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Abstract

This paper reports on the development of thin film-based stretchable electrodes, suitable for
different types of sensors. Columnar Ti-Ag thin films with a Ag content of 8 at.% were
prepared by D.C. magnetron sputtering on carbon nanotube/poly(vinylidene fluoride)
CNT/PVDF piezoresistive composites. GLancing Angle Deposition, GLAD, technique was
used to change the typical normal columnar growth microstructure obtained by conventional
sputtering, into different growing architectures, such as inclined columns and zigzag profiles,
in order to tune mechanical and electrical responses of the materials. Three different incident
angles of the particle flux, o = 40°, 60° and 80° were used to deposit Ti-Ag thin films with
the different architectures. Upon uniaxial stretching of the prepared zigzag thin films, the
resistance of the thin film starts increasing smoothly for strains up to 3%. Above 10% strain,
a sharp increase of the electrical resistance is observed due to film mechanical failure and
therefore interruption of the electrical conductivity pathways. Furthermore, the influence of
the thin film architecture was also studied with respect to the performance of piezoresistive
sensors based on carbon nanotube/poly(vinylidene fluoride), CNT/PVDF, composites in
which Ti-Ag coated films served as electrodes for signal acquisition. Electromechanical tests
were thus performed in composites with CNT contents close to the percolation threshold,
where the electromechanical response, characterized by the Gauge Factor, is the largest. The
stability of the piezoresistive response was analyzed for the various architectures of the
GLAD sputtered Ti-Ag electrodes, including incident angle and number of zigzag periods. It

is shown that thin film architecture has a pronounced influence in the overall sensor response,
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where the best results are obtained for piezoresistive polymer composites coated with Ti-Ag

films, produced with intermediate (a = 60°) incident angles.

Keywords: Stretchable electrodes, piezoresisitve sensors, GLAD, Ti-Ag thin films, polymer
composites, PVDF, CNT.

1. Introduction

In the fields of sensing and actuating devices [1, 2] the use of polymer based materials allows
to develop smart materials and functional composites by the production of conductive
polymer composites, using small amounts of carbon nanotubes — CNT — dispersed in an
insulating polymer matrix. In particular, composite materials can be developed with the
ability to change significantly the electrical response when subjected to strains, which is
suitable for the development of high sensitive polymer-based strain sensors [1-3]. However,
one of the critical issues of these sensors is the reliability of the electrodes, which link the
responsive polymer composite to the signal acquisition circuit. This is particularly
challenging given the relatively high and complex mechanical solicitation expected for these
applications, i.e. bending, elongation and torsion. In fact, these sensors must be reliable and
retain reproducibility and structural integrity over their lifetime. Furthermore, corrosive and
mechanical failures must not occur. Thus, these materials, though not selected exclusively at
the base of their mechanical and chemical properties, must provide adequate mechanical and
chemical resistance that arise in any given application. Several technologies have been
proposed to develop suitable electrodes for large strain sensors, including the use of intrinsic
conductive polymers [4, 5], pre-stressed metal conductors [6, 7] or in plane patterned metal
conductors [8, 9]. Metals can be deposited in thin layers on a broad range of substrates by
electron beam evaporation, cathodic sputtering or electroplating and patterned down to the
nm scale using photolithographic processes [10]. These processes are the best options to
realize these electrodes die to their large electrical conductivity and relatively low cost, the
main challenge remaining to maintain the integrity of the signal acquisition electrodes for
larger deformations and repeated loading cycles. Further, reproducible results at a large
production throughput must be obtained with the potential of moving the technology from the
lab to the industry. The ability to pattern the electrodes on a small scale allows the fabrication
of many electrically independent sensors and/or actuators on the same coating process, which
paves the way for a broad range of novel applications.

In order to produce such electrodes, there are two major obstacles to the direct use of metallic
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thin film:

1. the Young modulus of metals is some orders of magnitude higher than that of polymers
(50-100 GPa compared to 0.2—1 MPa) [11];

2. the limit of elasticity for metals is around 2% and if a metal electrode is strained above this
limit it will crack and strongly reduce the electrical conductivity [11].

Beyond the specific nature and characteristics of the chosen smart polymer based sensing
material, the approach reported in this work consists in using a sputtered conductive thin
layer to detect the strain-induced electric signal produced by the reversible mechanical
deformation in the polymer composite. The selected layer system should reveal high
corrosion and wear resistance, high conductivity and high elasticity (deformation resistance)
and, additionally, good chemical, thermal and mechanical stability. Therefore, the metallic
film to coat the polymeric sensor, as well as the production method, should be carefully
selected. Based on previous works [12, 13] and given the large potential of these materials in
the biomedical field, the Ti-Ag system was chosen to coat the polymers. Ti-Ag thin films
combine the excellent Ti biocompatibility with the Ag antimicrobial properties, offering good
thermal, electrical, chemical and mechanical properties, together with good wear and
corrosion resistance [14-16].

Concerning the thin film preparation, it is known that the microstructure of the films strongly
depends on the experimental parameters used during film deposition [17-20]. In conventional
Physical Vapor Deposition (PVD) techniques, the normal incidence of the particle flux leads
to a typically columnar growth normal to the substrate. Offering strong benefits
comparatively to the conventional sputtering techniques, the GLancing Angle Deposition
technique (GLAD), first reported in 1959 [21], is a suitable way to modify the
microstructural aspects of the thin film and, indirectly the physico-chemical properties.
Indeed a wide range of morphologies can be tailored by combining oblique incidence of the
depositing species and substrate motion.

This work reports on how the evolution of the morphological features of the GLAD sputtered
Ti-Ag thin films can affect its electrical, mechanical and electromechanical responses, as they

will influence sensor response and reliability.
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2. Experimental details

2.1. Processing of the materials
2.1.1. Carbon nanotube/poly(vinylidenefluoride) piezoresisitive composites
The CNT/PVDF piezoresisitve composites were prepared following the procedure described
in [22]. In short, the appropriate amount of CNT, (Single Walled CNT, SWCNT, AP-SWNT
grade) were purchased from Carbon Solutions Inc., Riverside, California, was mixed with 15
to 20 mL of acetone and immersed in an ultrasound bath. Separately, PVDF was manually
dispersed in acetone and then added to the SWCNT/acetone dispersion, in an ultrasound bath
[23]. The total mass of PVDF and CNT sample was approximately 11 g. A mechanical stirrer
was inserted into the acetone dispersion and sonication and mechanical stirring were applied
until the acetone was completely evaporated. The resulting material was cut into small pellets
and pressed at 2 Tons and 200 °C for 1 h. The material was let to cool down inside a mould.
The nonpolar a-phase was obtained by crystallization from the melt. Homogeneous discs,
with diameters of 130 mm, thicknesses of 1 mm and CNT filler contents between O (blank
samples - just PVDF - to serve as a reference in the thin film conductivity measurements) and

10 wt.% were obtained.

2.1.2. Ti-Agthinfilms
Ti-Ag thin films were deposited by D.C. reactive magnetron sputtering inside a stainless-steel
custom-made vacuum reactor with a volume of 40 L. The reactor, equipped with a circular
planar and water cooled magnetron sputtering source, was evacuated with a turbomolecular
pump, backed by a mechanical pump, in order to obtain an ultimate pressure of 10 Pa. A
titanium target (purity 99.6 at.%, 51 mm diameter) was used and 11 inserts of silver (purity
99.9 at.%, 2 mm diameter) were placed equidistant from each other, within the preferential
erosion zone of the target. This amount of pellets was used to obtain a Ag amount between 5
and 10 at.%, which was found to be in a good composition range for the present large
deformation sensor applications [12, 13]. The composite target was sputtered under a pure
argon atmosphere, with a constant flow rate of 2.4 sccm, corresponding to a total pressure of
0.3 Pa. The pumping speed was set constant at S = 10 Ls". Before each deposition, the
CNT/PVDF samples were cleaned with ethanol and introduced through a 1 L airlock. In
order to remove the target surface contamination layer, a pre-sputtering of the composite
target was performed for 5 min. Finally the samples were positioned at 50 mm from the target
and grounded. The depositions were carried out at room temperature and the Ti-Ag

composite target powered with a constant current density of 24.5 A.m”. The deposition time
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was adjusted in order to obtain a thickness range between 400 nm and 900 nm. There is a
linear dependence between film thickness and deposition time, which was previously studied
by the determination of the deposition rate for each one of the individual film architecture,
described below. All the sputtering parameters were optimized taking into account the strong
changes in the mechanical behaviour of the polymer that occurs at ~ 90°C [24].

The composition of the prepared films was measured by Rutherford Backscattering
Spectrometry (RBS). The measurements were carried out using a *He with 2 MeV and a 'H
with 2.3 MeV beams, at an angle of incidence 0°. Three detectors were used, one standard
located at 140°, and two pin-diode detectors located symmetrical each other, both at 165°.
Composition profiles for the as-deposited samples were determined using the software NDF
[25, 26]. The error associated to the Ag concentration was about 0.5 at.%, according to the

resolution of this technique.

a) Conventional growth

Zigzag growth

b) Y2 zigzag (inclined film) ¢) 1 zigzag period film d) 2 zigzag periods film

Figure 1 - Schematic representation of the thin film microstructural features.

In order to study the change in the electromechanical response of the thin films, a set of

different architectures were tailored by varying the direction of the incident particles flux.
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Four different types of films were grown in order to correlate the growth conditions
(conventional and zigzag approaches) and the specific features of the GLAD-like prepared
films with the response of the thin films and piezoresisitive composites. Figure 1 shows a
schematic illustration of the different prepared films and their main microstructural features.

PVD techniques use normal incidence to obtain the typical columnar growth normal to the
deposition substrate, Fig. 1a). With adequate operating conditions, GLAD technique allows
obtaining columnar microstructures with specific architectures by controlling the orientation
of the substrate relative to the impinging vapor flux, as illustrated in Fig. 1b), I¢) and 1d). In
the observed columns, when the incident angles of the particles flux a increase with respect
to the sample surface, the angle 8 of the column with respect to the sample surface, increases

the same way.

2.2. Electrical resistance measur ements
Two different electrical conductivity measurements were performed in the samples. Electrical
resistance of the CNT/PVDF composites was calculated from the slope of -V curves,
measured at room temperature with an automated Keithley 487 picoammeter/voltage source.
[-V data points were collected between Au contacts, deposited on both sides of the samples
with a Polaron SC502 sputter coater. Volume resistivity was measured with circular contacts
of 5 mm diameter with an applied voltage ranging between £10 V and measuring the current.

The resistivity o ((2m) was calculated by [27]:

P=—"71 (1)

where R is the resistance of the composite (€2), d the thickness (m) and A the area of the
electrodes (m’).

Second, the electrical conductivity of Ti-Ag thin films was measured at room temperature,
using the four-probe van der Pauw method [28, 29]. The measurements were carried out in a

custom-made dark chamber. The error associated to the electrical measurements is below 1%.

2.3. Electromechanical characterization
Electromechanical tests were performed considering the whole system: CNT/PVDF polymer

coated with the Ti-Ag thin films. The electrical resistance of the samples (approximate

6

Page 6 of 23



dimensions: 60x10 mm’ and ~1 mm of thickness) was measured through the Ti-Ag
electrodes with an Agilent 34401 A multimeter during the mechanical deformation of the
sample, applied with an universal testing machine from Shimadzu (model AG-IS, with a load
cell of 1 kN).

Two different mechanical solicitations were applied to the samples. During the so-called
method 1, mechanical experiments were performed in the tensile mode (Fig. 2a); in the

method 2, 4-point-bending deformation was applied to the samples (Fig. 2b).

b)
Movel Clamp

|

}Elecfrodes
in Clamps

——

Fixed Clamp

a)

Figure 2 - Schematic representation of the experimental configuration of the a) clamps for the stress-strain
uniaxial stress experiments (method 1) with simultaneous electrical measurements for electrical response
evaluation of the samples and b) representation of the 4-point bending tests (method 2) apparatus where z is the
vertical displacement, d is the thickness of the sample and a is the distance between the first and the second

bending points (15 mm). The electrodes are in the center of the sample.

The evaluation of the electrical resistance response during the uniaxial stress tests (Fig. 1)
was performed at speed rate of 0.5 mm/min and at a maximum strain level of 10%.

For the 4-point-bending measurements (Fig. 2b), the Ti-Ag electrodes with an area of 10x1
mm’, were placed at the bottom of the sample. For all experiments, 4 loading-unloading
cycles were performed and the average electromechanical response was evaluated. All these

experiments were carried out at room temperature.
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2.4. Morphological analysis
The morphological features of the Ti-Ag thin films was probed by scanning electron
microscopy (SEM). Cross-section micrographs were obtained at room temperature in a FEI
Quanta 400FEG ESEM apparatus operating at 15 keV.
Additional information about surface properties (roughness and surface morphology) was
obtained by atomic force microscopy (AFM), using a MultiMode STM microscope
controlled by the Nanoscope III (tapping mode) system. The measurements were performed

2
over surface scan areas of 5x5 um".

3. Resultsand discussion

3.1. Electrical propertiesof Ti-Ag electrodes
All prepared films were found to have a Ag content of about 8 at.%, measured by RBS. In
order to study the electrical properties of the Ti-Ag electrodes sputtered by GLAD, electrical
resistivity measurements at room temperature were carried out. The electrical behavior of the
Ti-Ag thin films is presented in Fig. 3, where the influence of the different processing

parameters -number of zigzag periods and sputter angles- was analyzed.

Incident Angle o (°)

qF10 0 10 20 30 40 50 60 70 80 90, Conventional growth

I L I I L I L I I 5 I L ] 10
TA ‘\A
= —=u— 2 periods \
) —e— 1 period 112 zigzag period
= 10°4 —a— 1/2 period 410°
2 ] =
%
3 . .
= 1zigzag period
(@] 104 s
O 1074 ._.'b' ............... Pereasssnnenncass Precsosscasssnsnsnrsnnrsans »
i SO e »-- CNT/PVDF
10-7 1 I ¥ | » I y I . T
. - : ) 8 L 2 zigzag periods

CNT (wt.%)

Figure 3 - Electrical conductivity of Ti-Ag films as a function of the incident angle (a) and the number of

periods, and electrical conductivity of polymer composite as a function of CNT (wt.%).

The results plotted in Fig. 3 show that the films are characterized by suitable electrical

conductivity for sensor electrode applications, with varying properties depending on the
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number of periods and, mainly, deposition angle. The Ti-Ag thin films exhibit conductivity
values in the order of 10° S.m", smaller than the bulk Ti around 10° S.m"[30], and several
orders of magnitude higher than the polymer composite (10*S.m™) and thus adequate to be
used as electrodes. Further, a slight enhancement of the electrical conductivity is observed for
the lowest incident angles ( @ = 40°) and for the highest number of periods (Fig. 3), which is
correlated with changes in the grain boundaries, in particular with the voids between the
columnar structures. These voids are promoted as the incident angle increases and therefore
the column angle /4 increases [31, 32].

The effects of Ag additions to a stoichiometric TiN matrix has been studied [33] and it is
reported that for intermediate Ag contents (between ~6 and ~20 at.%), highly conductive Ag
particles are placed among the TiN columns, providing an increased number of conduction
paths. Further, in the case of the inclined features, the increase of both and angles give rise
to increased porosity [34]. Thus, scattering at the column's interface is favoured, which
reduces the electronic transport properties of the coatings [34]. Additional parameters such as
temperature (T), film thickness (d), grain size (D) and the mean free path of the electrons in
the film (A) also affect the electrical conductivity ( ) of the metallic thin films [31]. These
parameters are also correlated with changes in the grain boundaries, mainly in the column
frontiers, which behave as a potential barrier, which decreases the probability of the electron
transmission [31]. Thus, the variations in the electrical conductivity are mainly due to the
modifications on the film’s architecture and growing conditions. As demonstrated in [35], the
major contribution to the total resistivity comes from electron scattering at grain boundaries

and therefore to the significant modifications of the film’s morphology.

3.2. Electrical behaviour of Ti-Ag filmsunder uniaxial stretching
To minimize the overall stiffness of the sensors, materials for both the matrix and the
electrically active components should have low Young modulus and an ability to
accommodate large strain deformations with a linear, elastic response. Thus, mechanical
response and electrical transport properties are important.
Regarding the thin films prepared within the frame of this work, the electrical resistance for

deformations up to 10% along the axial direction of the incident angle are shown in Fig. 4.
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Figure 4 - Electrical resistance as a function of the tensile strain ¢ of the sputtered Ti-Ag samples for the
different incident angles a = 0, 40, 60 and 80° and geometries: a) 1 zigzag period; b) 2 zigzags periods.

The results plotted in Fig. 4 reveal two very distinct behaviors. On the one hand, the thin
films deposited in the conventional way (o = 0°) show a very poor resistance to stretching,
with the electrical resistance increases sharply after the application of the deformation. As
shown in Fig. 4, upon uniaxial stretching, the samples deposited in conventional approach
(o = 0°) reveal that the resistance starts increasing immediately after the stretching started,
which demonstrates its inadequacy for the targeted sensor applications. This undesirable
behaviour is actually expected as demonstrated in [9, 11], where electrodes produced with
conventional sputtering deposition resulted in the smallest strain range before loss of
conductivity, which was limited to & = 3%. At 1% strain, cracks started to appear
perpendicularly to the stretch direction, and the cracks became wide enough to completely
interrupt the conducting path for strains of 3%. On the other hand, to solve this limitation,
patterning metal traces can be used [9, 10, 36]. When carefully designed, the patterned
electrode still allows for the polymer to move and expand in the desired direction without
damaging the metallic thin-film.

For the prepared zigzag structures, the resistance starts increasing only for strain ranging
from 2 to 3% (Fig. 4). Furthermore, and even for the higher strain, the surface resistance
increases smoothly, mainly due to a geometrical effect, demonstrating the large difference
with respect to the conventional deposited films. A sharp increase of the electrical resistance
occurs only above 10% strain, indicating electrical conductivity failure due to film damage
(Fig. 4).

The structures with 2 periods (4 zigzags) presented in Fig. 4b) show no relevant variations of

the electrical resistance for strains of ~ 4% for an incident angle of 40°. On the other hand,
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the resistance of the samples prepared with o= 60° show variations of the electrical
resistance for stretching around 3%. However, it is worth to note that these samples also
showed a better strain distribution, with just a small increase of resistance up to 10% strain,
allowing their use for high strain sensor applications. Failure is expected in regions where the
highest plastic strain concentration is located [9, 11]. In a general way, an increase of the
incident angle and the number of zigzags promotes a reduction in the accumulated strain (Fig.
3).

3.3. Morphological analyses of Ti-Ag films

In order to reduce even more the strain in the metal conductor, without sacrificing the
electrical performance and/or changing the amplitude or period of the design, the obtained
results show that the number of zigzags can be further optimized (increased), increasing their
number with several periods of smaller thickness or even with periods of varying thicknesses.
This ‘‘multi trace” films may improve the stretchability and reduce the induced stresses [34].

Figure 5 shows the cross-section images of the sputtered GLAD samples, where all the films
seem to exhibit a typical columnar microstructure. The tilting of columns increases with the
incident angle . Nonetheless, the incident angle o and the column angle £ are not equal due
to shadowing effects [31, 32]. As the total film thickness was kept approximately constant,
with increasing number of zigzag periods, the single period thickness decreases. For an
incident angle o = 40°, the obtained inclined (1/2 period zigzag) and zigzag architectures (1
and 2 periods) exhibit a weakly distinguishable columnar structure. The column angle £
cannot be accurately determined for any zigzag period. It is in agreement with the quite dense
structure typically observed in GLAD thin films prepared with incident angles lower than
60°. The shadowing effect is not relevant enough for incident angles lower than 60°. The
oriented growth is favoured but insufficiently to produce a clear defined cross section
morphology [31-33]. For incident angles « higher than 60°, inclined as well as zigzag

columns are better viewed. The column angle is = 40° and 45° (for any zigzag period) for a

corresponding incident angle o = 60° and 80°, respectively. These close £ values are
expected within the GLAD sputtering process due to the dispersion of sputtered particles (the
latter do not have a ballistic trajectory because of the sputtering pressure required to maintain
the plasma). As a result, the £ angle tends to saturate in spite of an increase of the incident
angle and the films do not exhibit significant changes of their cross section morphology. In
addition, with increasing the incident angle from 0° to a maximum of 80° the structures

become less dense and compact and an enhancement of the inter-columnar spacing is
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perceivable, independently of the number of periods. Moreover a closer look also reveals

well defined columnar features for incident angles of 60° and 80°, particularly evident for a =

80°.

1/2 zigzag period

40°

60°

80°

1 zigzag period

2 zigzags periods

Figure 5 - SEM cross-section micrographs of the sputtered Ti-Ag samples for incident angles a = 0, 40, 60 and

80° and Y%, 1 and 2 zigzags periods.

These results show the variations in the grain boundaries, mainly in the column frontiers

which decreases the probability of the electron conduction [31] and consequently decreases

the electrical conductivity.

AFM was used to characterize the morphology and surface roughness of the Ti-Ag samples

with a scan area 5x5 pm. The influence of this a angle on the surface roughness is

represented in Table 1.
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Table 1: Surface roughness of the Ti-Ag films prepared with different incident angles of deposition and 2 zigzag

periods.
S Mean square roughness (R;) Mean roughness (R,) Max height (Rimax)
ample
Nm nm nm
o =40° 8.4 6.7 61.7
o = 60° 5.8 3.5 73.1
o = 80° 6.8 5.1 86.6

Figure 6 and table 1 show that the surface of the samples prepared with an angle of
deposition o = 60° are the smoother ones with a rms roughness of 5.8 nm. The statistical
mean roughness of the surface is about 3.5 nm, while the maximum height is about 73.1 nm.
The results show maximum roughness for the samples prepared with o = 40° and o = 80° and
therefore there is no relation between surface roughness and electromechanical response (Fig.

4b) but the latter is fully determined by the column angle.

2) b) c)

X 1,000 me/div 2= X 1.000 pw/div
X 1.000 pw/div 2 100.000 nw/div
LR L 2 100.000 nu/div

Figure 6 - AFM topographic images of sputtered Ti-Ag samples with 2 zigzag periods and for different incident
angles: a) a=40°; b) a=60°; c) o= 80°.

3.4. Electromechanical response of the films
The electrical and piezoresistive response of carbon nanotube/poly(vinylidene fluoride)
composites has been reported in [22]. The observed electrical and electromechanical
responses are in accordance with the framework of the percolation theory. The piezoresisitive
response, quantitatively analysed by the gauge factor, is maximized at concentrations around
the percolation threshold. In this region, the deformation of the composites induces strong
and reversible variations in the CNT network and therefore in the electrical response. The
maximum value of the gauge factor is 6.2 and the linearity of the response over a wide strain

range shows the viability of these materials to be used as piezoresistive sensors. In the same
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way, the piezoresisitive response is stable with the number of cycles and reversible up to
temperatures below 100 °C [22].

In this study, electromechanical tests on the Ti-Ag coated carbon nanotube/poly(vinylidene
fluoride) composites were performed on composites with the same percentage of CNT (3
wt.%.), i.e. around the percolation threshold, where the GF is the largest [22]. In this way, it
was analysed whether the structure of the electrodes influences the signal response of the
transducers. For this purpose, two parallel rectangular Ti-Ag electrodes of 6 mm width and 1

mm distance between them were coated onto one of the samples sides.

150 T T T T T 1,5 i T T T T 1,5
i ¢ ——ARR, g | —& ——ARR;
1204 3,04
o~ 90_' 11,0 O 24] 110 ~
o o~ = 1 o
X 1 o X 1,84 5]
~, 60 - = 1 &
% | 105 X 121 105 &
w m 4
a 30 < 06
0+ 10,0 0,0 40,0
¥ T " T . T v T ¥ T ' T ¥ ] T T T
-50 0 50 100 150 200 250 300 0 100 200 300
a) Time (s) b) Time (s)
T T v 1.5 T T T
3,0- s p—aRR, o 7
| i | 60°
2.4 ' ’
— 2
Nb ] 11,0 & 244 ]
— 1,84 NI’\ ‘9 1
TN o x 18] |
o i o
1,2 i X
?E: q D = % 1,21 1
4 < 1
< 06 064 1
0,0 10,0 0,0 ]
T T T T T T
0 100 200 300 0,0 0,5 1,0 1,5
. 0,
) Time (s) d) &(h)

Figure 7 — Electromechanical response of samples prepared with 2 zigzag period Ti-Ag films deposited on
PVDF substrates with 3 wt.% CNT. The z-deformation is 1 mm and the deformation velocity is 0.5 mm/min at
room temperature. The incident angle is a) a = 40°; b) a = 60°, ¢c) & = 80° and d) representative resistance
variation vs. strain curves and the corresponding fit for the determination of the Gauge Factor for the sample

with o = 60°.

The stability of the piezoresistive response was analysed for the different GLAD Ti-Ag
electrodes prepared with varying incident angles and number of zigzags. Fig. 7a, 7b and 7c)

shows the strain tests performed in the samples with electrodes with 2 zigzag periods
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prepared with an incident angle a = 40° 60° and 80°. The 2 zigzag period samples were
selected as they provide the most stable piezoresistive signal.

From Fig. 7d) one can observe that loading and unloading curves do not coincide during two
successive cycles, given evidence of a mechanical hysteresis in these composites. The
mechanical hysteresis in the composite decreases with increasing number of cycles, in
particular for the first few cycles.

The increasing of the incident and column angles (a and B, respectively), from o= 0° to o =
60°, as well as the number of zigzag periods enhances the electromechanical response.Above
an incident angle of 60 °C there is a divergence between the loading and unloading cycles,
due to strong changes in the mechanical behaviour of the Ti-Ag films, leading to a very poor
resistance to stretching as shown in Fig. 3. These results show that the electrode structure has
a pronounced influence on the electrical conductivity response of the polymer composite (e.g.
variations on the resistivity) and therefore in the performance of the sensor.

As shown in Fig. 7d) the electrical resistance changes fairly linearly with the applied strain
and that the linearity is maintained for the different cycles and for the different samples. The
curves were thus fitted by linear regression. The GF is defined as the ratio of fractional

change in electrical resistance to the fractional change in length (strain) [37]:

F:AR/R

Al/l &

In equation 2, R is the steady-state material electrical resistance before deformation and AR is
the resistance change caused by the variation in length A/ [37]. The quantity / represents the
length of the sample. The resistance change under strain results from the contribution of the
dimensional change — geometrical effect ARp - and from the intrinsic piezoresistive effect

AR;. For the surface mode measurements (Fig. 2b) the GF can be written as [37]:

_AR/R
&

GF

:ARD+ARI=(1+U)+M 3)
g

where, =41/, v is the Poisson ratio and g is the electrical resistivity.

The slope of the linear fit with equation is presented in table 2.
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Table 2: GF values resulting of the linear fit of AR/R as function of stress & for samples with 2 zigzags and

PVDF substrates with 3 wt.% CNT.

Angle GF Standard Error
o =40° 85 2

o = 60° 2.88 0.01

o =80° 1.44 0.05

From Solef® PVDF datasheet, the Poisson ratio of PVDF is 0.35 at room temperature, which
means that the geometric effect contribution to GF' is around 1.35. Therefore, the obtained
values of the GF, that are above this value (Table 2), show a strong intrinsic contribution of
the CNT/polymer composite to the GF for the films prepared with o= 60° and roughly
negligible for o = 80°, as observed by comparison with the value of GF ~ 1.35 calculated
from just geometrical factors. Further, the a = 40° films show a strong intrinsic contribution
from the electrodes themselves, as can be observed by maximum values of the GF obtained

for these polymer composites with non-piezoresistive gold film, Table 3, data from [22].

Table 3: GF values resulting of the linear fit of AR/R as function of stress ¢ for samples with non-piezoresistive

gold and PVDF substrates with CNT [22].

CNT (wt. %) GF Standard Error
1 2.63 0.19
1.3 3.75 0.09
1.7 6.18 0.30
2 4.84 0.07
3 1.54 0.18
7 1.13 0.01
10 1.70 0.18

For the samples prepared with gold films and concentrations above 3 wt.% CNT, the
geometric factor is the dominant one, but just below 2 wt.% CNT loading, the intrinsic
contribution to the GF is dominant. In the case of the Ti-Ag films, the change in conductivity
induces strong variation of the response of the sensors due to their varying electrical
response, which superimposes the variation of the piezoresistive composite [21, 38]. It can be

further stated that whereas the electromechanical signal is mainly due to the polymer sensing
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element for electrodes prepared with a = 60° and 80°, the strong variations in resistivity under
mechanical solicitation for the sample prepared with oo = 40° is ascribed to variation in the
electrode itself. Upon stable response over varying cycles, the results shows a promising way
to use the films as piezoresistive sensors themselves because the piezoresistive effects of the
polymer material with non-piezoresistive gold had been studied [22], and the response of the
piezoresistive films can be extrapolated by comparison. This is correlated with changes in the
grain boundaries, mainly in the column frontiers which promote the tunneling resistance
change [31]. The variation of the conductivity with angle a is mainly due to significant
modifications of the film’s morphology. The obtained values are reasonable for these types of
composites; however, denser and compact structures with smoother surfaces showed a good
strain distribution coupled with appropriate electrical conductivity, favoring the
electromechanical response of the coated polymer. The best results were obtained when the

polymer was coated with Ti-Ag films produced with intermediate incident angles.

4. Conclusions

Ti-Ag thin films were prepared with a systematic variation of the incident angle o = 40°, 60°
and 80° and number of zigzag periods in order to be applied as electrodes in high strain
piezoresistive polymer based composites based on CNT and PVDF. Upon uniaxial stretching,
for the zigzag structures, the resistance starts increasing for strains up to 3 %, rising sharply
for strains above 10 %, due to thin film mechanical and electrical failure. By increasing the
number of zigzags, the change in conductivity of the Ti-Ag films induces strong variation of
the response of the sensors due to their varying electrical response, which superimposes the
variation of the response of the piezoresistive composite and the best results were obtained
when the polymer was coated with intermediate incident angles (a = 60°). The results show
that the electrodes structure has a pronounced influence on the overall sensor response
leading to values of the GF up to 85 mainly due to the electromechanical contribution of the

thin film, which stability has to be studied for potential use for sensor applications itself.
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Figure captions

Figure 1 - Schematic representation of the thin film microstructural features.

Figure 2 - Schematic representation of the experimental configuration of the a) clamps for the
stress-strain  uniaxial stress experiments (method 1) with simultaneous electrical
measurements for electrical response evaluation of the samples and b) representation of the 4-
point bending tests (method 2) apparatus where z is the vertical displacement, d is the
thickness of the sample and a is the distance between the first and the second bending points

(15 mm). The electrodes are in the center of the sample.

Figure 3 - Electrical conductivity of Ti-Ag films as a function of the incident angle (o) and
the number of periods, and electrical conductivity of polymer composite as a function of

CNT (Wt.%).

Figure 4 - Electrical resistance as a function of the tensile straing of the sputtered Ti-Ag
samples for the different incident angles = 0, 40, 60 and 80° and geometries: a) 1 zigzag

period; b) 2 zigzags periods.

Figure 5 - SEM cross-section micrographs of the sputtered Ti-Ag samples for incident

angles a =0, 40, 60 and 80° and '%, 1 and 2 zigzags periods.

Figure 6 - AFM topographic images of sputtered Ti-Ag samples with 2 zigzag periods and
for different incident angles: a) & =40°; b) = 60°; c) o= 80°.

Figure 7 — Electromechanical response of samples prepared with 2 zigzag period Ti-Ag

films deposited on PVDF substrates with 3 wt.% CNT. The z-deformation is 1 mm and the
deformation velocity is 0.5 mm/min at room temperature. The incident angle is a) o = 40°; b)
a = 60° c) a = 80° and d) representative resistance variation vs. strain curves and the

corresponding fit for the determination of the Gauge Factor for the sample with a=60°.
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Hilights

- Thin films prepred with specific architectures (columns and zigzag profiles), carried
out by Glancing Angle Deposition, GLAD

- The influence of thin film architectures were correlated with respect to the
performance of piezoresistive sensors, based on carbon nanotube /poly(vinylidene
fluoride), CNT/PVDF, composites

- Electromechanical tests showed a behaviour that not corresponds to required
response in pressure sensors but also a very different result when compared to

conventional-like deposited thin films

- Thin film architectures have pronounced influence in the overall sensor response.
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