated by F. Martin et al. [28], and is
represented in figure 11. Figure 11 presents the variation of the roughness with the thickness of AlN deposited by Magnetron Sputtering, which converges
 This thickto a value around 2 nm for 20 000 A.
ness is approximately 28 times higher than the oxide
 and, thus, would
spacer used in this work (700 A),
require a packaged system with 28 spinvalves. Also,
in the same figure are presented the AFM measurements performed in this work. The roughness
measured for the sample with soft-etch is approximately half of the one obtained by F. Martin, meaning that the roughness convergence is achieved for
 Contrarily, it is observed
film thicker than 20 000 A.
that the roughness of AlN without soft-etch is close
to roughness limit, thus, even thinner films allow to
a fast convergence.

Table 10: Magnetic properties variation with the
thickness of the spacer layer (AlN).

Figure 10: Variation of the sensitivity with the
thickness of the spacer layer (AlN).

Sample

MR
(%)

µ0 Hf
(mT)

µ0 Hc
(mT)

S
(%/mT )

Singel SV

5.3

0.2

0.18

1.01

(17)

Table 11: Magnetic properties variation with the
thickness of the spacer layer (AlN).
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6. Future Work
To surpass this obstacle, some strategies may be
Without soft-etch
carried out in a continued work. These rely in the
16
use of spinvalves with a synthetic-ferrimagnet free
layer (SF) [29, 30] and synthetic-antiferromagnet
pinned layer (SAF), which are characterized by a
With soft-etch
smaller effective magnetization. The effect would be
3
a decrease of the offset bias of SVs, due to the reduction of the demagnetizing field component from the
80
pinned layer. Another consequence would be the
improvement of sensitivity, by decreasing the free
layer’s demagnetizing field component. Moreover,
Figure 11: Rms roughness as a function of AlN thin- for vertical packaged system, these improved spinfilm thickness. From [28].
valves would diminish the magnetic interaction between them, thus attenuating the sensitivity reduction, and also, requiring smaller spacer thicknesses.
Therefore, reducing the total deposition time, and
5. Conclusions
the thickness to be etched.
The goal of this work was to develop a process that
Therefore, the results obtained in this work are
uses spinvalves in parallel configuration to decrease
the starting point in the development of a process
its noise levels, without extinguish its main characthat can have an important contribution to the imteristic of having low spatial footprint, and conseprovement of magnetoresistive sensors’ noise level
quently high spatial resolution.
reduction.
The noise measurements also validate the strategy by showing full agreement with the theoretical Acknowledgements
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