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Effect of electrically induced cracks on the properties of PZT thin film capacitors

We present a study of the effect of electrically induced cracks on both the ferroelectric and piezoelectric properties of Pt/PbZr0.52Ti0.48O3 (PZT)/Pt capacitors, and correlations with the domain structures of the PZT films. Above a threshold bipolar electric field, cracks appear inside the PZT layer thickness leading to an increase of the ferroelectric polarization (+ 50% for the remnant polarization, from 16 µC/cm 2 to 25 µC/cm 2 ) and the longitudinal piezoelectric coefficient d33,f (from ~150 pm/V to ~220 pm/V). The use of X-ray diffraction during in situ biasing provides direct evidence for a modification of the PZT crystalline structure as well as the a/c domain configuration. After cracking, the fraction of c-domains is strongly increased, thus contributing to higher polarization and larger strain in the out-of-plane direction.

The lead zirconate titanate perovskite, Pb(Zr0.52Ti0.48)O3 (PZT) is a ferroelectric material showing piezoelectric effects among the largest ones. This composition, which is in the vicinity of the morphotropic phase boundaries (MPB) region 1 , is used in many fields of microelectromechanical system (MEMS) actuator devices: optics (varifocal lens, micromirror), acoustics (micro-speaker), ultrasonics (Piezoelectric Micromachined Ultrasound Transducers: PMUT), fluidics (inkjet head, micro-pump), haptics (tactile feedback) and many others 2,3 . In actuator devices, high electrical fields are applied on the piezoelectric film capacitor to generate large mechanical displacements, which may lead to different failure mechanisms. The reliability of the integrated materials is of major importance for the devices. Several studies have been conducted to investigate reliability concerns in case of PZT films. Electrical failures such as electrical breakdown or fatigue in PZT thin films have already been well explored [4][5][6] . Mechanical failures through formation of cracks under either applied mechanical or electrical stress on the film, sometimes associated with fatigue, have been also reported [7][8][9][10][11] . A few papers report electrically induced cracks, but without detailing the properties of PZT after cracking 12- 15 . Understanding and mastering of the reliability of the material is key for its viability in applications.

We have studied the effect of cracks induced by the application of electric field on the structural and electrical properties of PZT capacitors. Highly (100)-oriented 2 µm thick PZT films were grown by chemical solution deposition on Pt (111) 100 nm/TiO2 20 nm/SiO2 500 nm/Si 725 µm substrate (200 mm wafer). PZT sol-gel solution with Zr/Ti ratio of 52/48 was provided by ACCEPTED MANUSCRIPT / CLEAN COPY Mitsubishi Materials Corporation. More details about the deposition of PZT thin films can be found elsewhere [START_REF] Kovacova | [END_REF] . Platinum layer with 100 nm thickness was sputter deposited and patterned as top electrodes to fabricate capacitors.

The cracking of the 2 µm-thick PZT capacitors was observed after applying a threshold electrical voltage of 70 V (bipolar signal) or 150 V (unipolar signal) on several similar samples. The density of cracks expands with the amplitude and the iteration of the signal. Despite the cracks, capacitors remain functional until electrical breakdown (typically around 140 V for a bipolar signal). It is worth mentioning that the observed phenomenon is irreversible. Here we present the properties of capacitors subjected to 4 periods of the applied bipolar signals (±80 V, 200 Hz, triangular waveform). In order to evaluate the impact of the cracks on the properties, various measurements have been performed before and after the cracking of the capacitors. A scanning electron microscope (SEM) from HITACHI (S-5000) was used to observe the crosssections of PZT capacitor stacks. Symmetric coplanar diffraction in Bragg-Brentano geometry (using an Empyrean from PANalytical® 2 circle goniometer) was employed to evaluate structural and crystallographic properties. In situ biasing XRD characterization was performed in the same geometry by applying ±20 V (step of 0.5 V) during the measurement using similar protocol as described in reference [ 17 ]. The X-ray energy was 8.048 keV (i.e. X-ray radiation with a copper cathode tube) and the beam footprint was chosen to be 1x5 mm² in our diffraction geometry. Two micromanipulators adapted to our X-ray goniometer equipped with Tungsten needles (radius of 25 µm) were used for the electrical biasing. Due to the beam footprint, all the XRD measurements were performed on bigger capacitors (2x8 mm²) after checking that we obtain similar results and observations between big (16 mm²) and small (1 mm²) capacitors. According to this diffraction geometry (Bragg-Brentano), peak evolution in the direction of the applied electric field (out-of-plane) is evaluated, which also corresponds to the major (100) texture direction. Ferroelectric and dielectric measurements were performed at room temperature with a TF Analyzer 2000 Measurement System from aixACCT. Typical polarization-voltage (P-V) hysteresis loops were recorded using a bipolar 200 Hz triangular waveform signal at a maximum voltage amplitude of 30V, which correspond to an electrical field of ±150 kV/cm. Butterfly curves of the capacitance and the associated dielectric losses were obtained by sweeping DC voltage (-20 V to +20 V) while applying an AC exciting signal (1 kHz, 150 mV). The longitudinal piezoelectric coefficient d33,f was measured with a double beam laser interferometer (DBLI) from aixACCT 18 with a 300 Hz triangular waveform signal at a maximum voltage amplitude of 25 V.

Optical microscope pictures of PZT capacitor surfaces before and after the appearance of cracks are shown on Fig. 1a and1b, respectively. Cracks can be easily observed through the platinum top electrode on Fig. 1b, while they are absent on Fig. 1a. It is noteworthy that the cracking appears homogenous throughout the entire capacitor surface, meaning that Fig. 1b is representative of the observed phenomenon. More interesting, SEM observations demonstrate that the cracks are located exclusively inside the PZT film and do not propagate through the electrodes (Fig. 1c). A collapse of the upper platinum layer at the location of the cracks allows observing the phenomenon from above (Fig. 1d). This plastic deformation of the top electrode has already been reported in the literature 8 . As a result, it is important to notice that the top and bottom electrodes are continuous despite the collapse. That is why the capacitors remain functional despite the cracking of the PZT film. The ferroelectric, dielectric and piezoelectric properties were measured before and after the apparition of cracks on 1mm² capacitors (Fig. 2). Once cracks appeared, positive maximum and remnant polarization increase up to 39 µC/cm 2 and 25 µC/cm 2 compared to the initial values of 33 µC/cm 2 and 16 µC/cm 2 , respectively, as shown in Fig. 2a. It corresponds to an increase of approximately 15% for the maximum polarization and more than 50% for the remnant polarization. The associated polarization current is plotted in Fig. 2b. The switching current corresponds to the visible peak under ±10 V, the latter has more than doubled for both positive and negative voltage, indicating greater switching after the apparition of cracks. This large change of polarization values was measured on several capacitors for a given wafer, meaning that this phenomenon is reproducible. As an example, for 5 capacitors investigated on a given wafer under exact same experimental conditions, we measured for the positive remnant polarisation on average an increase of 54% with a standard error of 2%. In the same time, the relative permittivity (r) decreases by more than 50 on average in the ±20 V range, while dielectric losses tan(δ) increases from ~6% to ~9% (Fig. 2c). The dielectric losses could be affected by the formation of new leakage paths through the cracks. Indeed, we observe an increase of the leakage current density from 16 nA/cm² to 165 nA/cm² after cracking (not ACCEPTED MANUSCRIPT / CLEAN COPY shown). As visible in Fig. 2d, the maximum displacement and thus the piezoelectric coefficient d33,f increases after cracking. The values of d33,f+ and d33,f-change from 146 pm/V to 213 pm/V and from -148 pm/V to -231 pm/V, respectively. A partial declamped of the PZT film on the substrate could occurred with the cracking and lead to an increase of the measured d33,f 19,20 . However, no apparent delamination was observed in our case. Such an important evolution of the electrical and piezoelectric behavior cannot be explained only by a wake-up of some dipoles, but implies significant modifications of the PZT properties such as a variation of the structure and/or a change in the extrinsic properties such as the stress in the thin film. In this study, cracks are only induced by the application of an electric field above a given threshold. By increasing significantly the electric field (E), the stress within piezoelectric film will increase as well. This is the electrical induced stress (σe) with a piezoelectric part (e31,f) and an electrostrictive part (M), which can be calculated as follows 8 :

𝜎 = 𝑒 , 𝐸 + 𝑀𝑐𝐸 (1)
where c is the stiffness of the material. This stress adds up with residual stress, which is mainly due to the mismatch of thermal expansion coefficient between PZT and the substrate. On silicon substrate, the residual stress (tensile) in sol-gel PZT can be estimated between 100 and 200 MPa [START_REF] Defay | IEEE 22nd Int. Conf. Micro Electro Mech. Syst[END_REF][START_REF] Zhao | [END_REF][START_REF] Mazzalai | Jt. IEEE Int. Symp. Appl. Ferroelectr. Int. Workshop Acoust. Transduct. Mater. Devices Workshop Piezoresponse Force Microsc[END_REF] . Upon a certain level of stress, cracks will be initiated within the thin film. We can estimate in our case a critical stress between 0.4 and 1 GPa [START_REF] Coleman | Jt. Conf. IEEE Int. Freq. Control Symp. Int. Symp. Appl. Ferroelectr. IFCS-ISAF[END_REF][START_REF] Mehta | [END_REF] . By combining this residual ACCEPTED MANUSCRIPT / CLEAN COPY stress and the induced electric stress (~350-400 MPa), we understand that we reach the critical stress, which explains the occurrence of cracks.

The residual tensile stress in the film directly impacts the domain distribution, which has a direct effect on the electric and piezoelectric responses [25][26][27][28][29][30] . Tensile stress favors in-plane domains, which lead to a lower polarization and a greater permittivity 27 . After cracking, the residual stress at least partially released [START_REF] Zhao | [END_REF] . As a consequence, the domain patterns may be changed, and thus the electric and piezoelectric properties. This assumption is in good agreement with our observations.

In order to confirm this hypothesis and to explore the structural change within the PZT, in situ biasing X-ray diffraction measurements have been performed within a single measurement session on two different capacitors close to each other on the sample, one uncracked and the other cracked. In Fig. 3, the diffraction pattern around the pseudo-cubic 200 PZT peak is shown for uncracked and cracked capacitors, with and without an applied electrical voltage during the measurement. At 0 V, we can see that after cracking, the peak shifts towards smaller angles from 44.575° to 44.373° and gets wider from 0.708° to 0.883° Full Width at Half Maximum (FWHM). At 20 V, the change is increased for the cracked capacitor. The peak position is 44.191° and the peak is a little bit sharper with a FWHM of 0.817°. Such changes may result from different reasons. A modification of the domain structure by ferroelastic switching can occur, as well as a phase transition since we know that there is a mix of tetragonal and rhombohedral phases for PZT at MPB. An accumulation of defects could also participate partially to a widening of the peaks. This is coherent to assume here since the cracks could lead to new defects, as can be seen with the increase of both the dielectric losses and the leakage current as mentioned above. However, we think that the main effects are the change in the phase and/or domain structure in relation with the variation of the properties shown in Fig. 2.

. In order to investigate this, profile refinement for each peak has been realized using pseudo-Voigt symmetrical functions (Fig. 4). For all samples, best refinement is obtained by ACCEPTED MANUSCRIPT / CLEAN COPY considering presence in the film of both rhombohedral and tetragonal phases that are located on either side of the morphotropic boundary at room temperature. The peaks are refined with three simulated sub-peaks, one is from the rhombohedral phase (024) noted "r-domain" and the other two are from the tetragonal phase ( 200) and (002) noted "a-domain" and "c-domain", corresponding respectively to the in-plane and out-of-plane polarization domain. In our configuration, increasing the c-domain will lead to an increase of polarization and a decrease of permittivity. We can see with the uncracked and cracked capacitors at 0 V, Fig. 4a and Fig. 4c respectively, that even with no applied voltage, there is an important difference in the proportion of the "c-domain". By taking the integrated intensities of the three sub-peaks, we can estimate the contribution of the out-of-plane polarization.

For the uncracked capacitor the contribution of the out-of-plane polarization domain is approximately 20%, whereas it is almost 70% for the cracked one. This indicates that there is indeed a relaxation of the film. It explains also that the remnant polarization is greater for the latter. As expected, applying a voltage raises the fraction of c-domain, up to more than 30% for the uncracked capacitor at 20 V (Fig. 4b). After cracking, we can observe an even greater amount of c-domain fraction, up to more than 75% (Fig. 4d). The domains are less constrained and can switch more easily, which also going along for a bigger saturated polarization for cracked capacitors as well as a higher strain in the out-of-plane direction as shown with the DBLI measurement (Fig. 2c). This increase of the (002) peak intensity is correlated with the diminution of the intensity of both the (200) and the (024) r-phase peaks. This means that, according to this profile refinement, an important increase of the out-of-plane domain occurred as a result of both ferroelastic domain switching from a-domain to c-domain and phase transition from rhombohedral to tetragonal phase. In this paper, we have found a correlation between the increase of both ferroelectric and piezoelectric properties resulting from electrically induced cracks with a clear modification of the PZT domain structure. Above a threshold bipolar electric field, an irreversible change of the crystalline structure occurs together with cracking of the film. A phase transition from rhombohedral towards tetragonal phase is observed. The volume fraction of c domain of the tetragonal phase is also strongly increased. The PZT capacitors are still functional with major change on the ferroelectric and piezoelectric properties. The remnant polarization and the longitudinal piezoelectric coefficient d33,f are increased, up to more than 50%. The evolution of the electrical characteristics is consistent with the structural change observed by XRD measurements. In a future work, similar experiments will be conducted on cantilever and membrane type actuators.
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Fig. 1 :

 1 Fig. 1: Optical microscope pictures of PZT film covered by platinum (top view) a) before cracking and b) after cracking. The inset shows the observed area of the 1 mm² capacitors. SEM images of a crack in the PZT thin film through c) cross-sectional view and d) tilted view (40°).

Fig. 2 :

 2 Fig. 2: a) Polarization versus applied voltage loops, b) Polarization current versus applied voltage, c) permittivity and dielectric losses versus applied voltage curves and d) piezoelectric displacement versus applied voltage curves, all measured before and after cracking.

Fig. 3 :

 3 Fig. 3: XRD diagram θ-2θ profile evolution of PZT around peak (200) for cracked and uncracked capacitors with and without electrical tension applied (20V).

Fig. 4 :

 4 Fig. 4: XRD diagram with fitting of the PZT peak for the uncracked capacitor at a) 0 V and b) 20 V. and for the cracked capacitor at c) 0 V and d) 20 V.