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Abstract—  Understanding the failure mechanisms of
piezoelectric thin films is critical for the commercialization of
piezoelectric microelectromechanical systems. This paper
describes the failure of 0.6 pm lead zirconate titanate (PZT) thin
films on Si wafers with different in-plane stresses under large
electric fields. The films failed by a combination of cracking and
thermal breakdown events. It was found that the crack initiation
and propagation behavior varied with the stress state of the
films. The total stress required for crack initiation was estimated
to be near 500 MPa. As expected, cracks propagated
perpendicular to the maximum tensile stress direction. Thermal
breakdown events and cracks were correlated, suggesting
coupling between electrical and mechanical failure. It was also
found that films that were released from the underlying
substrates were less susceptible to failure by cracking. It was
proposed that during electric field loading the released film
stacks were able to bow and alleviate some of the stress. Released
films may also experience enhanced domain wall motion that
increases their fracture toughness. The results indicate that both
applied stress and clamping conditions play important roles in
the electromechancial failure of piezoelectric thin films.

Keywords—electromechanical failure, lead zZirconate titanate,
piezoelectric thin films

I. INTRODUCTION

Piezoelectric microelectromechanical systems
(PiezoMEMS) are used in a variety of applications including
energy harvesters, actuators, sensors, and piezoelectric
micromachined ultrasound transducers (PMUT) [1]-[3]. In
many of these applications, the piezoelectric thin films are
subjected to severe electromechanical loading conditions to
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achieve high power outputs, signal strengths, and device
efficiencies. In sensors and energy harvesters, the mechanical
strains applied can be large, and for thin film actuators, the
applied electric fields are usually much larger than those
experienced by their bulk counterparts  [4]-[6].
Electromechanical failure of piezoelectric thin films is thus
common and a topic of considerable technological and
commercial significance.

Previous failure studies of lead zirconate titanate
(PZT) thin films under applied electric fields (E) indicate that
the onset of failure is often marked by crack initiation and
propagation [7]-[10]. Electric-field induced -cracking is
believed to be a result of piezoelectric stress (cp), which is
directly related to the piezoelectric coefficient, €31, as shown
in Equation (1).

0p=-€31,fE (1)

Equation (1) points out a fundamental dilemma for
piezoMEMS engineers; while a larger esr is desirable for
increased device output and efficiency, a larger e3; ralso results
in larger o, at a given field.

Since piezoelectric thin films are under large amounts
of stress as deposited, several studies have attempted to
quantify the total stresses required for crack initiation and
propagation [9]-[11]. For PZT thin films, cracks will initiate
between approximately 0.5 to 1 GPa [11]. This is a
considerably larger stress requirement than for bulk PZT, in
which both tensile and bending strength is reach around 50-100
MPa [12], [13]. However, a recent study showed that the crack
initiation stress in PZT films depends on the film’s thickness
[14]. Films that are thicker need less stress for failure [14],
[15], due to an energy criterion, which states the required
energy in the system (potential energy and work on the system)
needs to exceed the surface energy required for creating a
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crack [15]. As a result, thin films require high stresses to
initiate a crack.

To determine the crack initiation stress of a PZT film,
the piezoelectric, residual, and applied stresses must be
considered in the total stress calculation. The residual stress is
determined by the synthesis method, heat treatments, and
substrates used. The substrate typically induces biaxial stress in
the film due to thermal expansion mismatch between the
substrate and the film [16]-[19]. In this study, uniaxial strains
were applied by bending cantilevers [20], resulting in different
in-plane x and y stress states, which should lead to anisotropy
in the cracking and failure pattern. In addition, the influence of
micromachining to remove the underlying substrate on the
electromechanical failure was also investigated.

II. EXPERIMENTAL PROCEDURE

PboA99(ZI‘0A52Ti0(48)0,98Nb0A0203 ﬁlms were made through
chemical solution deposition on LaNiO3/SiO,/Si wafers (Nova
Electronics materials, <001> 500 um Si with 1 pm thermal
oxide) [20]. The films were 0.6 um thick, with preferred {001}
orientations due to the LaNiOs bottom electrode and seed
layers. Further synthesis details are given in [20]. The films all
had blanket bottom electrodes and circular top electrodes of
sputter deposited Pt, with diameters of 600 um defined by a
lift-off process. During testing, the top electrodes were
electrically grounded and the voltage was applied through the
bottom electrode.

To drive the films to electromechanical failure, DC
electric fields of 500 kV/em (30 V) were applied while
monitoring the leakage current using a Hewlett Packard pA
meter. Between 100 and 300 s after the field was applied, the
film would fail. The failure was marked by the appearance of
black marks produced by localized thermal breakdown,
accompanied by spikes in the leakage current and audible
electrical arcing between the top and bottom electrodes.

Additional films were subjected to both 500 kV/cm
electric fields and applied uniaxial strains (-0.05% to 0.05%).
The magnitude of the applied strain was measured using a
strain gauge and was varied by changing the force applied to
the free end of PZT cantilevers, as described elsewhere [20].
The uniaxial strains were applied down the length of the
cantilever (y direction), and the stresses in the x- and y
direction were calculated.

III. RESULTS AND DISCUSSIONS

The observed failure patterns seen on the electrodes of
the films changed significantly as a function of this applied
uniaxial strain (Fig. 1). The thermal breakdown events were
visible as small black dots decorating the cracks.

The failure pattern of cracks and thermal breakdown
events changed with the direction of the uniaxial applied strain.
The cracks propagated predominantly perpendicular to the
maximum tensile stress direction, as expected. For example,
the electrode in Fig. 1(a) was under a uniaxial compressive
strain in the y direction and the maximum tensile stress of 510
+ 50 MPa occurred in the x direction, and so cracks propagate
in the y direction. As the uniaxial strain in the y direction was
first reduced and then altered to tensile strains, the crack
pattern changes to a random crack pattern (Fig. 1(c)) and then
cracks align in the x direction (Fig. 1 (d), (e), (f)). The
percentage of cracks that aligned within 45° degrees of the
maximum tensile strains’ direction were above 80% for all the
samples. Thus, even the smaller applied strains induced
significant orientation of the cracks.

Inspection of the failed films using scanning electron
microscopy (SEM) revealed that the electrical and mechanical
failures were correlated in time and space (Fig. 2). The debris
on the film surfaces is the residue from thermal breakdown
events, material expelled violently during breakdown. Both
cracks, indicated by arrows, and thermal breakdown events,
seen as oval and circular dark features with lighter outer
regions of melted material, are clearly present. It is notable that
the thermal breakdown events are connected through cracks. It
is likely that cracks appear both before and after thermal
breakdown. Some of the cracks propagate through the thermal
breakdown events, suggesting that the thermal breakdown
events occurred first (yellow dashed arrows). In other regions,
the thermal breakdown events and the melt region appear on
top of the crack, suggesting that the crack occurred first, as
indicated by the orange arrow. The order of these mechanisms
should depends on when the criteria for each event is met [14],
[15], [21], [22]. However, since these two-failure mechanisms
are consistently present and the order of events can vary within
a single film, it is reasonable to suggest that a single event can
cause the other to occur. That is, a thermal breakdown event
can initiate cracks by creating sufficient stress and cracks can

Fig. 1. Optical images of the failure behavior of 600 pm diameter Pt electrodes on 0.6 pm PZT thin films. The electrodes were under -0.051% (a), -0.036% (b),
0.00% (c), 0.02% (d), 0.03% (e), and 0.051% (f) uniaxial strain in the y direction. The arrows represent the direction perpendicular to the maximum tensile stress
direction, which also indicates the cracking direction. The larger arrows represent a larger magnitude of the tensile stress. Thermal breakdown events (black dots)
decorate the cracks, giving distinct failure patterns based on the applied uniaxial strains.
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Fig. 2. SEM of the top surface a failed capacitor, showing both crack and thermal breakdown events for a PZT film under 0% applied strain (a), and -0.05%
uniaxial strain (b). Cracks connect the thermal breakdown events as shown by the arrows. The yellow dashed arrows represent cracks that would have
occurred after the thermal breakdown events as the crack cuts through the thermal breakdown event and the solid orange arrow represents a crack that
occurred before the breakdown events it connects. The crack propagates perpendicular to the maximum tensile stress direction as shown in (b).

initiate thermal breakdown events [23] by creating conductive
pathways through the film.

To determine the crack initiation criteria for these
films, the total stress in the sample was calculated in the in-
plane x and y directions, as shown in Table 1. The total stress
included the residual stress o, [20], applied stress ca, and the
piezoelectric stress, 6,, where e31rwas -7.1 C/m? for films on
Si [20]. With no applied strain and an applied electric field, the
PZT samples cracked under a total stress of approximately
~480 MPa. This total stress was slightly lower than the stress

required to initiate cracking in PZT thin films with similar
thickness under pure mechanical loading [14], but similar to
values for films under electromechancial loads [24]. The slight
reduction in total stress required for crack initiation may be due
to the estimation of the piezoelectric stress in the film. It is
assumed that this is solely due to the piezoelectric response of
the film described in Equation (1), and it is assumed that the
piezoelectric stress is constant. However, the €31 ris a function
of both the applied field [25] and stress [20], [26], leading to an
underestimation of the total stress of the film here. A second

Table 1. Calculated stresses and crack spacing (8.) in the x and y direction for films represented in Fig. 2 (a-f). For o,, the piezoelectric coefficient, e;; swas
estimated to be -7.140.35 C/m? . Numbers in bold indicate the maximum tensile stress for the sample. To calculate the applied stress in the x (c,) direction the
Poisson’s ratio of 0.3, and Young’s modulus of 90 GPa for (001) oriented PZT was used [34]. Values are in MPa unless otherwise noted.

Electrode or Op Cay Cax Gtot,y Gitot,x Oc (Lm)
a 130 + 30 350+20 -45 14 455 514 21£2.8
b 130 +30 350+20 -32 10 468 510 26+4.2
c 130 + 30 350+20 0 0 480 480 26+2.7
d 130 +30 350+20 18 -5 518 495 24+3.6
e 130 + 30 350+20 27 -8 527 492 28+£6.6
f 130 +30 350+20 46 -14 546 485 21+£3.5
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possible contribution to the reduction in the crack initiation
when an electric field is present may be due to a reduction in
domain wall motion. The electric field acts to align the
polarization, and so may reduce stress-induced ferroelastic
switching, which is a toughening mechanism in ferroelectric
materials [27], [28].

When the electrodes fail, they consistently have
multiple cracks. According to the coupled criterion, with a
large energy stored in a material, a long initial crack should be
initiated. However, for thin films, this initial crack length may
be larger than the thickness of the film and the excess energy
will allow for the formation of multiple cracks [29], [30]. It has
been reported that films will have smaller crack spacing if they
are under more stress, since there is more energy released [29]—
[31]. The crack spacing for each sample was calculated in
Table 1 using a line intercept method. Lines of various lengths
were drawn in the maximum tensile stress direction (or random
directions when there was no maximum) and the number of
cracks that intercepted the line were counted to determine the
crack spacing. The crack spacing was consistent for all samples
despite the slight changes in stress (480 to 546 MPa). The
small changes in the stress may not be significant enough to
induce significant changes in crack spacing.

However, the total area of the electrode that had
failed increased with applied stress. The failed surface area was
determined using binary images of the electrode in Imagel®,
where the blackened areas were considered to have undergone
failure. Those samples subjected to higher levels of applied
uniaxial strain, that is Fig. 1 (a), (b), and (f), showed that more
than 20% of the eclectrode areca had failed. The samples
subjected to lower levels of applied strains, Fig. 1 (c), (d), and
(e), showed that less than 20% of the electrode area had failed.
This difference in failed area may suggest that there is some
correlation between the total stress and the energy in the
system with the failure behavior.

PZT films clamped to Si substrate are under

(a) Clamped

(b) Released

—

Fig. 3. Observed top electrode after samples have been driven at 733 kV/cm for
released device and 785 kV/ecm for clamped device. Cracking of the top
electrode was observed for PZT films that were clamped (a) and released (b).
Cracking was not observed for the released film, but seen on the clamped film in

(a).

significant amounts of residual stress and fail mechanically
once a threshold stress has been induced. It is notable that films
which are released from the substrate may have higher
piezoelectric properties due to reduction in the residual stress
and increases in domain wall motion [32], [33]. If the residual
stress is reduced, then released films may be less prone to
cracking for a given applied electric field than a clamped film.
Moreover, an increase in domain wall motion may improve the
released film’s fracture toughness and increase the crack
initiation stress.

To explore these possibilities, a series of additional
1.9 um PZT films that were released from their Si wafer were
tested. The term “released” means that the Si wafer beneath the
bottom electrode was etched away so that the film stack
consists of top electrode, film, bottom electrode, and passive
elastic layer. These PZT films were obtained from Xaar. They
were prepared by chemical solution deposition and had an
MPB composition, so their mechanical properties were
expected to be consistent with the previously discussed films.
These samples had a DC field applied for 15 s and the
amplitude of the DC field was increased by 10 V (52.5 kV/cm)
using a 4140B pA meter and Trek2210 voltage amplifier, from
0 to 200 V. The field was held for 3 s prior to an additional
increase. The DC signal was driven from the bottom electrode
of the released and clamped samples. Above 700 kV/cm both
samples failed. The clamped samples shorted at 785 kV/cm
and Fig. 3(a) shows the failed electrode where cracking is
observed on the surface. Fig. 3(b) shows the electrode for the
released film after it shorted at 733 kV/cm. The released film
does not show any signs of cracking. Films released from rigid
substrates had a reduced propensity for cracking, perhaps due
to bowing that relieved piezoelectric stress during electrical
loading. This may also be true for PZT films grown on flexible
substrates.

IV. CONCLUSIONS

The observed failure of PZT films has been shown to
depend on both applied strain direction and clamping
characteristics. Cracking can be observed when the total stress
reaches the crack initiation stress of the film and leads to crack
propagation perpendicular to the maximum tensile stress
direction. Failure under electromechanical loading conditions
was observed as a combination of thermal breakdown events
and cracks in films clamped to a Si substrate. To reduce
cracking, films should be released from the substrate so they
can bow under applied electric fields and withstand higher
fields.
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