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Abstract

In recent years, miniaturization of diagnosis and medical treatment devices has seen a huge growth towards the
achievement of sustainable and fully integrated health care systems. However, despite of current developments,
systems currently available still require large and heavy instrumentation and are not cost-effective. These limi-
tations can be surpassed by the design of a compact all-in-one solution based on fully-integrated polymer-based
technology with incorporated signal detection and control.

With this thesis we have taken the first steps towards the development of a new tubular polymeric device
embedding magnetoresistive sensing for dynamic particle detection.

A microfabrication process fully-compatible with temperature-sensitive substrates was developed and opti-
mized. The magnetic [M(H)] and magnetotransport [R(H)] properties of top-pinned spin-valve sensors patterned
onto polymeric substrates was studied. Spin-valve sensors with linear and non-hysteretic curves as well as coercive
and square curves with MR ratio up to 4% were reported. An analytical model for sensors linearization conditions
was used to compare the influence of flexible substrates on sensors behaviour. Suggesting the presence of non-
negligible magnetostrictive contributions corroborated by the magnetotransport measurements performed. AFM
characterization of patterned spin-valve sensors in flexible substrates showed a surface roughness of (0.77 ± 0.07)
nm, translating in an increase of the Néel coupling field. Subsequently, the transfer curve offset has increased. Pla-
narization strategies were implemented. Side by side, alternative substrates were explored. Finally, demonstration
of magnetic detection using a tubular device embedding magnetoresistive sensing was performed.
Keywords: magnetoresistive sensors, flexible substrates, micro and nanofabrication, thermoplastics

1. Introduction

Portable, sustainable and fully integrated health care
systems, known as point-of-care (PoC ) devices, have
proven to be a desirable solution for transferring the
conventional clinical techniques implemented in special-
ized laboratories to the comfort of our home, school or
office, for instance. Opening the door to widespread and
customized medical care. These devices portrait several
advantages such as a reduction in the duration of di-
agnosis and therapeutic treatments and subsequently,
overall health costs. Thus, improving the efficiency of
the applied treatment and offering a better quality pa-
tient care. However, despite the constant growth and
recent development of these devices, the options cur-
rently available still make use of large and heavy read-
ers hindering their potential use at the point-of-care. A
promising sustainable and compact solution consists in
the design of a fully-integrated tubular polymeric device
embedding magnetoresistive (MR) sensing. Providing a
low-cost solution and intrinsic shaping capability to the
device.

Magnetoresistive (MR) sensors consist in a highly in-
tegrative solution in this field and introduce several ad-
vantages, such as high sensitivity and spatial resolution
allowing accurate detection of magnetic fields. Cur-

rently, fabrication of MR sensors relies on rigid inorganic
substrates such as oxidized silicon wafers or glass. It be-
comes then necessary to study how MR performance is
affected as we extend the present well-establish MR fab-
rication technology to flexible and bendable substrates.

In 1992, Parkin et al. successfully demonstrated
the deposition of current perpendicular to plane (CPP)
GMR films onto Kapton substrates, displaying a GMR
of 38% at room-temperature, which is comparable to
stacks prepared on rigid Si wafers. Later, Parkin
also demonstrated flexible exchange-biased magnetic
sandwiches with lower saturation field and 3% room-
temperature MR suggesting the possibility of manufac-
turing flexible MR read-head. Most research work being
currently done on this field focus in simple GMR multi-
layered systems [1] surpassing the need for strict nano-
metric control of roughness and thickness during the fab-
rication process. However, these type of sensors require
a separated reference and when in tubular shape still
require the use of PDMS microfluidics platforms or an
interface. Most lab-in-a-tube systems reported in litera-
ture are based on different sensing and actuation mech-
anisms [2, 3, 4]. Thereby, the full-standalone tubular
device embedding MR sensing here demonstrated brings
novelty to this area.
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In the present work the demonstration of the appli-
cability and viability of this tubular device embedding
MR sensing was performed. For this, diverse neces-
sary points were addressed: (1) development and op-
timization of a fully-compatible polymer microfabrica-
tion process; (2) improvement of surface roughness by
buffer layer introduction; (3) characterization of trans-
fer curves of flexible sensors; and (4) demonstration of
magnetic detection using tubular MR devices. Side by
side alternative substrates were explored.

2. Magnetoresistive Sensors
Magnetoresistance consists in the phenomenon of elec-
trical resistance of a material changing when an exter-
nal magnetic field is applied. According to the magnetic
field intensity and orientation, the material will exhibit a
minimum (Rmin) and a maximum (Rmax) electrical re-
sistance plateau and the transition between these can be
engineered to behave linearly with the applied field, en-
hancing their potential as magnetic field sensors. There-
fore, the magnitude of the MR effect can be quantified
by the variation of resistance relative to the minimum
resistance, equation 1.

MR =
Rmax −Rmin

Rmin
(1)

The main different magnetoresistive mechanisms are
divided in: Anisotropic Magnetoresistance (AMR), Gi-
ant Magnetoresistance (GMR) and Tunnel Magnetore-
sistance (TMR).

2.1. Giant Magnetoresistance
The physical origin of GMR arises from the asymmetry
in (diffusive) spin-dependent scattering of conductions
electrons at non-magnetic/ferromagnetic (NM/FM) in-
terfaces. In ferromagnetic transition metals, the d bands
for spin ↑ and ↓ electrons are split by the exchange inter-
action. The spin dependence of the scattering rates is a
result of the difference between the density of available
states at the Fermi energy into which electrons can be
scattered for different spins. Depending on the magneti-
zation direction of the FM layers, there will be an elec-
tron scattering asymmetry which results in distinct resis-
tances for each spin dependent current. When the FM
layers are in a parallel configuration, spin-up conduc-
tion electrons will be weakly scattered, and spin-down
electrons strongly scattered. A low-resistance state will
be achieved as the spin-up channel will short the cur-
rent. Whereas in an antiparallel configuration, both
spin-up and spin-down electrons will alternatively be
strongly and weakly scattered, and thus, obtaining a
high-resistance state.

A particular type of MR sensors based on the GMR
effect is the Spin-valve (SV), first proposed by Dieny in
1991 [5]. The typical structure of a SV sensor is com-
prised by two FM layers which are separated by a NM
spacer, figure 1. One of the FM layers, called the pinned
layer, is engineered to have its magnetization direction

Figure 1: Example of a transfer curve of a spin-valve
sensor and its geometry. Adapted from [6]. Copyright
2016 IEEE.

fixed under the influence of very large external magnetic
fields (typically, ∼30-40 mT) and at high temperature
(∼ 200-250oC). Such can be achieved by deposit an anti-
ferromagnetic layer adjacent to the FM layer, pinning its
magnetization by strong exchange bias coupling at the
interface. This will create a reference direction while the
other FM layer, the so called free layer, is weakly cou-
pled to the pinned and pinning layers. Thus, its mag-
netization is free to rotate and align with the external
magnetic field.

2.1.1 Spin-valve Sensor Linearization

The linearization conditions for micrometric spin-valve
sensors can be obtained by the Stoner-Wohlfarth model
[7], considering a magnetic single-domain and coherent
rotation approximations. Considering the case where
the uniaxial anisotropies of the sensing and reference
layers are parallel, the total energy of the sensing layer
per unit of volume in flexible substrates is given by
equation 2. The energy terms considered, respectively,
were the uniaxial anisotropy induced by an applied mag-
netic field during deposition (Hk ∼ (0.5-2)mT); the self-
demagnetizing term which depends on shape anisotropy;
the Zeeman energy created by the presence of an exter-
nal field (Hext); the energy term due to the demagne-

tizing field of the reference layer (Href
d ); the Néel en-

ergy due to the presence of interface roughness field
and magnetostriction energy, where λs represents the
isotropic magnetostriction constant and σ the stress in
the film plane. The θ angle represents the angle between
the sensing layer magnetization and the external applied
field.

Energy minimization of equation 2, shows that a pos-
sible strategy for sensor linearization consists in the tai-
loring of the internal demagnetizing field through shape
anisotropy. Shape anisotropy can be tailored by reduc-
ing the size and aspect ratio of the sensor. Typically,
in spin-valve sensors, the sensing layer is patterned in a
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rectangular shape, where its longer dimension (width)
is set orthogonal to the pinned layer magnetization di-
rection. As we increase the aspect ratio between the
dimensions of the sensing layer (w

h , where h represents
the sensor height), subsequently, a wider linear operat-
ing range is obtained, leading to decrease of sensitivity.
The self-demagnetizing field is also proportional to the
saturation magnetization (Ms) and thickness of the sens-
ing layer (t). Thus, the threshold height at which the
response of a sensor will change from square to linear,
the so called no coercivity condition, can be estimated.
For aspect ratios higher than 10/1 and negligible mag-
netostriction contributions, this condition is given by re-
lation 3. Typically, for a Ni80Fe20(5nm) sensing layer
and µ0Hk = 1mT , hthreshold ∼ 3nm.
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3. Microfabrication of Flexible Spin-valve Sen-
sors

As the primary focus of our work a 25µm Polyethy-
lene terephthalate (PET) film coated on one side with a
pressure-sensitive adhesive (ARcare R© 7759, courtesy of
Adhesives Research) was chosen. Due to PET low glass
transition temperature (∼ 70oC) low-risk processes such
as lower baking temperatures were implemented. To en-
hance handling and flatness throughout the fabrication
process, cold lamination of the PET films onto glass sub-
strates was performed. The influence of an aluminum
oxide planarization layer was also studied in these sub-
strates and thus, additional steps for buffer definition
were added to the main fabrication process.

First, a 500 Å Al2O3 buffer was deposited using a
home made RF sputtering system. Then, a SV stack
was deposited by ion beam deposition using a Nordiko
3000 system. To avoid sample annealing, top-pinned
SV stacks were considered: Glass/ PET/ Al2O3 500/
Ta 20/ NiFe 25/ CoFe 28/ Cu 28/ CoFe 26/ MnIr 70/
Ta 50 (SV2164 - with buffer layer) and Glass/ PET/ Ta
20/ NiFe 25/ CoFe 28/ Cu 28/ CoFe 27/ MnIr 70/ Ta 50
(SV2190) (thickness in Å, where CoFe, NiFe and MnIr,
stand for Co80Fe20, Ni80Fe20 and Mn75Ir25 in atomic
%. A permanent magnet is fixed to the substrate table
creating a 40 Oe magnetic field which defines the crys-
tallographic direction of the deposited materials during
the deposition. Subsequently, defining their magnetic
easy axis. Unpatterned laminated PET samples exhib-
ited a MR of 6.1%, an offset field (Hf ) of 15 Oe and a
coercivity (Hc) of 11 Oe in sample SV2164 and 4.8%, 14
Oe and 6 Oe, respectively, in sample SV2190.

SV sensors are defined by optical lithography using a

Figure 2: (a) PR thickness for different exposure energy
and structure size with a 120s pos-development bake.
Highlighted area represents the target area for optimiza-
tion. (b) PR thickness for a 2.5µm height feature for dif-
ferent pos-development bake duration and energy files.

Heidelberg Direct Write Laser (DWL) 2.0 system. Opti-
mization of the standard photoresist (PR) pos-exposure
bake step was proven necessary as samples are submitted
to high-temperature (110oC). A laminated PET sam-
ple was coated and exposed varying the laser energy
file from 80 to 100% in order to target the sensor typi-
cal height (1.5 − 3µm). Different baking duration were
studied (60s, 120s and 240s) considering a pos-exposure
bake temperature of 80oC. Following the pos-exposure
bake, the sample was developed during 60s. The ob-
tained results indicate that the optimum pos-exposure
bake duration is 120s, where a photoresist thickness of
1.05 ± 0.03µm was obtained for a 2.5µm feature. Uni-
formity of resist thickness also prove to increased over
a wider range of feature sizes. Figure 2 (a) shows the
resist thickness of the different sized features obtained
for a 120s pos-exposure bake measured by profilometry.

In parallel, lithography exposure conditions were also
optimized, figure 3. The optimum laser energy file prove
to be 85% for the patterning of micrometric spin-valve
structures. As the smallest deviation from the nominal
feature size for features with a 2.5µm height was at-
tained using this energy file, ranging from -1.8 to 0.6 %
in the different baking times studied.

Afterwards, the SV pattern is transferred to the un-
derlying layer by ion milling etching using a Nordiko
3600 system. Shorter etching steps and cool-down steps

3



Figure 3: (a) Measured structure size versus the nominal
mask size for different energy files in laminated PET
substrates for a 60s pos-development bake. Highlighted
area represents the target area for optimization. (b) Size
deviation for 2.5µm height features for different energy
files with a 60s bake.

were performed to prevent sample heating. PR strip was
performed in an acetone bath with ultrasounds and no
temperature. Buffer structures were defined by optical
lithography and ion milling as well. Contact leads were
defined by optical lithography, followed by deposition
of 300 nm Al98.5Si1.0Cu0.5 covered with a 10 nm cap
Ti10W90N(2) layer of Ti10W90N(2) using a N7000 sys-
tem. And later defined via lift-off. Optimized deposition
conditions were used for metallization to prevent heat-
induced sample damage. Deposition was performed over
several short pulses to obtain the desired thickness with
a DC power of 0.5kW, each followed by 200s of cool-
down.

Multi-level exposure alignment has proven to be a ma-
jor challenge in flexible substrates. It was observed that
the distance between exposed alignment marks did not
correspond to mask dimensions, contributing to a large
misalignment between both levels. This effect may arise
from substrate curling after lamination. The alignment
error was quantified in both directions (vertically and
horizontally) by recurring to test structures. Nonius
were exposed near spin-valve structures and at the bor-
ders to evaluate the misalignment on multi-level expo-
sures in different regions of the sample. The best strat-
egy to mitigate exposure alignment errors has proven to
be align the sample and set the zero-position using the
most central spin-valve structure. The results shown in
figure 4 are representative of the misalignment observed
in one of the samples processed (SV2190). Images of
the nonius structures were taken after the contact leads
exposure and the misalignment was measured using an

Figure 4: Graphical representation of the multi-
level(vertical and horizontal) misalignment observed in
sample SV2190. Inset A and B represent a good and a
poor alignment between different levels, respectively.

image processing software.

The last step consists in release of the fabricated de-
vice from the glass substrate. The sample is placed in
a shaker plate at 150rpm in an acetone bath during the
necessary time to completely dissolve the adhesive.

4. Surface topography of polymer substrates

Surface topography measurements were conducted by
atomic force microscopy (AFM) to measure surface
roughness in laminated PET substrates before and after
SV deposition, figure 5. AFM measurements were per-
formed using silicon probes with a nominal resonance
frequency of 300 kHz, spring constant 40 N/m and a
nominal tip radius of 8nm (MPP-11100-10, Bruker AFM
Probes). Each roughness measurement was performed
at different regions of the sample to avoid wear down
of the sample and roughness values were extracted from
scan areas of 1 × 1µm2. The root-mean-square rough-
ness (Rq) parameter was used to quantify and compare
surface roughness as it is more sensitive to deviations
(peaks and valleys) with respect to the mean line. The
roughness average Ra and the average maximum pro-
file peak height Rpm are also shown as complementary
parameters.

For laminated PET films, a root-mean-square rough-
ness (Rq) of 0.81± 0.05nm was obtained. After SV de-
position the Rq value increase to 0.92± 0.08nm. Thus,
suggesting that the films deposited conformally follow
the surface topography. These results prove that surface
roughness of PET films lie in the limit of the thresh-
old roughness value for MR sensing applications around
1nm. Roughness is known to affect the electrons trans-
port and properties of the deposited magnetic films, such
as interlayer coupling, depending on several parameters
such as roughness amplitude and period or the electrons
mean free path. Subsequently, affecting the sensor be-
havior. Thus, the results here presented are relevant
to better understand the impact of roughness in sensor
behaviour in flexible substrates.
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Figure 5: AFM surface topography of a laminated PET
sample before and after spin-valve deposition (a); Mea-
sured roughness parameters before and after deposition
for a scan size 1 × 1µm2. Note that the height scale
changes throughout the images.

4.1. Planarization Layer

An attractive strategy to decrease surface roughness and
mitigate defects consists in the use of planarization lay-
ers which act as a smoother interface to device fabrica-
tion, while the mechanical behaviour being dictated by
the polymer film. Planarization materials should por-
tray specific properties such as insulator properties, low
surface roughness and high fracture toughness.

In this work the study of SU-8 as a planarization ma-
terial in PET films was performed. First, 10µm SU-8
2015 (MicroChem) films were spin-coated on laminated
PET substrates. For temperatures higher that TSU−8

g

(55◦C), re-flow and planarization of the SU-8 material
is possible. Thus, different low-risk soft-bake conditions
were then studied, namely, 60◦C for 7 min, 70◦C for 4
min and 80◦C for 3 min. Note to prevent resist crack-
ing and minimize stress, the heating and cooling ramp

should not surpass 10◦C/min and 5◦C/min, respectively.
Prior to exposure, SU-8 was allowed to cool-down to
room temperature in order to avoid building up of stress.
Exposure under UV light was performed and corrected
for the thickness used. After exposure, the sample was
baked at 60◦C for 7 min and developed during 3min
using Propylene glycol methyl ether acetate (PGMEA).
AFM measurements revealed that SU-8 surface rough-
ness decreases as the sample is submitted to higher bak-
ing temperatures. Comparing the results obtained for a
soft-bake at 60oC and 80oC, a decrease of ∼ 23% was
observed as bake temperature increased. In spite of this
decrease, a Rq of 1.24±0.2 nm was obtained for the 80oC
sample, a value above the roughness threshold limit for
SVs (1nm). Therefore, and taking into account that
SU-8 adhesion problems to PET films have also been
encountered, SU-8 revealed to not be the most suitable
option for PET planarization.

Alternatively, Al2O3 films were also tested. A 500
Å Al2O3 polycrystalline film was deposited on a lami-
nated PET substrate using a home made RF sputtering
system. AFM measurements show that a Rq value of
1.27 ± 0.13µm higher than the 1 nm threshold value
for SVs was also obtained. However, in spite of the in-
creased roughness, patterned alumina buffers were stud-
ied as potential stress relief structures [8] in order to
mitigate mechanical stress on the spin-valve stack.

5. Results
5.1. Magnetotransport Characterization

Fabricated devices magnetotransport properties were
measured using a homemade setup at INESC-MN in a
two-point probe configuration. The applied magnetic
field during the transfer curve measurement is created
by two Helmholtz coils, powered by a bipolar DC Kepco
current source (-4 to 4 A). In between the two coils,
the maximum magnetic field induced is around 140 Oe.
In figure 6 we present the transfer curves obtained for
patterned sensors with a similar SV stack fabricated on
different substrates.

Figure 6 (b) shows the results obtained for a lami-
nated PET sample (SV2190) before release of the fab-
ricated device in order to study the influence of the re-
lease step in sensor behaviour. A decrease of 65% in
MR is observed compared with the sensors with simi-
lar dimensions patterned in glass due to an increase of
the overall sensor resistance. Microcracks can be form-
ing along the SV due to stress in the substrate, lead-
ing to a sudden increase in resistance. It can also be
observed discontinuities in lower part of the curve, rep-
resenting Barkhausen noise, suggesting the presence of
pinning sites and defects. The offset field increased con-
siderably, suggesting an increase of interlayer coupling
due to enhanced roughness and the presence of possi-
ble magnetostrictive sources in the sensing layer [9, 10].
An asymmetry in the transfer curve shape and an in-
crease in coercivity were also observed in several struc-
tures suggesting the presence of an extra magnetostric-
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Figure 6: Transfer curves of patterned top-pinned spin-
valve sensors fabricated in different substrates: (a) glass;
(b) laminated PET; and (c) laminated PET with a 500 Å
Al2O3 buffer. The sample ID is presented at the upper
right of each graph. (d) Fabricated PET device upon
release.

tive term in the overall energy function of the system,
leading to a non-orthogonal configuration between the
free and pinned layer. These effects have been pre-
viously reported in MR devices under applied stresses
[10]. The saturation fields of patterned SVs on PET in-
creased significantly when compared to those patterned
in glass. A decrease of sensors sensitivity under ten-
sile strain along the longer direction of the SV has been
previously reported [10, 11]. The presence of a magne-
tostrictive term reinforces shape anisotropy, leading to
larger Hsat values, subsequently decreasing sensor sensi-
tivity. Scanning Electron Microscopy (SEM) inspection
of fabricated samples suggested the presence of tensile
strain along the longitudinal direction of the SVs, cor-
roborating the presence of a possible competing magne-
tostrictive term. However, after the release step, it was
not possible to establish electrical contact in most of the
patterned structures. Suggesting that residual stresses
present in the film were relaxed during release, leading
to structural damage of the sensors. In section 5.3, the
structural properties of these sensors after release are
discussed.

Transfer curve obtained for a laminated PET sample
with a Al2O3 buffer is also shown in figure 6 (c). The
response of these sensors were characterized by sharp
square transfer curve with an increase in sensor coer-
civity. The presence of a square curve suggests a non-
orthogonal configuration between the free and pinned
layer, possible correlated with strain sources. As pre-

viously discussed, PET samples with an Al2O3 buffer
present high roughness. Thus, an increase in coerciv-
ity was expected as roughness is usually propagated
through the entire stack. The absence of a stable plateau
may suggest that the pinned and AFM layer are weakly
coupled due to an increase of interfacial roughness. How-
ever, other magnetic anisotropy sources such as the
pinned layer demagnetizing field may also be contribut-
ing to this effect. The most promising result of these
samples lies in a larger electrical yield obtained upon
release of the final device, 44% compared to an almost
zero value for samples with no buffer. Demonstrating
the potential of stress-relief strategies to better control
stress and mechanical stability in flexible devices.

5.2. Roughness

AFM measurements were performed in SV sensors pat-
terned in silicon oxide (SiOx) and laminated PET sub-
strates with the same stack to quantify and compare the
role of interface roughness on sensors behaviour. For
SVs patterned in SiOx a Rq value of 0.29±0.03nm with
a roughness wavelength λ of 32.6±9.3nm were obtained,
showing the presence of a considerably smoother surface.
Contrarily, flexible PET substrates showed a Rq value
of 0.77± 0.07nm and λ of 41.8± 9.8nm. Suggesting an
increase around 160 % compared to rigid sensors.

The influence of surface roughness on the sensors be-
haviour was calculated considering the Stoner-Wolfarth
model, fully described in ref. [12]. To calculate the total
energy of the sensing layer the following terms were con-
sidered: (i) the uniaxial induced magnetic anisotropy en-
ergy; (ii) the Zeeman energy; (iii) the energy term given
by the pinned layer self-demagnetizing field acting on
the free layer; (iv) the Néel energy, considering a sinu-
soidal roughness profile; and (iv) the sensing layer’ self-
demagnetizing energy. The magnetostriction anisotropy
term was neglected to problem simplification. Rectangu-
lar shaped spin-valve sensors composed by the following
stack, Glass/ PET/ Ta 20/ NiFe 25/ CoFe 28/ Cu 28/
CoFe 27/ MnIr 70/ Ta 50 (thickness in Å) were stud-
ied. The nominal sensor dimensions considered were:
2 × 70µm2 (SiOx) and 2 × 100µm2 (PET). The satu-
ration magnetization of NiFe and CoFe was taken as
930 kA/m and 1250kA/m, respectively. Néel coupling
field was calculated considering the Rq and λ values ac-
quired by AFM measurements. The uniaxial induced
anisotropy field strength was considered as 1mT. The
analytical calculations for a bias current of 1 mA are
summarized in figure 7.

For SVs patterned in SiOx substrates, the shape of
the analytical curve seems to correlate well to the exper-
imental data. A difference can be seen between the cal-
culated offset field and the experimental one, -0.5 Oe and
-13.5 Oe, respectively. Which may arise due to exchange
bias field not being considered in our model. Contrarily,
for SVs patterned in laminated PET substrates, the an-
alytical offset field is overestimated comparing with the
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Figure 7: Comparison between the experimental and
analytical normalized MR transfer curves obtained for
patterned SV sensors fabricated on SiOx (a) and lami-
nated PET (b) substrates.

experimental data (Hanl
f = 137.5Oe; Hexp

f ∼ 22.1Oe).
A difference in sensitivity is also observed comparing
both curves. Note that the free layer here considered
is composed by Ni80Fe20, which portraits a negligi-
ble magnetostriction constant, and Co80Fe20, which has
a non-negligible magnetostriction constant. Therefore,
the presence of magnetostrictive contributions is a pos-
sibility and can explain these differences between both
curves. Magnetostriction anisotropy may promote new
easy or hard axis directions in the sample, and conse-
quently, lead to a non-orthogonal configuration between
the free and pinned layer. Subsequently, introducing
changes in sensitivity and shape of the transfer curve and
adding an extra contribution to the offset field. Also, the
sinusoidal roughness profile here considered may not de-
scribe correctly the roughness profile in PET films, and
so, may also contribute to an overestimation of the offset
field. Analytical calculations including a magnetostric-
tive anisotropy term should be pursued in the future to
better understand sensor behaviour.

Figure 8: SEM micrographs of sample SV2190 showing
the different failure modes suggested to be present in
laminated PET devices: (a) cracking; (b) peeling; (c)
buckling lamination; and (d) microcracking.

5.3. Morphology Characterization

After the release of the final device (SV2190) from the
support substrate it was not possible to establish elec-
trical contact in the majority of SV sensors. As the film
detaches from glass, stored strain energy in the films is
released, leading to the appearance of compressive and
tensile stresses. SEM inspection was performed to study
the structural morphology of SVs structures after re-
lease, figure 8. Buckling induced delamination appears
to be observed in some structures, suggesting the pres-
ence of compressive stresses. Contrary, in most struc-
tures crack propagation across the transverse direction
of SVs was seen, indicating the presence of longitudinal
tensile stresses. Poor adhesion and film peeling phe-
nomena were also observed. As previously discussed,
microcracking at the surface of the SVs also appear to
be present. Corroborating, the sudden increase of resis-
tance in the PET devices.

Facing the obtained results, although residual stress
may result from high-temperature processes, such as de-
position or ion milling etch, and baking cycles, critical
stress leading to structural damage is believed to be gen-
erated during the lamination step as low risk processes
to control and mitigate sample heating were employed.
This statement is sustained by the fact that previously
samples laminated using thinner substrates and non-
laminated PET films did not portray such low electri-
cal yield, 31% compared to an almost zero value, 2.5%,
for sample SV2190. PET films are laminated manu-
ally and bonded to the supportive substrate by pressure-
activated adhesive, possibly leading to constrained areas
subjected to compressive or tensile stresses which are
only relaxed upon release. In order to study and mit-
igate the induced stress during lamination, controlled
pressure lamination and stress relief techniques can be
explored.
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6. Alternative substrates
6.1. PDMS
Characterization of PDMS membranes deposited with
a top-pinned SV stack was performed. We started by
spin-coating a 1µm poly(vinyl alcohol) (PVA) sacrificial
layer onto a 4” silicon wafer, followed by a curing at
70oC for 5 minutes. Dow Corning Sylgard 184 Silicone
Elastomer was mixed at a proportion 1:10 with the cur-
ing agent and spin-coated onto the prepared wafer to
form a 100µm membrane. A top-pinned SV stack was
deposited on the PDMS using the Nordiko 3000 system.
The deposited SV stack is composed by Si / PVA /
PDMS / Ta 20/ NiFe 25 / CoFe 28 / Cu 28 / CoFe 26
/ MnIr 70 / Ta 50 (thickness in Å). After deposition,
wrinkling patterns and cracks were observed to coexist
at the surface of the membrane.

AFM measurements of surface topography were per-
formed, figure 9 (a). Due to the bombardment of high-
energy atoms during deposition, the temperature of the
sample increases, specially at the surface of the PDMS
membrane. During cooling, due to the mismatch of ther-
mal expansion coefficients of the PDMS and deposited
materials, compressive stress is created. Which then re-
laxes into wrinkling of the substrate. The wrinkling pat-
terns appear to have short-term periodic order and dis-
order at long-term, suggesting the presence of isotropic
compressive stress as expected. The wavelength (λ)
of the wrinkling pattern was considered as the average
peak to peak distance between two adjacent waves and
its amplitude (A) as the average height difference be-
tween a hill and its valley. The wrinkling pattern pre-
sented a wavelength of 2.5 ± 0.2µm with an amplitude
of 123.5± 27.4nm.

The presence of wrinkles may influence MR sensor
response due to local changes in shape anisotropy and
origin of out-of-plane components at the slopes of the
wrinkle under an in-plane applied field, and thus, the
magnetic response of these membranes was measured
using a Vibrating Sample Magnetometer (VSM), figure
9. A similar M(H) loop along the magnetic easy axis for
unpatterned top-pinned SVs in rigid substrates was ob-
tained. The inversion of the pinned layer occurs at high
negative fields, from where an exchange coupling bias
strength of 40.3mT was extracted. At moderate fields,
the magnetization of the FL is inverted, presenting a Hc

of 1mT and a Hf of -0.1 mT. This behaviour suggests
that the wrinkling pattern not influences the interlayer
coupling drastically as a small offset field value was ob-
tained. The similarity between the magnetic properties
of SV structures deposited on PDMS and control rigid
samples opens the door to new perspectives for MR sen-
sors fabrication in very compliant substrates.

6.2. Silicone
The adhesion of metals in commercial Ecoflex TM 00-30
spin-coated silicone membranes was studied. Two dif-
ferent materials were considered, Ta, typically used as a
buffer layer in SVs; and AlSiCu/TiWN2, used for metal-

Figure 9: AFM micrographs of the wrinkling pattern
in a top-pinned SV deposited on PDMS for a scan size
area of 20 × 20µm2 and 5 × 5µm2, respectively. (b)
Normalized M(H) curve of an unpatterned SV stack in
PDMS membrane. The curves were obtained with room
temperature VSM characterization. Inset shows zoom
detail of the FL reversal.

lization of electric leads in the standard process. Using
Nordiko 3000 system, a 100 Å tantalum layer was de-
posited onto a 100µm silicone membrane. However, the
sputtered material did not adhere to the substrate sur-
face, suggesting a low surface energy. Deposition was
obtained after a soft etch of 20s using Nordiko 3600
system. In parallel, a 100µm silicone membrane was
metallized with an AlSiCu 3000 / TiWN2 150 (thick-
ness in Å) layer using Nordiko 7000 system. SEM and
AFM measurements showed the presence of a clear wrin-
kling pattern on the silicone surface after deposition of
both materials as previously observed in PDMS mem-
branes. A wavelength of (5.3±0.4)µm and an amplitude
of (397±43)nm were obtained for tantalum and a wave-
length of (1.9±0.1)µm and an amplitude of (310±98)nm
for AlSiCu. Differences in wavelength and amplitude
arise from the difference in the deposition conditions and
the Young’s moduli and poisson ratio of the materials.

6.3. Polyimide

SV fabrication was also tested and performed on a 25µm
polyimide foil (DuPontTM Kapton R© HN). The SV stack
was deposited by ion beam deposition using the Nordiko
3000 system. The top-pinned SV stack deposited is com-
posed by PI / Ta 20 / NiFe 25 / CoFe 28 / Cu 28 / CoFe
26 / MnIr 70 /Ta 50 (thickness in Å). Unpatterned PI
samples exhibited a MR of 1.3%, Hf of 1 Oe and a Hc
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of 7 Oe. The SV stack was defined by optical lithogra-
phy and its pattern transferred by ion milling etching at
Nordiko 3600 system. High-temperature bakes were per-
formed as PI films have a high thermal stability up until
400oC. Contact leads were patterned by optical lithogra-
phy in a 2-contact geometry. Electrical leads composed
by 300 nm pure Al were deposited in Alcatel system as
N7000 system was not available at the time. Finally, the
structures were defined by an acetone lift-off.

The magnetotransport curves were obtained for 2 ×
100µm2 top-pinned SVs patterned in PI substrates.
Overall, the sensors output presented linear response
and hysteretic curves, with coercivity ranging from 2.6
up to 12.5 Oe. There is a considerable loss in MR,
whereas values of 6-7% where obtained in patterned
structures with the same SV stack on rigid substrates, in
PI sensors MR values around 1.5% were obtained. Sug-
gesting the presence of current leak to the substrate. A
low offset field was present in almost all the patterned
structures (around 5.5 Oe), suggesting lower roughness
compared to PET films. Barkhausen noise and differ-
ent coercivity values were also observed in some of the
curves, suggesting the presence of pinning sites and de-
fects. The stability of the upper plateau seems to im-
prove in PI sensors compared to PET devices as a stable
and well defined plateau was present.

In conclusion, PI films demonstrated to be a viable
alternative to microfabrication of MR sensors in flexi-
ble substrates. SV sensors patterned on PI substrates
showed to portray an high electrical yield of 89% and
also high thermal and mechanical stability, properties
highly desirable. However, considering PI as a potential
substrate for MR sensing platforms presents its draw-
backs as well such as its high glass transition tempera-
ture. Thus, turning thermal-molding of such devices a
non cost-effective strategy. Molding tests at low temper-
atures should be tested to better understand polyimide
applicability in the platforms here targeted.

7. Demonstration of Magnetic Detection in
tubular MR devices

Demonstration of magnetic field detection using a fab-
ricated tubular MR device was performed. In this ap-
proach, a planar polyimide MR device was rolled into a
tubular shape with a diameter of 5mm, figure 10 - inset
(c). For each sample geometry, planar and tubular, the
sensors resistance was measured in function of the po-
sition of a permanent magnet moving along the sensing
direction of the SV sensors using a two-probe configu-
ration, figure 10. Magnetotransport measurements were
also performed with a bias current of 100µm before and
after device shaping into a tubular geometry to comple-
ment this demonstration.

Comparing the normalized transfer curves obtained
for a planar and a tubular geometry, we can see that af-
ter shaping the sensor coercivity increases abruptly, sug-
gesting the presence of magnetostrictive contributions.
A maximum deviation of the experimental values from

Figure 10: Transfer curves obtained for planar and tubu-
lar geometries (a); Variation of the sensors resistance
and the applied field created by a permanent magnet
at planar and tubular geometries, respectively. (b)-(c)
MS stands for Magnet Sweep, representing the different
trials performed for each geometry. The highlighted red
area shows electrical noise; Inset shows the respective
device geometry.

the transfer curve measurements of approximately 25%
was obtained which arise possibly due to the manual dis-
placement of the magnet, leading to an overestimation
of field values. Overall, the variation of device resistance
as the permanent magnet moves in space, shows to be in
good accordance with the transfer curve measurements,
and in addition, the operability before and after shaping
is a clear demonstration of the sensing capability of flex-
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ible devices embedding MR sensors to detect an external
magnetic field. We then conclude that the concept be-
hind the viability of tubular MR devices was successfully
demonstrated.

8. Conclusions
With this work we demonstrated magnetic field detec-
tion using tubular devices embedding MR sensing. For
this, different necessary points were addressed. First, a
fully-compatible microfabrication process with heat sen-
sitive polymeric substrates was developed and optimized
at INESC-MN. Next steps consider a improvement in
stress-relief treatments after samples lamination.

A detailed study on the roughness profile of the PET
films discussed in this work and its impact on the MR
sensor behaviour were addressed. Proving that the sur-
face roughness of PET films is in the limit of the thresh-
old roughness value for MR sensing applications, 1nm,
and consequently, affecting sensor behaviour. Different
planarization materials were tested. As a result, the in-
fluence of an Al2O3 buffer was then studied, square and
hysteretic transfer curves were obtained for top-pinned
SVs sensors. Mechanical stability of the sensor struc-
tures also suggests to improve.

Top-pinned SVs were fabricated in flexible PET sub-
strates. Our results suggest that the sensors behav-
ior was mostly affected by shape and magnetostriction
anisotropy. Comparing with control samples in rigid
substrates, the observed increase in the offset field and
decrease in sensitivity was ascribed to an increase of
roughness of the underlying substrate and also to the
presence of possible non-negligible stress contributions
induced by substrate compliance. Which may lead to
magnetization reorientation. The presence of magne-
tostrictive contributions was corroborated with analyt-
ical calculations performed using the Stoner-Wohlfarth
model. Consequently, MR sensors with linear and non-
hysteretic curves as well as coercive and square curves
were reported.

Different alternative flexible materials were evaluated
for possible MR sensing integration. Formation of wrin-
kling patterns and cracks in the surface of very compli-
ant substrates such as silicone and PDMS membranes
deposited with different thin-films was demonstrated.
M(H) loops were obtained for PDMS membranes de-
posited with a top-pinned SV stack, showing similar
magnetic response to rigid substrates. Further stud-
ies should be conducted to deeply understand future
prospects of the implementation of MR sensing applica-
tions using commercially available elastomers. Strate-
gies to mitigate residual thermal stress should be pur-
sued, for instance, the introduction of obstacles and de-
fects in the membrane body have been reported to affect
stress distribution and wrinkling pattern in the mem-
brane [13]. In parallel, SV sensors were fabricated in
polyimide foils. Comparing these results with devices
fabricated in PET films, a considerable decrease of the
MR ratio and the offset field was observed. Which can

be correlated with the roughness profile and porosity
of polyimide. An enhancement of the exchange bias
field and plateau stability was also observed. PI films
present enhanced mechanical robustness and lower resid-
ual stresses as apparently magnetostrictive contributions
were not observed in these sensors behaviour.

Finally, demonstration of a working MR tubular de-
vice to detect magnetic fields created by a permanent
magnet moving was performed. Showing the viability
and applicability of MR sensing technology towards the
development of sustainable and fully-integrated lab-in-
a-tube platforms.
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