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Abstract:

 In this work we report on the fabrication process for the development of a flexible piezopolymeric transducer for health monitoring applications, based on lead-free, piezoelectric zinc oxide (ZnO) thin films. All the selected materials are compatible with the space environment and were deposited by the RF magnetron sputtering technique at room temperature, in view of preserving the total flexibility of the structures, which is an important requirement to guarantee coupling with cylindrical fuel tanks whose integrity we want to monitor. The overall transducer architecture was made of a c-axis-oriented ZnO thin film coupled to a pair of flexible Polyimide foils coated with gold (Au) electrodes. The fabrication process started with the deposition of the bottom electrode on Polyimide foils. The ZnO thin film and the top electrode were then deposited onto the Au/Polyimide substrates. Both the electrodes and ZnO layer were properly patterned by wet-chemical etching and optical lithography. The assembly of the final structure was then obtained by gluing the upper and lower Polyimide foils with an epoxy resin capable of guaranteeing low outgassing levels, as well as adequate thermal and electrical insulation of the transducers. The piezoelectric behavior of the prototypes was confirmed and evaluated by measuring the mechanical displacement induced from the application of an external voltage.
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1. Introduction

In parallel to the development of strong approaches to face reliability problems, two solutions are normally proposed: redundancy, with an obvious drawback for space exploration purposes in terms of weight and complexity, and fault detection/recovery. The last approach, smarter in principle, relies almost entirely on Health Monitoring Systems (HMS), which are becoming one of the most intriguing challenges faced from the world of applied science and engineering. Their development involves a huge number of sectors, from materials scientists, to physicists and engineers, and their application is strongly required in different fields; civil infrastructures, aerial, and space vehicles [1,2] are just some examples where on-site, real-time structural monitoring and identification systems are mandatory for safety reasons and for preserving the integrity of the overall structure, as well. The main factors affecting the mechanical integrity of such systems are numerous: damages due to fatigue, corrosion, impact, cracks, and extreme loading are some examples of events which can lead to catastrophic structural failures, for ground-based applications. Regarding space, we may add huge temperature oscillations, vibrations, cosmic rays, gamma rays, charged particles (solar wind), atomic oxygen, micrometeorites, and space debris. Their effects on the structural properties of the considered systems must be properly contextualized to the particular case. For example, when considering satellites or spacecrafts, the mechanical impacts acting on the structure shells can be caused by different conditions with respect to the terrestrial environment. One example is the action of corrosive chemicals, like atomic oxygen, which strikes on the external bodies of aerospace vehicles at a velocity of about 8 km/s [3]. These impact forces affect the materials and strongly reduce their overall lifetime. Another important issue is represented by meteorite impacts, which can induce severe structural damage like cracks. In order to face such problems, active/passive elements sensitive to the aforementioned events are required to monitor the structural integrity and perform failure analysis [3,4]. Hence, HMSs are based on sensing elements which must be able to provide real-time information on the mechanical status of the analyzed systems. For these reasons, a lot of efforts must be devoted to the development of sensing platforms capable of being sensitive to the mechanical events affecting the considered systems, but also of periodically analyzing the external surface of aerospace apparatus, in order to determine, in advance, the eventual presence of structural damages. To this purpose, meaningful work has been carried out in recent years with the final aim of developing sensors, damage detection algorithms, and structural health monitoring methods [1].

The most diffused HMS technology is based on the use of strain gauges [5] or transducers [6] as active sensing elements. These can be classified as optical sensors, resistance-based sensors, or piezoelectric (PE) sensors. In the case of optical ones, the Fiber Optical Sensor (FOS) technology is widely diffused, since FOS-based HMS are lightweight, with reduced dimensions, insensitive to electromagnetic interference, and show good resistance to many chemical agents [7]. Nevertheless, these can only be used as sensors or actuators but not as a combination of both. Furthermore, FOS technologies are based on quite complex systems, requiring a light source and light detection component with the final aim of illuminating and acquiring the sensor output, respectively [8]. On the other hand, strain gauges represent a well-established and widely-commercialized technology [5], which is normally based on metal and metal alloys, or better on nanocomposite (NC) materials, that allow reaching higher sensitivities [9]. One of the major limitations of the aforementioned technologies is their impossibility of working simultaneously as both active and passive elements; that is they can operate either as diagnostics or as passive elements sensitive to structural damages. For these reasons, PE transducers found large applications for the development of single active/passive elements to be integrated in HMS. The main advantage of this class of materials is their possibility of generating an electric field, i.e., an electrical output voltage, as a consequence of mechanical strains (direct PE effect). On the other hand, a mechanical strain can be induced on the PE material when subjected to an electric field (converse PE effect). Consequently, these represent an intriguing technological solution, since in this way a single device can operate serially in sensing/actuating mode, thus allowing not only to analyze the investigated system (passive mode), but also to scan the overall system itself and detect in advance the presence of eventual failures (active mode). PE-based HMSs are, thus, considered potential candidates for mechanical and structural damage monitoring and diagnostic systems [10]. In particular, a discussion of the use of many piezoelectric patches for structural-damage detection was proposed by dell’Isola, who described an electro-mechanical system based on electric measurements [11]. The same group also discussed the dynamics of this kind of electro-mechanical systems in a wide range of frequencies and in case of non-linear evolution equations [12].

The most diffused working principle of PE transducers is the Lamb wave-based technique [13]. This is quite convenient, since Lamb waves can propagate on relatively large areas without suffering too high of an attenuating phenomenon [2,8]. In this way, the number of patch transducers required to cover and scan a large area can be properly minimized. As an alternative to the conventional piezoceramic patch transducers, the new class of so-called smart fasteners, i.e., a piezoceramic stack transducer embedded in the body of a conventional fastener, has been proposed [4]. The main difference among the conventional patch-type piezoceramic transducers and piezoceramic stack transducers is the direction of application of the mechanical stress. In the case of stack transducers, normal stress is applied to the structure while the patch-type transducers apply shear stress [2]. A successful method for the analysis and detection of mechanical damages using piezotransducers is the electromechanical impedance method (EMI) [14]. The EMI method analyzes and compares the mechanical impedance value of the structure to establish if damages are present or not [15]. Structural damage detection can be also carried out by coupling the electromechanical impedance (EMI) technique with the pencil lead break (PLB) method [16]. The working principle of PLB is quite simple: a pencil lead is carefully broken against the block or rod on which an acoustic emission (AE) sensor is installed [16,17]. The breaking of the pencil, thus, generates an impulsive stress, i.e., an elastic wave. Additionally, in this case PE materials play a fundamental role, since the AE sensor generally consists of a shielded PE element mounted in a metal shell [16].

Table 1 summarizes some selected properties of different PE materials commonly used for the development of PE-based transducers. Each one of the considered materials can potentially satisfy the functional properties required for the fabrication of reusable, flexible, and conformable PE transducers for HMS. However, some differences can be appreciated, and help in the selection of the PE material to be used. The first distinctive element is by far the PE behavior, quantitatively represented by the PE coefficients. This is found to be at the maximum in the case of lead zirconate titanate (PZT), and different works reported about the development of HMS based on PZT PE transducers, able to detect damage in different kind of structures. For example, Sohn et al., showed that PZT transducers are capable of generating Lamb waves to detect the presence of delamination phenomena in a fiber-reinforced polymer (FRP) composite test structure [18]. Wang et al., measured debonding between steel reinforcement bars and concrete by embedding PE transducers within the structure [19]. Lamb wave generation in PZT transducers was also successfully exploited for sensing damage in metallic structural members [20]. Despite its promising PE response, PZT shows several disadvantages. It is a non-biocompatible, toxic material which requires high deposition temperatures or post-deposition thermal treatments (generally higher than 500 °C) in order to get the right crystalline structure and avoid the formation of the pyrochlore phase which suppresses piezo/ferroelectricity [21,22]. Another important issue of PZT is its superior brittleness [23], representing a strong limitation in view of the development of mechanical flexible transducers conformable to structural surfaces. Moreover, PZT transducers require an additional poling treatment in order to induce the alignment of ferroelectric domains and to promote the emergence of piezoelectricity [24]. In order to overcome some of these limitations the use of flexible, low-cost PE polymers took place and different works demonstrated that poly(vinyledenefluoride) (PVDF) and its copolymer poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) could be good alternatives to brittle piezoceramics. Indeed, it has been demonstrated that PVDF can be used to generate and receive guided waves in a way very similar to PZT [25]. Monkhouse et al., produced interdigitated transducers (IDT) from PVDF-TrFE [26]. These IDTs structures successfully generated Lamb waves propagating in an aluminum substrate, and demonstrated their potential applications for HMS. Despite the advantages of using these flexible structures, also in this case a poling treatment is required. Moreover, the lower PE response of PVDF and PVDF-TrFE, together with their lower sensitivity, has limited their applications for HMS despite their favorable mechanical properties. In order to take advantage of both the high PE coefficient of PZT and the promising mechanical characteristics of polymeric materials, novel PE composite materials mainly based on PZT and PVDF/PVDF-TrFE started to be investigated [27,28,29]. Parallel to this, lots of efforts have been devoted to the study of lead-free biocompatible PE materials as alternatives to PZT. Among them, zinc oxide (ZnO), barium titanate (BT), and aluminum nitride (AlN) are the most investigated. Barium titanate could be a non-toxic valid alternative, showing a good d33 piezocoefficient and high dielectric constant [30]. However, the relatively low Curie temperature of BT strictly limits the operating temperature range of this ceramic. Moreover, low-temperature depositions of BT result in amorphous nanostructures, thus strongly suppressing the promotion of PE phenomena. Polycrystalline PE BT films thus require high deposition temperatures (often not compatible with the use of polymeric substrates) and also require quite extreme post-deposition poling treatments in order to align the ferroelectric domains and induce PE phenomena [31]. Other concepts were explored, such as the use of BT nanoparticles embedded in polymeric PVDF matrices, producing encouraging results, but still with a poor conformability [32]. On the contrary, AlN and ZnO are non-ferroelectric materials showing piezoelectricity in a wide range of operating temperatures and the desired crystal orientation at room temperature [33,34]. Thus, their synthetic process can be merely carried out at room temperature without preventing the use of polymeric substrates. AlN and ZnO are lead-free biocompatible materials, and so represent a good alternative for replacing the most performing, but toxic, PZT one. AlN and ZnO PE thin films are widely used for the preparation of surface acoustic wave devices [35]. In particular, AlN is suitable for Micro Electro-Mechanical Systems (MEMS) application, with Complementary Metal-Oxide Semiconductor (CMOS)-compatible processes applied even on flexible substrates, such as Polyimide [36]. Despite both these materials showing several advantages and similar properties, AlN is characterized by a lower d33 value. This aspect, together with the high crystalline quality of room-temperature deposited ZnO, drove our choice of ZnO thin films as PE materials for HMS transducers.


Table 1. Properties of most common PE materials.



	
Properties

	
Symbol

	
Unit

	
Material

	
PVDF β Phase *

	
P(VDF-TrFE) β Phase *




	
PZT

	
ZnO

	
BaTiO3

	
AlN






	
Cost

	
P

	
€/g

	
15.2

	
5.9

	
15.4

	
15.2

	
1–2

	
7




	
Toxicity

	
LD

	
mg/kg

	
–

	
No

	
–

	
–

	
–

	
–




	
Reusable in laboratory

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Reproducible in laboratory

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Conformable

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Metallization on both sides

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Actuator/sensor function

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
Adhesion to metal and CFRP substrate

	
–

	
–

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
PE coefficient

	
d33

	
pm/V

	
280–380

	
12

	
140–250

	
4.5–6.4

	
13–22

	
−20




	
d31

	
pm/V

	
−123

	
−5

	
−30

	
−3.2

	
6–10

	
6




	
Curie temperature

	
TC

	
°C

	
300

	
N/A

	
120

	
>2000

	
N/A

	
112




	
relative permittivity

	
εr

	
–

	
>300

	
8.3

	
190–700

	
9.5–10.5

	
10–12

	
8–12




	
Density

	
ρ

	
g/cm3

	
7.5

	
5.6

	
5.9

	
3.3

	
1.8

	
3




	
Tangent loss angle

	
tan δ

	
–

	
0.08–0.06

	
0.053

	
0.012–0.015

	
0.02–0.06

	
0.010–0.035

	
0.016




	
Young modulus

	
E

	
GPa

	
60–70

	
80–140

	
67–200

	
300–350

	
2–3.4

	
1






* data refer to commercial products by PIÉZOTECH.




Zinc oxide is a wide band-gap n-type semiconductor (3.37 eV), showing a large exciton binding energy at room temperature (60 meV) [37]. ZnO is of great interest thanks to the co-presence of both semiconducting and PE properties, together with the possibility of being easily synthesized in a lot of different micro/nano structures, like porous [38] and compact [39] thin films, micro/nanowires [40,41], nanorods [42], or nanobelts [43]. Among all of the aforementioned structures, the thin film one is of particular interest since many deposition techniques, like magnetron sputtering [44], pulsed-laser deposition [45], sol-gel [46], chemical vapor deposition [47], and atomic layer deposition [48] can be exploited for growing high-quality ZnO layers. Thin-film technologies have the main advantage of being fully compatible with semiconductor processing, and allow the deposition of ZnO on large-area substrates through repeatable and controllable processes, fully extendable to large-scale industrial production. In particular, the sputtering technology shows several advantages. First of all, the scalability of the process is promoted, since allowing the deposition of PE materials on large-area substrates. Moreover, a strict control on the deposition rate, chemical composition, stoichiometry, and morphology of the final sputtered thin films can be simply achieved by properly changing one or more deposition parameters, such as gas flows and partial pressure, substrate temperature, and/or the supplied direct current (DC)/RF signal power. Different works reported about the successful use of ZnO thin films and nanostructures as flexible PE devices [39], nanogenerators [49], anodes for Li-ion batteries [50], photoanodes for dye-sensitized solar cells [51], and for wetting controllable systems [52]. The possibility of growing ZnO micro/nanostructures also promoted the study and development of ZnO-based composite materials, which were successfully tested as PE elements for HMS applications or for other applications [40]. Dodds et al. [53] reported about the preparation of PVDF-TrFE nanocomposites (NCs) using ZnO nanoparticles. The resulting nanocomposite was flexible and characterized by a higher PE response than pristine PVDF-TrFE. Moreover, it showed sensitivity to impact vibrations and strains [54]. The piezoelectricity of ZnO-based NCs has been further demonstrated [1,55] and used as a dynamic strain sensor [56]. Recently, negative capacitance in ZnO thin films was also shown to be enhanced thanks to piezoelectricity, showing a new potential application of the material as programmable dynamic device [57]. While ZnO-based NCs seem to be promising candidates for HMS, such types of materials are not easily processed with the standard microfabrication techniques required in view of scaling their production to an industrial level. Moreover, strong poling processes are still required in order to induce piezoelectricity and make the transducers working. On the other hand, the well-known thin-film technology represents a valid alternative for the fabrication of ZnO PE transducers [3]. The possibility of growing high (002)-oriented ZnO thin films on flexible polymeric substrates have been already highlighted. For example, Prepelita et al., reported about the successful deposition of transparent, uniform, and adherent ZnO thin films sputtered on Polyimide substrates [58]. They showed that post-deposition annealing treatments can lead to superior electrical and optical properties of the deposited material. Moreover, the annealing process could stabilize the ZnO thin film and improve the mechanical adhesion to the underlying polymer. The improved electro-optical properties of the annealed samples thus suggested their promising application to solar cell technology. Changji et al. also discussed the room temperature deposition of ZnO thin films by cathodic vacuum arc on Polyimide foils [59]. The effect of the deposition pressure on the mechanical adhesion of the resulting (002)-oriented ZnO films was investigated, showing that low deposition pressures were useful to enhance the adhesion between ZnO and the Polyimide foils. Despite both these works succeeding in the fabrication of ZnO thin films on flexible Polyimide substrates, their investigation was still limited in view of exploiting ZnO piezoelectricity for flexible transducer applications. Indeed, the analyzed samples merely consisted of ZnO thin films directly deposited on Polyimide foils, and no functional characterization regarding their piezoelectric properties was provided. Nevertheless, the presence of a high (002) orientation could be inferred for ZnO thin films grown on Polyimide either at room temperature, or after annealing. This aspect represents an additional advantage in using piezoelectric ZnO thin films, since it prevents requiring any additional poling treatment.



The final aim of this work consists in the development of flexible and conformable piezopolymeric transducers (PPT) for HMS applications, based on the use of a piezoceramic ZnO thin film deposited by the sputtering technique. The final PPT structure is made of a PE ZnO thin film embedded between a couple of gold (Au) metal electrodes, featuring the so-called cross-point electrode (CPE) configuration. A commercial flexible polyimide, namely Polyimide, is considered as the substrate material. Suitable deposition conditions are selected for growing high-quality ZnO thin films. The ZnO properties are analyzed by using Field Emission Scanning Electron Microscopy (FESEM) to determine the film morphology and thickness, while the X-Ray Diffraction (XRD) technique is used to study the crystallographic orientation of the material. Energy-Dispersive X-ray spectroscopy is carried out to investigate the chemical composition while the ZnO electrical behavior, its resistivity, and carrier concentration are evaluated by IV characteristics and Hall effect measurements. The assembly of the different parts composing the transducer is pursued by a bonding procedure. This was performed with a special adhesive fully compatible with aerospace environment. The fabricated PPT prototypes were characterized by measuring their mechanical displacement under the application of an electric voltage, which resulted in the PE behavior of the fabricated transducers, but also provided an estimation of the ZnO PE coefficient d33.



2. Experimental Section

The deposition process of ZnO thin films and gold metal electrodes was made by a dual chamber co-sputtering system (KS 300 CONFOCAL Dual, Kenosistec, Binasco, Italy). Each process takes place in a cylindrical stainless steel chamber (AISI 304, 40 cm diameter, 45 cm height approximately), equipped with three circular cathodes (3 inch and 2 inch diameter), in a confocal geometry. Targets are clamped on the cathodes, in the inner part of the chamber, while the substrates are placed in the upper part, facing down towards the cathodes. In order to get homogeneity and uniformity of the as-deposited materials, substrates are rotating during the deposition, and coatings with a maximum area of about 180 cm2 can be achieved. A radio-frequency (RF) signal generator, operating at a working frequency of 13.56 MHz, and a matching network needed to adjust the reflected power down to zero are used, respectively, to supply and maximize the signal power provided to the cathodes. Before starting the sputter deposition of materials, suitable vacuum conditions are obtained by a two-stage pumping system, made by a rotary and a turbomolecular pumps connected in series, allowing to reach pressures as low as 2 × 10−7 Torr. Gas flows are properly controlled by a set of mass flow controllers while the substrate temperature is monitored by a thermocouple. All of the depositions were performed at room temperature, without heating the substrates.

The material selected for the preparation of the metal electrodes was gold (Au). According to the deposition conditions summarized in Table 2, Au electrodes for the CPE geometry were grown starting from a 2 inch diameter Au target (Kurt J. Lesker, Hastings, UK, purity 99.99%), without providing any substrate heating. The average deposition rate was 1.38 Å/s.

Table 2. Deposition conditions and average thickness of sputtered Au and ZnO thin films.


	Target
	RF Power Density (W∙cm−2)
	Gas Pressure (bar)
	Ar Flow (sccm)
	O2 Flow (sccm)
	Thickness (nm)





	Au
	4.9
	4 × 10−6
	20
	–
	100



	ZnO
	1.8
	4 × 10−6
	19
	1
	700








ZnO thin films were grown at room temperature with the set of parameters summarized in Table 2. The final average thickness for ZnO was set to 700 nm in order to get, at the same time, the maximization of the thickness-dependent piezoelectric response, without inducing too pronounced a stress release phenomenon of the polymeric substrate once that thickest films are grown. Despite no intentional heating being provided to the substrates, the temperature locally increased up to 50 °C because of the energy transfer during the ion bombardment of the sample. The depositions were performed starting from a 3 inch diameter ZnO target (Kurt J. Lesker, purity 99.999%). To prevent a lack of oxygen typical of ZnO films, depositions were carried out in a mixed atmosphere of Ar and O2. The average deposition rate was 0.94 Å/s.

Au and ZnO depositions were performed on silicon (simplifying cross-sectional imaging of the films during electron microscopy measurements) and flexible Polyimide substrates (DuPont, Wilmington DE, USA), i.e., a commercial polyimide resistant up to temperatures around 400 °C.

The morphology and thickness of ZnO thin films and metal layers were investigated through Field Emission Scanning Electron Microscope (FESEM) measurements (Auriga Dual Beam, from Carl Zeiss, Jena, Germany). The presence of a suitable electrical conductivity of the Au electrodes was verified with a tester, checking the presence of a short circuit over the whole metal layer. The ZnO crystal structure and orientation was analyzed by X-Ray Diffraction (XRD) measurements (PANalytical, Almelo, Netherlands), using a Bragg-Brentano diffractometer (X’Pert Diffractometer, Cu Kα radiation, λ = 1.54). Energy Dispersive X-Ray (EDX) spectrometry was carried out to evaluate the chemical composition of the investigated ZnO thin films. The electrical behavior of ZnO was also investigated at room temperature by Hall effect measurements using an MMR K2500-3RSLP instrument. Electrical and PE measurements were carried out on the fabricated PPT structures through a Piezo Evaluation System (PES, TF Analyzer 2000 HS, Aixacct, Aachen, Germany) coupled to a single-point laser vibrometer (Polytec OVF-505, Dexter, MI, USA).





3. Results and Discussion


3.1. Gold Electrodes—Preparation and Characterization

The morphology and average thickness of Au metal layers were analyzed by means of FESEM analyses for the samples deposited on Polyimide foils and Si substrates, respectively. In the case of the polymeric substrate, particular attention was paid to the evaluation of the surface characteristics of the Au layer, investigating the eventual presence of cracks, voids or detachments as well. Figure 1 shows FESEM images of a 100 nm-thick Au layer deposited on Polyimide foil (Figure 1a) and Si substrate (Figure 1b). A smooth surface, characterized by nanometer-sized, closely-packed grains, was observed. Even if no adhesion promoter was used, the Au layer showed a continuous and uniform structure on the whole area without evidence of cracks. All of these factors witnessed the good mechanical adhesion of the Au film to the polymeric substrate. This is further visible in the inset of Figure 1a, which shows a picture representative of the flexible Au/Polyimide structure. The good mechanical quality of the metal layer directly deposited on the flexible Polyimide foil is further noticed after bending the flexible specimen, indeed no mechanical degradation affecting the metal was observed, confirming the good adhesion of the Au layer to the polymeric substrate, despite no adhesion layers being previously deposited on the uncoated polymer.

Figure 1. FESEM images of Au layers deposited on (a) Polyimide and (b) Si wafer. Inset of panel (a) shows a picture of the Au-coated Polyimide specimen.
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3.2. ZnO Thin Films—Preparation and Characterization

The set of deposition parameters used for growing ZnO thin films are summarized in Table 2. Figure 2 shows the surface morphology and cross-sectional nanostructure representative of a 700 nm-thick ZnO film deposited on Si/Au substrate. The surface morphology was first analyzed (Figure 2a), highlighting the presence of a fine-grained nanostructure, with an average grain size ranging between 20 and 100 nm. The cross-section of the ZnO film is shown in Figure 2b and reveals the presence of highly densely-packed, vertically-aligned nanocrystals. This aspect is representative of the columnar growth regime which took place during the thin film growth, and is typical of c-axis-(002)-oriented polycrystalline ZnO thin films [60].

Figure 2. FESEM images showing (a) the surface morphology and (b) the cross-section structure of ZnO thin films grown on Au-coated Si substrates.
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X-Ray diffraction measurements were performed in order to analyze the crystal structure and orientation of the ZnO material. This aspect is really important. Indeed, the (002) crystallographic orientation is the one along with ZnO PE is maximized [61]. For this reason the deposition of highly c-axis-(002)-oriented films with a hexagonal wurtzite-like structure is essential for the PE response of ZnO to be promoted. The diffraction pattern collected from 700 nm-thick ZnO film grown on Si/Au substrate is shown in Figure 3a. A single diffraction peak positioned at 34.35° was detected. This can be ascribed to the family of (002)-oriented crystal planes (Joint Committee on Powder Diffraction Standards-International Centre for Diffraction Data, JCPDS-ICDD card no. 89–1397) and is representative of the presence of the hexagonal wurtzite-like crystal structure in the analyzed material. The presence of such preferential orientation also witnesses that approximately all of the crystal grains are already aligned along the desired PE (002) orientation. Therefore, no additional poling treatment is required for PE to occur.

Figure 3. (a) XRD pattern and (b) EDX spectrum of sputtered ZnO thin films.
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The chemical composition of ZnO thin film was investigated by Energy-Dispersive X-ray (EDX) spectroscopy. From the EDX spectrum reported in Figure 3b it can be observed that zinc (21.93 at.%) and oxygen (41.06 at.%) are detected, as expected. However, carbon (12.15 at.%) and silicon (24.68 at.%) are visible as well, because of contaminants absorbed on the sample surface and of the Si substrate contribution, respectively. A small amount of Al (0.17 at.%) coming from the sample holder is also detected. Since, from the EDX measurement the contributions of silicon, carbon, and aluminum cannot be excluded, a precise estimation of the ZnO stoichiometry could not be carried out.

Hall effect measurements were carried out on the 700 nm-thick ZnO film in order to examine the nature of majority carriers, film resistivity, and carriers mobility and concentration as well. ZnO is a well-known n-type semiconductor. This aspect is further confirmed in the present work, since electrons were found as majority charge carriers. The measured ZnO resistivity was 4.41 · 10−3 Ω∙cm, while the carriers mobility and concentration values were 80 cm2·V−1·s−1 and 2.29 × 1017 cm−3, respectively. Generally oxygen vacancies, together with the presence of unintentional hydrogen impurities, are believed to be at the basis of the intrinsic n-type nature of ZnO-based materials [62].

The current-voltage (IV) characteristic describing the electrical behavior of 700 nm-thick ZnO thin film is shown in Figure 4. The IV response was representative of the semiconductor nature of ZnO, showing currents ranging in the order of tens of μA and a nonlinear Schottky behavior. When the applied voltage was ±40 V or more, short circuits started to be present, witnessing that breakdown phenomena occurred in the investigated ZnO sample.

Figure 4. IV curve measured on a 700 nm-thick ZnO thin film.
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3.3. Device Fabrication and Characterization

The design of the final PPT structure in its CPE configuration is qualitatively presented in Figure 5.

Figure 5. Sketch of the main parts composing the PPT structure in the CPE configuration—Top view.
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Each transducer was composed of:


	Lower and upper Polyimide supports (total patch dimensions: 10 mm × 10 mm);


	100 nm-thick Au bottom electrode (5 mm × 5 mm);


	700 nm-thick ZnO piezoceramic layer (8 mm × 8 mm);


	100 nm-thick Au top electrode (4 mm × 4 mm).




The process steps followed for the fabrication of the transducers are represented in Figure 6. The first steps (a–c) consisted in the preparation of the patterned Au bottom electrode deposited on Polyimide foils by optical lithography and wet etching processes. A 1 µm–thick positive photoresist (HPR504) was deposited onto the samples. The desired geometry was then obtained by aligning a Mylar® mask with the UV radiation, exposing to UV radiation, and developing the photoresist. The Au layer was then removed by wet etching with a solution of KI:I2:H2O (4 g:1 g:40 mL). Finally, the patterned samples were rinsed in deionized water and then with acetone and isopropanol to remove the unexposed photoresist. A 700 nm-thick ZnO film was then deposited onto the patterned Au-coated Polyimide substrates (d–f). The same patterning procedure described so far was performed to define the geometry of the ZnO layer and top electrode (g–h).

Figure 6. Flow-chart describing the process steps of the PPT in CPE configuration fabrication process: (a–h) deposition and patterning of the electrodes and ZnO thin film; (i,j) assembly of the final PPT structure.
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The last step of the fabrication process (Figure 6i,j) consisted in the assembly of the final structure. This was obtained by gluing the upper and lower Polyimide foils with an epoxy resin suitable for space applications. The assembly of the final transducer requires the use of adhesives in order to fix the different parts together, guaranteeing insulation between facing electrodes, electrical continuity between metallic electrodes, and the active layer and the sealing of the structure from the external environment, without worsening the flexibility of the device. The adhesive used for the assembly was, thus, selected among those commercially available, by considering thermal and electrical conductivity, mechanical, and out-gassing characteristics of the commercial products. On the basis of these considerations, an epoxy resin was purchased from ELANTAS (Epoxylite TSA 220, Wesel, Germany) and selected for being an electrically-insulating epoxide resistant to high strains, bondable to the required materials, curable from room to high temperature, stable during the service temperature range, and characterized by low outgassing values. The curing procedure consisted in a thermal treatment performed in air at 165 °C for 12 h.



Table 3 summarizes some technical characteristics of the prototypes prepared by following the fabrication process reported in Figure 6 and the curing process described above.

Table 3. Technical characteristics of the PPT prototypes.


	Parameter
	Value





	Active Area
	4 mm × 4 mm



	Active layer thickness
	900 nm



	Minimum curvature radius
	6 mm



	Operating temperature
	−40 °C up to 80 °C



	Breakdown voltage *
	±40 V



	d33
	12.3 pm/V



	Typical operating voltage
	±15 V



	Typical operating frequency
	100 Hz





* Tested in the frequency range between 1 and 100 Hz.






In order to qualify the operation of the prepared prototypes as piezopolymeric transducers, the converse PE effect was evaluated on the samples, as shown in Figure 7. Measurements were performed by using the PES setup described in the Experimental Section. An electric voltage (±15 V) was applied on the PPT and the PE-induced mechanical displacement recorded by a single-point laser vibrometer (see Figure 8a). The displacement vs. voltage curve representative of the converse PE behavior of the investigated PPT structures is shown in Figure 8b together with the corresponding linear fit.

Figure 7. Image representative of the different PPT prototypes (a) as prepared and (b) under bending conditions.
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Figure 8. (a) Picture of the PES setup used for piezoelectric characterization; (b) Mechanical displacement vs. applied voltage measured on the PPT prototypes.
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An almost-linear behavior was obtained and no hysteresis phenomena were observed. This last aspect was expected, since ZnO does not show the presence of ferroelectric domains, being a non-perovskite PE material. Thus, the PE characteristic is expected to be quite linear, as for other non-centrosymmetric materials like AlN [63]. However, some deviations from a perfect linear behavior are visible (R-square ~0.97). These are mainly ascribed to additional contributions coming from the substrate bending, which cannot be excluded during the measurements, with our setup. The measured peak-to-peak mechanical displacement was around 530 nm. From the slope of the linear characteristic an estimation of the d33 PE coefficient was also possible, with an average value of 12.3 pm/V that well agrees with the 12.84 pm/V theoretically determined by direct first-principles density functional calculations [64]. The direct PE effect of flexible ZnO-based structures very similar to the ones reported in this work was already investigated and reported in a previously published paper [39]. In that case a PE output voltage generation of 0.361 V was obtained for a 700 nm-thick ZnO film under the application of a periodical mechanical stimulus of 30 N. The sensitiveness of our sputtered ZnO thin films towards input mechanical forces was thus already pointed out, and further supported the investigation of such materials as PE transducers for HMS.

The device described in this paper was conceived to be coupled to the cylindrical fuel tank of a system launcher. Normally those vessels are fabricated by means of filament winding using carbon fibers, an extremely tough material, in which the formation and propagation of a crack, due to accidental impacts or mechanical stresses could eventually result in mission failure and payload loss. The real-time monitoring of eventual crack formation/propagation is thought to be done by injecting a train of Lamb waves through our PPT and using the same device as a receiver to correlate eventual echoes to the cracks. The material choice and trade-off, the device design, and fabrication, were all conceived to provide an engineering solution to the onboard requirements. As an example, the breakdown voltage of 40 V well fits with the standard onboard power bus (28 V).

Both read-out and control circuitry fabrication and testing, as well as PPT operation in the relevant environment, are outside of the scope of the present paper.




4. Conclusions

This work reports about the fabrication of conformable, reusable, and reproducible piezopolymeric transducers (PPT) for health monitoring systems in space applications. Suitable materials and design for the fabrication of the PPT structures were defined, on the basis of fundamental requirements for HMS applications. The design of the PPT consisted of a piezoceramic layer coupled to a pair of flexible polymeric patches covered with metal layers acting as electrodes. Sputtering was selected as the synthesis technique for growing all the involved materials, while Au and ZnO were selected as the electrode material and the piezoceramic, respectively. In particular, ZnO was considered a promising candidate thanks to its biocompatibility and compatibility to the space environment, thus representing a valid alternative to the conventional lead-based, toxic PZT. Suitable deposition conditions were selected for the sputter deposition of high-quality Au electrodes and PE ZnO thin films on flexible Polyimide substrates. The fabrication process for the PPT structure consisted in the following steps. Au metal layers were deposited on Polyimide foils and patterned in order to get the desired bottom electrode geometry. After that, ZnO thin films were deposited onto the Au/Polyimide substrates and patterned. Finally, the Au top electrode was deposited on the ZnO/Au/Polyimide structure, and patterned again. Wet-chemical etching and optical lithography were performed for patterning the different parts of the transducer. An epoxy resin suitable for space applications was selected among those commercially available and used for the final assembly of the PPT structure, which consisted in a thermal bonding procedure needed to fix the upper Polyimide foil to the underlying Au/ZnO/Au/Polyimide structure. Following this fabrication process, different PPT prototypes were successfully prepared and their converse PE behavior evaluated by applying an electric voltage across the ZnO layer, and measuring the induced mechanical displacement. In this way an estimation of the d33 PE coefficient was also possible, with a measured value of 12.3 pm/V, in agreement with the one theoretically predicted for ZnO. Our results encourage the use of PE ZnO thin films for the fabrication of flexible and conformable PE transducers for HMS applications.
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