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ARTICLE INFO ABSTRACT

Keywords: This work reports on the preparation and characterization of zigzag nanostructured silver (Ag) doped zinc oxide
Sensors (ZnO) films in order to improve piezoresistive response for pressure sensor applications. ZnO/Ag thin films were
Zinc oxide prepared by Glancing Angle Deposition (GLAD) from a metallic zinc (Zn) target DC sputtered in Ar + O, at-
Silver

mosphere. The target was customized with different amounts of Ag pellets, symmetrically distributed along the
preferential erosion area.

It is shown that increasing the Ag content from 0 to 36 at.% in the ZnO/Ag system leads to a decrease of the
electrical resistivity from 2.95 Q cm to 1.52 X 10~ ° Q cm. The structural characterization of the thin films
shows an evolution of the preferential growth, changing from a polycrystalline ZnO hexagonal-like structure,
confirmed by the presence of dominant ZnO (002) and ZnO (101) diffraction peaks, to a Ag cubic (fcc)-like
structure, as evidenced by the Ag (111), (200) and (220) diffraction peaks. The values of the gauge factor show a
strong contribution both from Ag as well as from the zigzag nanostructure to the piezoresistive sensitivity of the
films, in particular for Ag concentrations lower than 30 at.%. The tunneling distance between pairs of Ag
conductive nanoregions was calculated for the different samples and in three different deformation regions, in
order to evaluate its influence on the piezoresistive sensitivity. The results show that a longer distance between
Ag particles, which varies from 0.1 to 10 nm, enhances the gauge factor, which ranges from 8 + 1to 120 * 3,

Gauge factor
Dc magnetron sputtering
Electromechanical properties

respectively.

1. Introduction

Piezoresistive strain sensors react to mechanical deformations by
the change of the electrical resistance. Several criteria characterize
high-performance strain sensors, including sensitivity (i.e. higher gauge
factor, GF), stretchabilty, response time, fabrication cost, and stability.
Recently, numerous efforts have been focused on developing flexible,
stretchable, and highly sensitive strain sensors due to their wide ap-
plication areas, including rehabilitation and personal health monitoring
[1], wearable electronics devices, such as artificial e-skins [2] or robotic
skins [3], among others. For this purpose, several types of flexible and
stretchable sensors were proposed through the combination of carbon
nanotubes and polymers as the support materials, revealing excellent
electrical and mechanical properties [4-6].

By contrast, the relationship between mechanical and electrical
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behaviors becomes even more important if the proposed systems are
prepared in the form of thin films, since their strain sensitivity is ex-
pected to be different from those of the bulk materials, due to size ef-
fects and the increased relevance of micro and nanostructural features.
Some reports proved that the doping an insulating matrix with one or
more different metals, including silver (Ag), gold (Au), or copper (Cu),
to construct a conductive network [7,8], might be interesting candi-
dates for these kind of applications. Generally, these works were
dedicated to evaluate the conductivity and critical metal filler fraction,
at which a system exhibits a transition from insulating to conductive
behavior, typically explained within the framework of the percolation
[9,10]. However, very little works have been focused on the sensing
properties of these systems [7,11-13]. Additionally, an emerging and
attractive method to fabricate strain sensing materials is being devel-
oped [14], aiming at the development of material systems where the
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electrode material itself acts as a sensor. This is particularly challenging
given the relatively high and complex mechanical solicitations that are
expected in several of these applications, i.e. bending, elongation and
torsion. Anyway, thin films have been mostly prepared by Physical
Vapour Deposition methods, but using the conventional columnar
growth (perpendicular to substrate). The piezoresistive response of
these conventional columnar thin films shows excessive noise in the
electrical response [13,14], which demonstrates its inadequacy for the
targeted sensor applications. A valuable alternative to eliminate de
excessive noise is the GLancing Angle Deposition (GLAD) [15], due to the
fact that this technique has the ability to modify the columnar char-
acteristics of thin films [16] in zigzag structures [7] and, indirectly,
their physical-chemical responses to strong mechanical solicitations,
maintaining the functional properties. Moreover, to improve the me-
chanical solicitations of the piezoresistive sensors, the most explored
solutions use silver as conductive filler, based on indium tin oxide, ITO,
[17] and indium zinc oxide, ZnO [18]. However, indium-free ZnO-
based compounds are preferable to ITO because of the cost factor, and
ZnO is known to be an excellent seed layer for the growth nano particles
of Ag and Au in the development of solar cells [19-22].

The present work demonstrates a new approach, based on the op-
timization of nanostructured zigzag-like ZnO/Ag thin films with dif-
ferent amounts of Ag deposited on flexible polymeric PET -
Polyethylene terephthalate substrate by GLAD, for the development of
piezoresistive thin film sensors. It is shown that the optimized thin films
can be used as flexible and stretchable piezoresistive strain sensors.

2. Experimental details
2.1. Thin film preparation

ZnO/Ag thin films were DC sputtered from a metallic zinc (Zn)
target (with dimensions 20 x 10 x 0.6 cm® and 99.96 at.% purity),
using a custom-made vacuum chamber. The Zn target was customized
with different amounts of Ag pellets (with individual area of ~0.2 cm?),
symmetrically distributed along the preferential erosion area
(~50 cm?) [23], Fig. 1a), in order to tune the silver content in the
coatings. The Zn target was located at 70 mm from the substrate holder
(Fig. 1b).

The incidence angle of the Zn particle flux (a) was determined from
the substrate normal, by tilting the substrate holder at 45° [13]. The
zigzag-like structures, Fig. 1b), were produced by controlling the or-
ientation of the substrate holder relatively to the impinging sputtered
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particles. The Zn target was sputtered during 20 min, 4 X 5min for
each chevron component of the zigzag structure, Fig.1b), with a con-
stant argon flow rate of 25 sccm (total pressure of 0.28 Pa). Oxygen was
added in the gas atmosphere as the reactive gas, at a flow rate of
16 sccm (corresponding to a partial pressure value of 0.45Pa). The
films were prepared at room temperature conditions, the target currents
and potential were kept constant at 40 = 1 mA and 400 + 1V, re-
spectively, with a deposition rate average of 0.83 = 0.07nm s~ 1. A
plasma reactor (Zepto) was used to sputter-clean the substrates (glass
ISO norm 8037-1 microscope slides, (100) p-type silicon wafers and
biaxial oriented PET from Goodfellow), using a pure Ar atmosphere at a
RF power of 100 W applied for 900 s.

For the different architectures, the 3 column tilt angle of the col-
umns increases differently with the flux angle @, due to the shadowing
effects between columns, among others related with the experimental
details.

2.2. Morphological, structural, electrical and electromechanical
characterization

The morphology of the ZnO/Ag films were characterized by
Scanning Electron Microscopy (SEM), using a NanoSEM - FEI Nova 200
(FEG/SEM) microscope, on fractured cross-section and top view con-
ditions. The composition of pure ZnO and ZnO/Ag thin films was fur-
ther characterized by EDS (EDAX - Pegasus X4M (EDS/EBSD). The
structure of the films was characterized by X-ray diffraction (XRD),
using a Bruker D8 discover diffractometer (Cu Agq1 = =1.540600 A),
operating in a 6/20 configuration. A step of 0.02° per 0.2s and a 20
angle ranging from 30 to 72° were selected.

In order to evaluate the piezoresistive properties of the ZnO/Ag
films, the samples were tested with a 4-point bending system as de-
scribed in [7], using a Shimadzu-AG-IS universal testing machine, with
a load cell of 500 N. Before that, the electrical resistivity of the ZnO/Ag
samples was determined by measuring the electrical current with a
Keithley 487 picoammeter/voltage source during the applications of
voltages ranging from —10V to 10V at a step of 1 V. The piezoelectric
sensitivity of the ZnO/Ag samples was quantified by the gauge factor
(GF), which is defined as the ratio between the variation of the relative
electrical resistance and the mechanical deformation applied [24]:

=%=AP—/PO+(1+ZU)

€ € (€]

In Eq. (1), Ry is the steady-state material electrical resistance (in €2)
before deformation and AR is the resistance change (in 2) caused by the
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Fig. 1. (a) Schematic representation of the distribution of the Ag pellets on the Zn target and (b) of the GLAD system, where @ is the angular direction, a is the

incidence angle of the Zn particle flux and (3 is the columnar growth angle.
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Fig. 2. SEM cross-section and surface views of the ZnO-Ag thin films deposited on silicon prepared using different concentrations of Ag.

mechanical deformation, ¢ = ziz where d is the thickness of the spe-

>
cimen (film + +substrate), z the displacement applied, a the distance
between the first and the second bending points (15 mm). The change
of resistance shows contributions from the geometric deformation
(1 + 2v)where vs the Poisson ratio and from the relative electrical re-
sistivity change (A’%/po)ldeally, the Poisson's value assumes the max-
imum value of 0.5, which means that the geometric effect contribution
to the GF is 2 [25].

3. Results and discussion
3.1. Morphological and structural characterization

A set of ZnO/Ag thin films was deposited with increasing Ag con-
tents (obtained by varying the exposed Ag pellets area in the Zn target
from 3 to 10 cm?), with a fixed incident angle a = =45° to obtain
zigzag nanostrutures. The representative SEM micrographs of as-de-
posited samples are presented in Fig. 2.

From Fig. 2, clear changes in the morphologies of the films can be
seen with increasing Ag content in the ZnO/Ag thin films. For the
sample without Ag, the morphology grows with zigzags structure and
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Fig. 3. XRD diffractograms of the nanostructured ZnO/Ag thin films.

ended like a “broccoli flower” shape (Fig. 2 a; and a,). Adding Ag to the
ZnO films, thin and well-defined zigzags are observed in the ZnO/Ag
thin film prepared with an Ag exposed area of 3 cm? (Fig. 2 b,). For the
samples with intermediate and highest Ag contents (Fig. 2 ¢; and d,),
the zigzag structure varnishes dramatically, and the films seem to grow
denser than the ones prepared with lower Ag contents (Fig. 2 b;). This
tendency can be attributed to the increasing contribution of the Ag
exposed area to the “co-deposition” process and the zigzag columns
become less defined due to the lower sputtering yield of ZnO [26] when
compared to Ag [27]. As a general conclusion, it can be stated that Ag
exposed areas below 7 cm? seem to be the best experimental conditions
in order to obtain clear and well-defined zigzag structures in the ZnO/
Ag “co-sputtered” films. Additionally, and as it can be observed in Fig. 2
(b; to dy), increasing Ag contents leads to the formation of a small Ag
layer at the top of the surface of the ZnO/Ag thin films, and some re-
latively large Ag nanoparticles start to appear close to the surface layer.
This is expected since some small particles are evenly distributed along
the columns due to the high Ag mobility and diffusion ability [28,29].

In order to check if these morphological changes correlated with
some changes in the structural features, Fig. 3 shows the XRD patterns
of the sputtered ZnO/Ag thin films. It is shown that pure ZnO films
develop a polycrystalline hexagonal-like structure, as confirmed by the
presence of dominant and very intense ZnO (002) and ZnO (101) dif-
fraction peaks (ICSD database, card #01-070-8070), appearing at an-
gular positions of 20 = =34.4° and 36.2°, respectively. By increasing
Ag content in the films, the ZnO hexagonal (002) preferential growth,
which is dominant in the ZnO film, is progressively changed by a (101)
one for the films prepared within low exposed Ag area (3 cm?), as it is
observed by the low relative intensity of the diffraction peak located at
20 = 34.4° (ZnO (002)). Furthermore, for intermediates exposed areas
(6 and 7 cm?), the hexagonal ZnO (101) growth almost disappears and
the fcc-Ag (111) phase (card #04-0783) apprears, as evidenced by the
(111) peak, located at 26 = 38.1°. This growth direction becomes the
preferential one. Further, increasing even more the Ag content, the ZnO
hexagonal (002) and (101) reveals a mixture of both diffraction
growths and the fcc-Ag (111) phase remains the dominant one, which
reveals a similar trend as previously observed for the nanostructure
variations observed by SEM, Fig. 2.

3.2. Electrical and electromechanical response

The evolution of the electrical resistivity of the ZnO/Ag thin films,
as a function of the Ag exposed area on the Zn target surface obtained
by EDS, is mainly determined by the Ag concentration (at.%), Fig. 4a).
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Fig. 4. Room temperature electrical resistivity and Ag atomic concentration as
a function of the Ag exposed area.

As expected, the electrical resistivity decreases with increasing Ag
content in the samples, Fig. 4, which results also in variations of the
morphological and structural features, as previously analyzed (Figs. 2
and 3). Several mechanisms have been proposed to explain the electron
transport between separate metal islands, including tunnelling [30,31],
space-charge limited current flow across the substrate surface, grain
boundaries, vacancies, and surface effects [30], among others. Taking
into account the existing theories, the results suggest that the decrease
of the electrical resistivity is related to the reducing distance between
conductive Ag particles, which influences the number of conductive
paths and depends on the Ag concentration. The electrical resistivity
decreases with the increase of the area of Ag pellets placed on the
surface of the Zn target, as shown in Fig. 4. As a general trend, and
considering the atomic composition of Ag in the thin films, ZnO/Ag
samples exhibit higher resistivity values (2.95 Q m) for small amounts
of Ag pellets. Increasing Ag content leads to a percolation threshold,
indicating the transition between states with long- and short-range
connectivity between Ag particles. The electrical resistivity decreases
further to about 1.52 x 107> Q m for the highest Ag exposed area. It
should be noted that this value is still significantly higher than that of
bulk silver (1.5 x 108 Q m) which mainly originates, together with
the lower Ag concentration, from the polycrystalline film growth with
its grain boundaries, defects and surface roughness [32,33].

For sensing applications, the quantification of the electrical varia-
tion under bending and the ability of the electrical resistance to return
to the initial value after some specific bending cycles are essential
parameters. Furthermore, the piezoresistive effect [34], characterized
as the sum of two contributions: geometric and structural (Eq.1), is also
of paramount importance, giving clear indication of the suitabililiy of a
given material to be used in a giving sensor device [35,36]. In order to
quantify the piezoresistive response of the ZnO/Ag system, dynamic
measurements were performed to determine the films’ sensitivity, GF.
Fig. 5a) and b) show the variation of the electrical resistance ratio, AR/
Ry, as a function of time, for a ZnO/Ag thin films with an amount of Ag
of 23 at.%, with a z-deformation of 0.5mm and velocity of
6 mm min~", during 40 cycles. Fig. 5¢) shows the relative resistivity
variation, AR/Ry, as a function of the applied deformation, e. Fig. 5d)
shows the linear fits of three different regions identified as low, inter-
mediate and high applied deformations, where the GF was mesured,
with a speed of 2mm min~.

As illustrated in Fig. 5a) and b), the electrical resistance changes
with the applied strain, and this tendency is maintained for the different
40 cycles, showing a stable response with no clear aging effect. The
sensitivity, GF, for the different samples was obtained from the linear
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Fig. 5. (a) Electromechanical response after 40 bending cycles for the sample with 23 at.% of Ag with a z-deformation of 0.5 mm and deformation velocity of
6 mm min ", (b) detail of the electromechanical response of the last 4 cycles, (c) relative resistivity variation, AR/Ry, as a function of the applied longitudinal strain,
¢. with different amounts of Ag on PET substrates with a deformation velocity of 2 mm min~ ! and in (d) is the linear fits of three different regions identified as low,
intermediate and high applied deformations to obtain the GF on the loading deformation.

Table 1
Gauge factor values resulting of AR/Ry as function of stress for zigzag structures
calculated in the three different regions of deformation.

Ag (at.%) GFow) GF(ntermediate) GF (nigher)
9 8 +x1 120 = 3 177 = 1
23 19 £ 1 122 = 2 67 =3
24 78 £ 7 98 + 4 45 + 4
30 4 +1 64 = 3 135 = 2
36 8 +1 24 = 0.1 0.8 = 0.2

fits of three different regions identified in Figs. 5c) and 5d). The slope of
the linear fit, obtained from Eq. (1), corresponds to the GF of the
sample. The results are presented in Table 1. Each value of GF is the
mean value measured in the last 4 cycles of the 40 cycles. The relative
resistivity variation, AR/Ry, as a function of the longitudinal strain, &,
indicates that the electrical resistivity variation of all samples increases
with the applied deformation, but is not linear for the full ¢ range,
because the electromechanical behaviour of the ZnO/Ag thin films was
hysteretic (Fig. 5¢). In all cases, except for the sample with 36 at.% were
the effect does not exist; the electrical resistivity was observed to be
higher during the unloading path than during the loading path. This
behavior will be discussed later in the text. As a general trend, the
values of the gauge factor, Table 1, show a strong intrinsic contribution
of the Ag to the sensitivity of the films. In particular, for the samples
with 9 at.% and 30 at.% Ag the GF increases in the all regions of de-
formation. For the sample with 9 at.% Ag, increasing the deformation

from low to intermediate values, the gauge factor changes from 8 + 1
to 120 + 3, and this trend is maintained with increasing Ag content up
to 30 at.%. For an amount of Ag of 36 at.%, the electrical resistivity is
relatively low (1.52 x 10~° Q m). Consequently, the contribution of
the Ag to the GF, for intermediate and higher deformations is only due
to the geometric effects, Eq. (1). It is also found that the sample with a
Ag content of 24 at.% is the most sensitive to the variation of applied
strain. Besides, it is observed that in the region close to 20 at.% of Ag, at
which the resistivity decreases heavily, Fig. 4; the largest GF were ob-
served, Table 1. However, due the pronounced hysteretic behavior
(Fig. 5¢) of the samples in this region, increasing the deformation from
intermediate to higher deformations, the GF reduces from 122 + 2 to
67 = 3 and from 98 = 4 to 45 * 4 for the samples with 23 at.% and
24 at.% respectively. On the other hand, for samples with low and
higher amounts of Ag the hysteretic behavior is not so pronounced and
disappear for the sample with 36 at.% of Ag. One possible explanation
for the unexpected difference in the piezoresistive hysteresis of the
samples could be attributed to the geometry of the Ag layer at the top of
the surface of the ZnO/Ag thin films (Fig. 2). Moreover, the unchanged
initial electrical resistance (AR/R,), after 40 cycles, is particularly re-
levant to applications as piezoresistive pressure sensors. The initial
increase of the resistance observed for the initial cycles, is well related
to the strain relaxation of the as-deposited films [7].

Another explanation to the referred resistance variation, AR/Ry,
could be due the formation of micro-cracks in the films [37]. Fig. 6
shows SEM micrographs taken on the surface of the ZnO/Ag films with
23 at.% Ag, deposited on PET substrates, after 40 cycles bending.
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Fig. 6. SEM micrographs of samples with 23 at.% Ag after bending with different magnifications, (a) and (b), measured on polymer substrates (PET).

Fig. 6a) show large cavities and tracks aligned along the surface of the
samples, Fig. 6a).

The formation of cavities and tracks is intimately related to the
presence of surface depressions or surface roughness, induced by the
polymer substrate morphology. According to Dong et al. and Smith
et al. [38,39], atoms being deposited in the neighbourhood of a
polymer surface cavity will be attracted by the sides of the surface
cavity. As a result, the thin film grows aligned with the cavities and
with the same orientation of the surface roughness. In our study, the
cavities and tracks do not show any clear evidence of fractures along
the strain direction (Fig. 6b)). As a result, it is concluded that the film
deforms homogenously and the electrical resistivity is not affected by
micro-cracks, showing the robustness and reliability of ZnO/Ag thin
films for electromechanical applications.

Considering as main explanation the tunneling effect [31], one may
suggest that AR/R, increases/decreases under stretching due to the
increased/decreased separation of conductive particles pairs, which
influences the distance of conductive paths, So, the three distinct stages,
Fig. 5¢) and d), are dominated by the variation of the distance of the
conductive Ag particles under deformation, leading to variations of the
tunneling distance. This mechanism depends on Ag concentration and is
associated with an electromechanical hysteresis (Fig. 7). After the first
loading-unloading cycle, there is a competitive behavior between the
destruction and reformation of conductive networks, Fig. 7a), which
tends to level off with increased number of cycles, Fig. 7b).

The repeated piezoresistive behavior of the ZnO/Ag thin films

considered here can be entirely explained by the increment/reduction
in the conductive particle's pairs distance along the strain direction.
This is because AR/R, increases when e increases or vice versa.
Consequently, within a complete loading and unloading cycle, the
current can travel by tunneling effect through pairs of relatively
neighbored Ag particles. The tunneling current between the step pairs is
proportional to Xd. exp(—Xd) [36,37,38], where d is the average tun-
neling distance between adjacent steps, and X is the tunneling barrier
height dependent function. According to the tunneling current expres-
sion, the resistance changes corresponding to the average tunneling
distance d, and the strain ¢ is expressed as:

R
In— = —In(1 + €) + Xdoe
R ( ) 0 3)

and

2
X= T Neme “@

where h is the Planck's constant, m is the mass of the charge carriers,
and @ is the tunneling barrier height [40,41].

The experimental results for electrical resistivity, give the percola-
tion thresholds between 23 at.% and 24 at.% of Ag. These values are the
critical filler fraction of Ag in the ZnO samples, at which the electrical
response of the material suffers significant variations as a function of
dopant concentration. The effect of the dopant concentration takes to a
band gap modification of ZnO through metal doping [42]. The ZnO thin
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Fig. 7. The relative resistivity variation, AR/Ry, as a function of the longitudinal strain, ¢, sample with 23 at.%. (a) Electromechanical response for the first 5 bending

cycles, (b) for the last 20 bending cycles.
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Table 2

Calculated distances between two Ag particles for the different samples using
the parameters derived from the fit with Eq. (3) and assuming a barrier height
of 3 and 3.4eV.

Ag (at.%) do(Low) (nm) do (ntermediate) (NM) do uighy (nm)
3eVv 3.4 eV 3 eV 3.4 eV 3 eV 3.4eV

9 0.5 0.4 6.8 6.4 10.0 9.4

23 1.1 1.0 6.9 6.5 3.8 3.5

24 4.4 4.1 5.5 5.2 2.5 2.4

30 0.2 0.2 3.6 3.4 7.6 7.1

36 0.5 0.4 0.1 0.1 0.5 0.4

film has a direct band gap of Eg ~3.37 eV, with a large exciton binding
energy of 60 meV at room temperature. The annealed ZnO/Ag co-
sputtered films at the theoretical doping level of 5 at.% and 8 at.% have
the corresponding optical energy band gaps between 3.23 and 3.21 eV,
respectively [42]. Assuming a band gap values of 3 and 3.4 eV, which
include the values for the band gap of the ZnO/Ag thin films, and using
Eq. (3) for the tunneling effect through conductive pairs, the values of
dp as the tunneling distance were calculated and presented in Table 2,

From the change of the Ag interparticle distance, it becomes pos-
sible to explain the behavior of the GF in the three different regions. For
lower deformations and 3 eV of barrier height, the distance between Ag
particles is ~0.5 nm, for the sample with 9 at.%. Increasing stretching
leads to increased separation of conductive particles pairs, from 0.5 to
10 nm, reducing the number of conductive paths and consequently in-
crease the AR/Rq leading to higher GF's. These calculations demonstrate
that increasing that tunneling distance strongly affects the GF of the
ZnO/Ag system. Higher distances between Ag conductive particle pairs
imply higher resistivities and consequently higher sensitivity of the
transducers. Increasing the barrier height to 3.4 eV for the same sample,
the results show a small decrease in the distance between conductive
pairs, as actually expected. For lower deformations, the distance re-
duces to 0.1nm (from 0.5 to 0.4nm), while for intermediate de-
formations, the distance reduces to 0.4 nm (from 6.8 to 6.4 nm). For
higher deformations, the reduction is of 0.6 nm, varying from 10.0 to
9.4 nm. However, tunnelling distances of the order of a few nanometres
are realistic, although those associated with the higher deformations
are relatively larger. Anyway, these are simple estimations of the size of
a typical junction. The real system will contain a range of connections
with variable parameters. In the present case, the distance is in the
range of the numerical results commonly reported in polymers with
carbon nanotubes [40,43], where the piezoresistive mechanism and the
electrical resistance are dominated by the inter-particle distance var-
iations.

The tunneling resistance variation ratio can be used in this way as a
powerful indicator of the strain sensitivity of a ZnO/Ag thin films,
controlling both the electrical and electromechanical response of the
system.

4. Conclusion

Zigzag-like ZnO/Ag thin films were prepared by GLAD, using a
metallic Zn target with different amounts of Ag pellets, symmetrically
distributed along the preferential erosion area.

Morphological characterization showed that for small amounts of
Ag exposed area (3 cm?), ZnO/Ag thin film with well-defined zigzag
architectures were obtained. For the samples prepared with the highest
Ag contents, the zigzag structure becomes less defined, and the films
seem to grow denser than the ones prepared with lower Ag contents.

From the structural features, the ZnO/Ag thin film developed a
polycrystalline hexagonal-like structure, confirmed by the presence of
dominant and very intense h-ZnO (002) and ZnO (101) diffraction
peaks. By increasing the Ag content in the films, and for intermediates
exposed areas (6 and 7 cm?), the hexagonal ZnO (101) growth almost
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vanishes and the fcc-Ag (111) phase apprears. This growth direction
became the preferential one, which reveals a similar trend observed for
the nanostructure variations observed by SEM.

The change in the electrical resistivity of the ZnO/Ag thin films, due
the increasing amount of Ag, induces strong variation of the response of
the transducers due to their varying electrical response, which con-
tribute to the variation of the response of the piezoresistive ZnO/Ag
system. The results show that the structure has a pronounced influence
on the overall transducer response. Increasing the deformation from
low to intermediate deformations, the gauge factors, increase from
8 £ 1, to 120 = 3 for 9 at.% Ag. This trend is maintained with the
increment of Ag content until 30 at.% Ag. After 40 bending cycles, the
ZnO/Ag thin films do not show any clear evidence of fractures along the
strain direction, which illustrates this ZnO/Ag thin film is very robust
and reliable for sensing applications.
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