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Abstract

Flexible magnetoresistive sensors displaying Giant Magnetoresistance (GMR) have been investigated
to demonstrate self-standing tubular shape conformation. Fabrication of this devices is achieved by adap-
tation of already optimized processes for typical rigid substrates (glass, Si wafers) based on deposition by
magnetron sputtering and patterning by optical lithography. The shaping conformation was carried out by
thermal molding with cylindrical molds of two different radius. The patterned devices were characterized
in terms of their magnetotransport response after fabrication and after the molding process. Also, SEM
imaging analysis of the surface morphology of the microstructures was performed at this checkpoints.
The fabricated samples yielded an MR ≈ 4.5 - 5 % and predominantly coercive fields: Hc ≈ 20 Oe,
but values as low as Hc = 1 Oe were targeted. Surface analysis of successive samples generations re-
vealed that defects as lack of edge definition, stripping and liftoff residues and SV height variations were
lessened with fabrication optimization. Tubular shape conformation was better achieved by molding at a
temperature, TMold = 100 °C, for 20 minutes. After molding, characterization revealed a small increase in
coercive field, transfer curve shift to the left, but, for some devices, the magnetotransport response was
not significantly affected by the molding process. Surface analysis revealed molding induced defects as
delamination and fractures of the SV sensors. A theoretical analytical model was used to evaluate the
strain state induced by the thermal molding process.

These results show prominent insights on devising self-standing geometrical non-flat sensor and
point out new paths for improvement in future works.
Keywords: Thermal Molding, Spin Valve sensors, Shape Conformation, Magnetotransport, Surface
Morphology

1. Introduction
Motivation and Objectives
Magnetoresistive devices based on giant magne-
toresistance (GMR) multilayered structures have
been successfully achieved on flexible substrates
in recent years [1–3].

At INESC-MN the fabrication of magnetoresis-
tive sensors in rigid substrates is a well imple-
mented process being the institute a provider of
such technological research, services and devices
[4–6]. In the field of flexible technologies the in-
stitute as already accomplish patterning and me-
chanical characterization of magnetic tunnel junc-
tions (MTJ) on polymide [7].

Albeit the freedom of form that is respective of
magnetoelectronic devices, self-standing configu-
rations, and ways to obtain them, are still not com-
monly explored [8].

This work targets this thread by demonstrat-
ing tubular shaping of magnetic Spin Valve sen-
sors (SV). To this end, the work here presented
is divided into fabrication and shaping by thermal
molding, being this main steps paired with magne-

totransport characterization and SEM analysis of
surface morphology. Fabrication consists of pat-
terning an array of SV sensors, paired with a net of
electrically conductive leads and contacts, onto a
free-standing PET substrate. Shaping was held by
thermal molding at a range of temperatures near
the Glass transition temperature (Tg) of the PET
substrate at atmospheric pressure.

State of the art
Over the last years, great deal of attention has
been directed to the development of flexible mag-
netoelectronic devices [9]. Magnetic materials are
an integral part of this devices. Engineered mul-
tilayer structures that rely on interactions at the
nanoscale, yielding anisotropic magnetic field sen-
sitivity, have been successfully introduced in the
field [10–12]. A vastly used structure of this type
is the SV that was proposed by Dieny in 1991
[13]. It consists of a multilayered structure where
two ferromagnetic (FM) layers are separated by a
nonmagnetic (NM) conductive layer while one of
the FM layers is coupled with an antiferromagnetic
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(AFM) layer. The materials that cast this structures
have the ability of changing their electrical resis-
tance in the presence of an externally, directionally
applied magnetic field [14].

This structures yield giant magnetoresistance
(GMR) effect that arises from the asymmetry
in the spin-dependent scattering of the conduc-
tion spin-up and spin-down electrons at the mag-
netic/nonmagnetic interface [15]. When under a
bias current the resistance to the conduction elec-
trons varies with the magnetization direction of the
FM layers that encapsulate the NM layer. When
the magnetization direction of this layers is made
parallel to each other, the spin dependent current
resistance will be lower than when a anti parallel
configuration is imposed [4, 14, 16]. In a SV sen-
sor one of the FM layers magnetization direction
is pinned by coupling with an AFM layer that locks
the magnetic direction of the interfacial FM layer. In
this manner the ”free” FM layer is allowed to move
when a externally small magnetic field is applied
(few Oe fields). Hence, these structures yield a
maximum (Rmax) and a minimum (Rmin) value of
resistance reliant on an antiparallel or parallel con-
figuration between the magnetization of the FM lay-
ers, expressing the magnitude of the magnetore-
sistance (MR), given by equation 1.

MR(%) =
Rmax −Rmin

Rmin
× 100 (1)

A complete SV structure would be composed of
a buffer layer, typically Ta, that as the first layer to
be deposited enables texture and grain size con-
trol of subsequent layers, having thicknesses rang-
ing from 20 - 80 Å. FM layers composed of ferrous
alloys like CoFe, NiFe and Fe having thicknesses
from 25 - 60 Å. The NM layer is typically Cu with
a optimal thickness between 20 - 22 Å. AFM lay-
ers of manganes alloys like PtMn, IrMn and FeMn
are used as pinning layers to pin the magnetiza-
tion direction of the reference/pinned FM layer. A
cap layer to protect the structure, physically and
chemically, and is usually made of Ta with thick-
nesses around 70 - 100 Å[4, 6, 14, 16]. A typical
SV structure used in INESC-MN, like the one used
in this work, is Ta 77 Å/NiFe 32 Å/CoFe 16 Å/Cu 30
Å/CoFe 25Å/IrMn 70 Å/Ta 100 Åwith a total thick-
ness of 350 Å.

Figure 1 presents a typical transfer curve, R(H)
that gives the magnetoresistance percentage value
dependence on the externally applied magnetic
field. The curve minimum and maximum values
of resistance under an externally applied magnetic
field, Rmin and Rmax respectively, are obtained
when a saturation magnetic filed (HS) is reached
and correspond to the FM and AFM exchange
states, respectively, between the free and pinned

Figure 1: Representation of the magnetoresistive curve of a SV
[16]

layers as already explained. For an ideal linear
curve, free of hysteresis, the two plateaus are re-
versible and as so, the device behaves linearly and
is capable of sensing applications [14].

MR values depend strongly on the SV layers ar-
chitecture mainly on the FM and NM layers thick-
nesses (in the range of the values discussed be-
fore) and interfaces (roughness and area). The
device sensitivity, that can be described as S =

MR
(∆H)linear

, represents how sensitive the device is
to a change in the magnetic field ( units %

Oe ). The
shift of the curve (or offset represented by Hf in
figure 1) relates to coupling phenomena that oc-
curs due to the interaction between the free and
pinned layers and must be in the range of 10 - 20
Oe for proper sensing [4]. There are three main
interlayer coupling types that compete at the free
FM/NM/pinned FM layers and are responsible for
the shift of the curve from zero field centering: (i)
Ferromagnetic Néel coupling, caused mainly by
the roughness of the interfaces; (ii) RKKY coupling,
related with the NM layer thickness, defines the
AFM or FM coupling at zero field of the FM/NM/FM
structure; (iii) Demagnetization field of the pat-
terned structures, that is related with the shape
anisotropy that arises from patterning [4, 14].

Depicted in figure 1 top central image is the ideal
configuration for a linear sensor under no applied
field. As seen by the arrows representing the mag-
netization direction of the free and pinned FM lay-
ers they are orthogonal to each other. A popular
linearization strategy to achieve this (also the one
used in this work) is by patterning into a rectangu-
lar shape with high aspect ratio (wh ) with width (w)
perpendicular to the magnetization direction of the
pinned layer (where the width (w) is the length of
the larger sides of the rectangle, and height (h) is
of the smallest) [14, 17]. With this geometry and
with a sufficient w

h , the demagnetization field sur-
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passes the anisotropy field and the magnetization
of the free FM layer rotates to a direction parallel to
the width of the patterned structure, perpendicular
to the pinned layer [4, 14, 17].

Approaching the flexible devices technology, the
substitution of the typical Si or glass substrate by
a flexible counterpart enables the application of
this devices in non flat surfaces. In 1996 Parkin
achieved the first GMR device with an organic foil
as substrate, yielding similar MR response to the
same structure on glass and Si substrates [18].
Recently, Bermúdez and his group [3] have de-
vised a SV sensor onto 1.7 µm thick polyimide foils
of that function as electronic skin for touchless ob-
ject manipulation in augment reality environment.
The device is able to shape itself around body
parts like fingers and knuckles and in conjunction
with a permanent magnet enable interactive virtual
knob-turning gestures, and pressing functions like
dialing only by movement. The system operation
is based on the interaction between the perma-
nent magnet magnetization field of 50 Oe with the
SV sensors array of the flexible device that recon-
structs the angle of the external magnetic field and
transduces this angles into discrete values. An-
other important achievement is the operational sta-
bility of the sensor under bending curvatures as low
as 1 mm (MR = 4%) with no observed cracks or
delamination. Lin et al [2] devised a highly flexi-
ble and compact magnetoresistive analytic device
composed of a an array of GMR structures fabri-
cated on a flexible PET substrate that can be as-
sembled to a PDMS microfluidic channel complex
in order to detect magnetic tagged analytes flowing
on the channels. The device as the capability of
being confidently bended to a radius of 2 mm and
unbended without affecting its magnetic response.

The main polymeric materials used
as substrates are polyimide (PI) [7, 19],
Poly(dimethylsiloxane) (PDMS) [20, 21],
polyethylen naphtalate (PEN) [22, 23] and
poly(ethylene terephthalate) (PET) [24, 25]. The
variety of suitable polymeric substrates that can
devise this devices goes beyond the ones pre-
sented, broadening the possibilities in design,
fabrication process and operation conditions
always allied to the freedom of form intrinsic to
this substrates. Magentoresistive sensors and
magnetic films on flexible substrates can be
fabricated by magnetron sputtering deposition
techniques and patterning of structures by optical
lithography methods and ion milling [2, 3, 7, 12].
Also organic substrates are compatible with roll-
to-roll, transfer and bonding [26, 27] and other
processes as nanoimprinting lithography (NIL)
[28] and Hot-embossing lithography (HEL) [29]
techniques that have the potential for fabrication in

flexible magneto devices.

2. Theoretical analysis of dominant mechanical
mechanisms in flexible magnetoelectronics

Critical radius and strain as key design parameters
The mechanisms and properties of inorganic thin
films on compliant substrates for flexible electron-
ics have been extensively researched in the last
decades [30–32]. The thin film mechanical be-
havior research has been pioneered by Stoney
[33], and his works became the foundation to the
development of numerous theoretical and analyt-
ical models to determine, evaluate, and quantify
stresses and strains in thin films on rigid sub-
strates, but also, serve as a starting point to the
development of new models in place with the un-
even phenomena observed in more compliant sub-
strates [34–36]. It must be acknowledge that
these stresses and the effect they yield are conse-
quences of disparities in material properties, pre-
dominantly unequal Young’s modulus of the film(s)
and substrate, Ef , Es, respectively, coefficient of
thermal expansion, αf and αs, respectively, and
also geometrical configurations (e.g difference in
thicknesses of film(s) and substrate, tf , ts, respec-
tively).

Stoney´s equations are made valid under ”thin
film approximation”, which means that for a suffi-
ciently thick substrate compared to the film, and if,
Ef tf << Ests is verified, the substrate deforma-
tion will be dominant and the film compiles with it
[34, 35]. However, when a compliant substrate with
thickness of micrometer scale or less is used to de-
posit a stiff film the product of Young’s modulus and
thicknesses becomes similar, Ests ≈ Ef tf .

Suo et al developed an outline (equation 2) that
gives the tubular radius (R) dependence on the
strain (ε) deemed the Poisson ratios υ of the film
and substrate equal [34].

R =

[
ts

6χηε

] [
(1 − χη2)2 + 4χη(1 + η)2

(1 + υ)(1 + η)

]
(2)

Here, R is the radius of curvature, ε is the strain
at the surface of the top film, χ =

Ef

Es
and η =

tf
ts

.
The second half of equation 2 describes the com-
pliant substrate effect and introduces the plane
strain factor (1 + υ). Strain levels sustained by
the structure are a critical parameter for design
of flexible devices. Developing equation 2 one
gets equation 3 that relates the critical radius of
curvature,Rcritical, with the critical strain, εcritical.
Hence, for a imposing bending radius of curvature
and considering a state of elastic deformation, one
can ascertain the yield strain [34]. It is important
to notice that referring to the values of strain and
radius as critical is an empirical statement being
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Figure 2: Schematics of damage events and strain state in a
flexed substrate with film under a) tensile strain and b) com-
pressive. Reused with permission from [41]

this values limit dependent on the system. Nev-
ertheless, values of critical strain εcritical ≈ 1% are
typical for brittle inorganic films and structures [37].

εcritical = (
tf + ts

2Rcritical
)

(1 + 2η + χη2)

(1 + η)(1 + χη)
(3)

Mechanical failure mechanisms
For applications in flexible magnetoelectronics
strain at the active film/pattern structure is intended
to be as small as possible. When the critical strain
is reached mechanical failure is bound to occur.
The main mechanical phenomena related to failure
are due to film adhesion to substrate [30, 38, 39],
type of crack formation and propagation (intergran-
ular or transgranular) [36] and film thickness [40].
Hence failure can be of two types, cohesive, if it
occurs trough the film, and adhesive, if it’s origin is
in the film/substrate interface [37].

Depending on the direction of the the strain,
tensile or compressive, the morphology and crack
propagation will differ. In tensile strain the failure
mechanisms is cracking followed by crack satura-
tion [41].

In the case of compressive strain failure mecha-
nisms are due to buckling and/or delamination and
crack channeling [41]. A schematic of the typical
damage events arising due to bending to a radius
equal or higher than the critical are presented in
figure 2. Figure 3 presents SEM imaging of sur-
face cracks in an Aluminum ZnO doped film under
compressive strain [41].

The molding process developed in this thesis
work may promote mechanical failure of the pat-
terned structures and/or electrical leads which will
ultimately lead to non functional sensors. SEM
analysis of the produced samples surface mor-
phology is performed to evaluate the state of the
patterned structures after fabrication and thermal
molding. In this manner, research of typical fail-
ure mechanisms was carried and presented in this

Figure 3: SEM imaging of film crack defects under compressive
bending above the critical strain εcritical. Reused with permis-
sion from [41]

section, in order to correlate with the processes of
microfabrication and thermal molding to properly
discuss and conclude the results obtained.

3. Device Fabrication & Characterization
Microfabrication processes enable the manufactur-
ing of devices with dimensional and geometrical
details in the micrometer (µm) scale. The fabrica-
tion process presented was conceived at INESC-
MN and depicts an adaptation of the standard
process employed for SV sensors onto rigid sub-
strates.

Figure 4 depicts an overview schematic of the
micro structures fabrication process. In this work
optical lithography process was used to pattern
Spin valve sensors (figure 4 c) - d)), electrical con-
ductive metal tracks and contacts (figure 4 g) -
h)) with key adaptations to meet the requirements
and limitations of working with PET as a substrate.
Table 1 lists the steps of the fabrication and the
equipment used. The PET substrate is the AR-
care®7759 (courtesy of Adhesive Research) with
a thickness of 24.5 µm. The CAD mask design
consists of a die of 17 × 24 mm with the first layer
of SV stack and the second of a electrical conduc-
tive metal. The designed patterned array of 10 SVs
each being a rectangular shape with dimensions
height (h) × width (w) of 2.5 × 110 µm. The array is
in a columnar disposition with each SV connected
by an individual and a communal track.

The process begins with cleaning of the PET
substrates in an Alconox solution in ultrasounds.
Ion beam deposition tool (IBD) is then used to de-
posit an stack SV film onto the free-standing sub-
strate. The stacks have the following composition:
Ta 77Å/ NiFe 32Å/ CoFe 16Å/ Cu 30Å/ CoFe 25Å/
IrMn 70Å/ Ta 100Åand Ta 20 Å/ NiFe 25Å/ CoFe
28Å/ Cu 28Å/ CoFe 26Å/ IrMn 70Å/ Ta 50 Å. The
deposition is performed in a Nordiko 3000 Sputter-
ing machine.

The next step is to define the mask design SV
pattern. This is achieved by optical lithography
on a spin coated photoresist (PR) layer (Heidel-
berg Direct Write Laser (DWL) 2.0 system) fol-
lowed by pattern transfer via ion milling etching in
a Nordiko 3600 tool. The patterned structures are
then striped of the remaining PR by resist stripping
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Figure 4: Representative schematic of the fabrication process. a) PET substrate; b) Stack deposition; c) PR coating before first
lithography; d) First lithography sensor definition; e) Pattern transfer by ion milling; f) patterned SV; g) Coating before second
Lithography; h) Second lithography electrical contact definition; i) AlSiCuTiW deposition; j) liftoff and patterned final structure.

Table 1: Process steps and equipments for fabrication of SVs based device on free standing PET substrate.
Step # Microfabrication Process Equipment

1 PET substrate prepatation Fisherbrand ultrasounds
2 Stack deposition IBD Nordiko 3000

3 Sensor definition by
optical lithography

SVG tracks
Heidelberg DWL 2.0

3 b Ion milling pattern transfer IBD 3600
3 c resist stripping Fisherbrand ultrasounds

4 Electrical contact definition by
optical lithography

SVG tracks
Heidelberg DWL 2.0

4 b AlSiCu/TiW deposition
CrAu deposition

PVD Nordiko 7000
Alcatel

4 c Liftoff Fisherbrand ultrasounds

which comprise room temperature acetone immer-
sion and ultrasounds.

Following, the electrical contacts pattern are de-
fined by optical lithography and the AlSiCu/TiW
material with a nominal thickness of 3100 Åis de-
posited in a Nordiko 7000 Sputtering system. The
deposition is performed in steps with cooling in-
tervals to avoid residual stress and heating of the
samples. Characterization of test samples re-
vealed that the deposited films presented similar
values of resistivity (ρ) to the ones obtained with
the standard recipe, ρ = 5.62 µΩ· cm and ρ = 5.14
µΩ· cm, respectively, which validates the effective-
ness of the deposition in steps and fitness for the
fabrication process and even for further works us-
ing similar substrates. The two last samples pro-
duced received Cr/Au electrical contacts with a
nominal thickness of 2100 Åwhich were deposited
with an Alcatel SCM-450 RF magnetron sputtering
tool.

The final step in the fabrication process is the
lift off that is achieved, alike the resist stripping, by
immersion in acetone with ultrasounds. A success-

Figure 5: a) Final device after fabrication process; b) SV detail.

fully fabricated device and detail of a patterned SV
are presented in figure 5

The developed method of fabrication is an adap-
tation of the standard process implemented at
INESC-MN for SV sensors on rigid substrate pro-
cessing. Key changeovers have been done in the
transfer ion milling and electrical contacts deposi-
tion. This changes, target processing parameters
that promote thermal instability of the substrate
due to high heat generation. Ion milling and met-
alization steps are done in one single step when
the standard recipe is used for an equivalent de-
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vice on a rigid substrate. Since PET is a ther-
moplastic with a low glass transition temperature
(Tg ≈ 70 - 80 °C) it degrades severely under the
imposed temperature conditions. Also, baking of
the PR, before and after optical lithography, is per-
formed at ≈ 88 °C promoting waviness, macro-
molecular rearrangement [42] and hamper the flat-
ness of the substrate for the subsequent fabrica-
tion steps. However this issue was only realized
and not addressed, since it was not deterrent to
the process.

Characterization
Surface analysis of the fabricated samples was
performed with RAITH 150 system SEM imaging.
Figure 6 depicts the typical defects observed re-
lated with the fabrication process as stripping and
liftoff residues, seen in Figure 6 a) and b) and also
undefined SV pattern with height profile variations
through the width direction (Figure 6 c)). Never-
theless, properly defined and functional structures
were achieved owed to the revision of the fabri-
cation process and implementation of the amend-
ments devised. Such advances are as follows:

• Handling and sample preparation. A frame
with 7 mm of length revealed to be adequate,
enabling better uniformity of the PR coating
and facilitates handling. It improves the sam-
ples endurance to ultrasounds retarding de-
tachment of the die area from the liner and
also, more area out of the die is available to
flatten the samples for coating and develop-
ment;

• The laser energy dose used for the lithography
steps was increased. A good agreement was
obtained by defining the first layer lithography
beam energy between 80 - 90 % and the sec-
ond layer at 90 - 95 %.

• The resist stripping and liftoff time in ultra-
sounds was reduced and pre development be-
fore second layer lithography was introduced.

These improvements were reflected in the mag-
netotransport characterization.

Morphological surface analysis of the fabricated
samples shows an overall, clear evolution in pat-
terned structures definition with the consecutive
generations of samples achieved by the implemen-
tation of the amendments presented.

Unpatterned glass and PET substrate samples
magnetotransport was performed using the four
point method under an external magnetic field
swiping from -140 to 140 Oe parallel to the easy
axis of the samples under a bias current of 1
mA. Representative transfer curve of samples with
the two stacks used (199x and 2151) are pre-
sented in figure 7. A similar MR values response

for the glass and PET substrate are reported, al-
though, the PET substrate presents a higher coer-
cive field. This is due to the rough nature of the
PET substrate that adds to the roughness of the
SV film/PET structure [24]. Also, all the presented
curves reveal a offset to the right which may in-
dicate Néel coupling between the FM layers. Be-
cause it is seen in the glass sample as well, it in-
dicates that it results from stack architecture and it
is enhanced when these are deposited in PET due
to the higher roughness of this substrate. Never-
theless, the glass sample (stack 2151) presents a
typical curve of the stack used and it is reported
that changing the substrate by a flexible PET pro-
motes higher coercive fields (Hc increases from 2
Oe to 14 Oe on the PET substrate) but no signifi-
cant alteration in MR value (glass sample MR = 6.9
%; PET sample MR = 6.7 %).

For the patterned samples MR measurements
were made in the two points configuration using
tungsten current supplying needles with 25 µm
diameter heads. Figure 8 shows the results for
samples with stack 199x (sample 3.A), stack 2151
(sample 3.C) and a reference curve of similar stack
on glass substrate (blue curve). Sample 3.A and
the majority of the samples with stack 199x present
a near square response and high coercivity (>20
Oe). Lower coercive fields and sensitivity would
be expected from the patterned SV structure due
to shape induced anisotropy, however, a contrary
response is reported. Since this behavior is ob-
served in all samples with stack 199X, the lack of
linear response may be from the designed multi-
layer (layers thicknesses, materials, effectiveness
of the pinning, etc). Also, and as seen with the
morphology analysis, SV profile definition was not
properly achieved, with height varying as much as
1 µm through the width of the SV. Adding, the
rough nature of the substrate, lack of edge defi-
nition and defects may result in infective lineariza-
tion.

Samples with stack 2151 present a more linear
response and lower coercive field compared with
stack 199x. Sample 3.C presents a low coercive
field of 3.9 Oe compared with the 15 Oe of the un-
patterned sample in the same substrate reveling
shape anisotropy due to patterning. Although, the
coercivity is still high compared with the standard
deposition in a rigid substrate.

Both samples 3.A and 3.C, were subdue to the
same fabrication process but have different electri-
cal leads, being of AlSiCu/TiW for sample 3.A and
Cr/Au for sample 3.C, as already mentioned. How-
ever, the electrical contact material do not affect
the MR response, hence, supporting the claims
that the square response of all 199X stack sam-
ples may result from the stack architecture. Com-
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Figure 6: SV SEM image detail of patterned SVs presenting the typical defects observed. a) SV detail with fracture detail (detail
scale bar: 1 µm) lift off residues and unstripped PR; b) Excessive peel-off electrical contact exposing the SV (scale bar: 1 µm); c)
Height variation through the SV width.

Figure 7: MR transfer curves of unpatterned calibration sam-
ples of Stack 1998 and Stack 2151. Representative MR, HC ,
Hf and Rmin are reported.

pared with the magnetoresistive response of the
glass substrate, sample 3.A has similar sensitiv-
ity but higher coercivity. In the same line, sam-
ple 3.C has less sensitivity but small coercive field.
The MR value of the standard curve is higher and
Rmin is lower compared with the samples 3.A and
3.C, however this is due to the patterned design of
the SV that is 2.5 × 50 µm, smaller in width com-
pared with the samples fabricated and also design,
stack architecture, different substrate nature, flat-
ness and effectiveness of the characterization pro-
cess. Nevertheless, with the characterization re-
sults from samples 3.A and 3.C it is confirmed the
possibility of devising responsive Magnetoresistive
SV sensors on free-standing PET substrate by
magnetron sputtering deposition and optical lithog-
raphy patterning.

Figure 8: Representative MR Vs H curves for samples 3.A,
3.C after patterning and standard patterned patterned SV of the
same stack on glass substrate. MR, HC , Hf and Rmin after
patterning are reported.

4. Thermal Molding & Characterization

The molding process was implemented using a
Memmert Oven Modell 400 with a maximum tem-
perature reach of 300 °C and 10 °C minimal tem-
perature steps. An heating ramp of 9 ± 1 °C was
obtained and in a first trial the molding temperature
,TMold, was ascertain by performing the molding
in samples of AlSiCu/TiW film on PET. TMold was
made ranging from 80 up to 140 °C with a mold of
2.5 mm.

Figures 9 and 10 depict the surface morphol-
ogy observed on the test samples after the ther-
mal molding process. The analysis was performed
with a Raith 150 SEM imaging tool. Samples from
figure 9 a) and b) are of two air quenching sam-
ples thermally molded at 135 °C and 140 °C re-
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Figure 9: Delamination cracking of a) samples Etm, TMold =
135 °C (scale bar: 5 µm), and b) Ltm, TMold = 140 °C (scale
bar: 5 µm).

Figure 10: Fast quenching samples SEM. TMold = 135 °C a)
(scale bar: 30 µm) and b) (scale bar: 50 µm); TMold = 140 °C
c)(scale bar: 5 µm) and d).

spectively. The defect plane is perpendicular to
the compression direction and its morphology sug-
gests that delamination by detachment of the film
from the substrate and crack channeling occurred.
The fast quenching treatment promote formation of
brittle cracks on the film due most certainly to ther-
mal shock upon quenching. Since the AlSiCu/TiW
film is not able to shrink as much as the PET at
such high rate, it fractures [43].

From the the PET/AlSiCu/TiW system molding
tests four important points are reported:

1. The molding temperature should not exceed
90 °C since mismatch forces will compete
with the imposed curvature at higher tempera-
tures resulting in no significant shaping of the
molded device;

2. Molding time should be at least 20 min-
utes, therefore the more time is given to the
structure of the composite material to adjust,
reagent and keep, upon cooldown, the new
geometrical configuration;

3. Fast quenching is not recommended because
of enhancement of the films brittle behavior;

4. SEM analysis showed that delamination and
channel cracking perpendicular to the com-

Figure 11: SEM image of SV from sample 2.A molded at 140
°C. a) Overview of the SV visual defects due to the molding
process. The dashed line follows the extend of the bending
trough substrate and SV (scale bar: 5 µm); b) detail of defects
due to the thermal molding process (scale bar: 1 µm).

pression direction are the dominant failure
mechanisms.

Figure 11 shows the observed morphology of the
SVs after thermal molding at 140 °C.

The distinguishable morphological defects ob-
served are most certainly due to the combined
state of bending and temperature cycling that leads
to detachment of the structure from the substrate.
Also, fractures were observed on the electrical
leads.

Figure 12 SEM image shows SV clean of de-
fects from two samples thermally molded at 100
°C for 20 minutes. The free of defects morphology
observed on SVs from samples thermally molded
at 100 °C under bending radius as low as 2.5
mm shows prominence on the effectiveness of the
molding process.

MR measurements after thermal molding
The MR curves before and after thermal molding at
100 °C are reported in figure 13 for samples Ther-
mally molded at 100 °C with stacks 199x (figure
13 top) and 2151 (figure 13 bottom). Sample 3.A
(figure 13 up left) was subdue to thermal molding
at 100 °C under a 2.5 mm bending radius. The
MR response is very similar to the before mold-
ing response. After molding MR is lowered by 0.2
% and coercivity increases by 2 Oe. Sample 3.C
increase in coercivity and off set. The coercive
field increases from ≈ 2 Oe to 17 Oe meaning that
the the free layer magnetization direction ceased
to be ortogonal with the pinned layer magnetiza-
tion direction while a higher MR results from in-
crease electrical resistance introduced by molding
induced lattice defects. The offset value is related
with the interlayer coupling between the the free
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Figure 12: SEM image of SV from samples 2.B (a) and 3.A (b)
molded at 100 °C.

Figure 13: Representative MR Vs H applied magnetic field be-
fore and and after thermal molding for samples 3.A (up) and 3.C
(bottom) thermally molded at 100 °C.

and pinned layer.
From the characterization of the thermally

molded samples it is concluded that the magneto-
transport response for the evaluated stacks archi-
tectures is sensitive to the employed thermal mold-
ing process, expressed by two main trends:

1. Increasing coercivity;

2. Enhancement of interlayer coupling displayed

Figure 14: Thickness ratio Vs Young’s modulus ratio maps to
ascertain the critical radius of curvature for the limiting strains a)
0.002 and b) 0.01 for the PET/SV system. Red dot represents
the system in study

by shifting of the transfer curve to the left.

Critical radius and strain evaluation
For the patterned sample two systems were con-
sidered, PET/AlSiCu/TiW and PET/SV to evaluate
the strain values developed with the thermal mold-
ing process. No model taking into consideration
the geometry in plane of the patterned structures is
presented. In order to validate the results assump-
tions are taken into consideration for interpretation
[44]. These are Uniform layers, Small deformation
theory, Near edge effects neglected, Generalized
Plane-Strain and Pure Bending.

The maps of figure 14 of the PET/SV systems
give the radius of curvature for thickness ratio ver-
sus Young modulus ratio under a given strain. The
two strains plotted, limit the interval acceptable for
the analysis. Strain equal to 0.002 is the theoreti-
cal offset of elastic deformation for bulk metals [45].
The strain equal to 0.01 is a typical critical strain
value of brittle inorganic layers [37, 46, 47]. The
total strain in the system must not be superior to
0.01 and as close to 0.002 as possible. For the
PET/SV system (η = 1.43 × 10−3, χ = 76.4) the
critical radius given by the maps is around 1 mm.

Hence, theoretically, for a imposing bending ra-
dius of 2.5 mm the strain in the films will be inferior
to the upper limit of 1 % and no failure due to strain
would occur by shaping to a tubular form. However,
during the molding process thermal variations are
also imposed, adding compressive strain to the to-
tal strain that is εtotal = εbending + ε∆T . For the
example here presented of sample 3.A molded at
100 °C and tubularly molded with a radius of cur-
vature of 2.5 mm the total strain gives εtotal = 0.87
% which is lower than the 1 % limit. In the same
manner the total strain at the AlSiCu/TiW leads is
εtotal = 0.60 %. It is straightforward to state that for
higher radius of curvature the total strain tends to
diminish.

Figure 15 plots the variation in strain with the
thickness ratio at 2.5 mm curvature radius for the
systems in evaluation. A minimum strain is achiev-
able for a ratio of η ≈ 0.1. The thicknesses ratio for
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Figure 15: Strain Vs thickness ratio for the three sys-
tems explored (blue) PET/AlSiCu/TiW, PET/Cr/Au (orange) and
PET/SV (red). The minimum strain would appear for a ration
thickness of around 0.1. the dashed lines correspond (color
coded) to the main systems thickness ratio η.

the PET/AlSiCu/TiW and PET/SV is η = 1.27×10−2

and η = 1.43 × 10−3 respectively. For all sys-
tems decreasing the substrate thickness allow for
smaller strains at the imposed bending radius. The
strain decrease is associated with the displace-
ment of the neutral axis to the structures. The
most viable way to increase, move the neutral axis
to the functional layer would be by ”sandwiching”
the structures with, ideally, a PET layer of thick-
ness equal to the substrate. Also, other materials
would work as encapsulating layers as PDMS or
SU-8 that would be a feasible alternative.

5. Conclusions

The present work demonstrated tubular shaping of
magnetic SV sensors. The methodology consisted
in patterning of standard stacks into an array of SV
sensors on a polymeric PET substrate that after
would be thermally molded to hold, free-standing,
the imposed tubular shape. This two main tasks
were paired with magnetotrasport characterization
and surface analysis to assess the aptness of the
fabrication and molding processes. The fabrication
process is an adaptation of the standard used at
INESC-MN for SV sensors production. Key adap-
tations introduced for fabrication in thermoplastic
polymers were developed and discussed. The un-
patterned SV presented a MR of ≈ 6 - 7 % while
the patterned sensors showed ≈ 4 - 5.5 %. Also,
coercive fields ranging from 1 Oe up to 30 Oe
were obtained. SEM surface analysis reveled strip-
ping and liftoff residues, surface defects and in
some SVs lack of edge definition. Nevertheless,
samples yielding magnetoresistive response were
achieved.

Tubular shaping was achieved by thermal mold-
ing. A molding temperature, TMold, equal to 100
°C, reveled to be the most appropriate of the tested

temperatures within 20 minutes of molding time.
With the molded samples characterization trends
were, increase coercivity, transfer curve shift to the
left and step like curve. Also, small MR changes,
from 0.2 % up to 0.8 %, in comparison with be-
fore molding measurements were reported. SEM
surface analysis reveled a general increase in sur-
face defects after molding as fractured SV sensors
and electrical leads. For molding at 100 °C un-
der a radius of 2.5 mm the strain at the top of the
SV sensor would be equal to 0.87 % and 0.61 %
for the AlSiCu/TiW leads both bellow the theoret-
ical/empirical limit of 1 %. As so, for the thermal
molding process developed mechanical reliability
of the microstructures should be ensure.

The work developed revealed the aptitude for fur-
ther research and future work in the subject de-
veloped. Regarding the fabrication, improvements
would pass by choosing a PR with baking tempera-
tures inferior to the Tg of the substrate. Introducing
a buffer layer prior to stack deposition would reduce
roughness and minimize coercive fields [24, 25].
Also, develop of new recipes for electrical film de-
position. Deposition power as direct influence in
the residual curvature remaining in the structure
and, more important, it can be tunned in this man-
ner [35, 48].

The molding process should be executed at a
temperature as close to the Tg as possible. Also,
a state of pressure during molding should be ex-
plored [8]. Mechanical stability of the developed
system depends mostly on the strength (Young´s
modulus) and thickness ratios. As showed, using
substrates with lower thicknesses would increase
the ratio and diminish the strain induced. Another
way of achieving this would be by encapsulating
the microstructures, displacing the neutral axis to a
near plane or ideally, to the structures plane. Com-
puter assisted simulations would be of great aid for
evaluation of stress and strain distribution at the
structures.
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