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A B S T R A C T   

Piezoelectric micromechanical systems (piezoMEMS) are often subjected to harsh mechanical and electrical loads 
during operation. This study evaluates the effects of the electrical history of a lead zirconate titanate (PZT) layer 
on the electro-mechanical response and structural limits of multilayer stacks. Electro-mechanical characteriza
tion was performed under biaxial bending employing the Ball-on-three Balls (B3B) test on virgin, poled, and DC 
biased (80 kV/cm) samples. No significant effect on the characteristic strength or Weibull modulus of the stack 
was observed. However, the crack initiation stress was highest for the virgin samples (σ0 ~ 485 ± 30 MPa); this 
decreased for both poled samples (σ0 ~ 410 ± 30 MPa), and samples measured under 80 kV/cm (σ0 ~ 
433 ± 30 MPa). in situ εr and loss tangent measurements suggested electromechanical loading conditions can 
destabilize the domain structure. Overall, the electrical history and electromechanical loading conditions can 
reduce the PZT film’s fracture resistance.   

1. Introduction 

Piezoelectric microelectromechanical systems (piezoMEMS) are 
used in actuators, transducers, sensors, and energy harvesting devices 
[1–3]. These devices are typically fabricated as stacks containing thin 
active piezoelectric layers (typically between 0.1–5 μm in thickness) 
grown on a passive elastic layer (e.g. Si) [4]. The small thickness of the 
piezoelectric film enables significant reduction in the voltage required to 
reach target electric fields, compared to bulk ceramics or single crystals. 
Their performance depends on the piezoelectric response of the film 
layer as well as the total stress/strain that the films can withstand. The 
main figures of merits (FoM) for these applications are related to the 
piezoelectric coefficient (e31,f ) and the relative dielectric constant (εr) of 
the film; for actuators, the figure of merit is e31,f , for voltage-based 

sensors e31,f
εr

, and for energy harvesters e31,f
2

εr 
[5–7]. Lead zirconate tita

nate (PZT) with a morphotropic phase boundary composition of Pb 
(Zr0.52Ti0.48)O3 is commercially used in many applications because of its 
high piezoelectric coefficient [1,2,8]. As suggested by FoM, the large 
piezoelectric coefficient leads to higher sensitivity, larger displace
ments, and power outputs. Tailoring the properties of the piezoelectric 

thin film can enhance the device performance. In this regard,e31,f de
pends on several factors including: crystallographic orientation [9,10], 
stress and domain alignment [11,12], composition and microstructure 
control [13,14], and the degree of clamping [15,16]. 

In order to guarantee high performance of the stack, the structural 
integrity of the film must also be preserved during electromechanical 
service conditions. Due to the inherent brittleness of PZT [17,18], 
cracking of the film layers is a common problem, leading to a degra
dation of the electrical properties of the stack and/or complete failure 
[19–21]. Recent studies have shown that failure of the stack under 
electrical load begins with cracking in the PZT films [19,20,22]. More
over, it has recently been shown that mechanical failure of PZT films on Si 
substrates may occur in two stages [20]. First, a crack initiates in the top 
PZT layer at a stress below the fracture strength of the stack, propagating 
through the film thickness and arresting at the substrate [23]. Under the 
same testing conditions and substrate architecture, thicker PZT films are 
more susceptible to cracking at a given film stress than thinner films. To 
model such behavior, a finite fracture mechanics approach that sets the 
conditions for failure of the film using a coupled stress-energy criterion 
has been employed [24,25]. According to this approach, thicker films 
build up a higher potential energy and thus can fulfill the fracture 
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criterion under lower applied loads [23,24]. Following this initial fail
ure, upon increasing mechanical load further, the crack propagates 
through the stack, eventually causing final fracture. 

Missing in the literature is work that quantifies the onset of cracking 
in either poled or electromechanically loaded PZT thin films. It is well 
known that under applied electric fields, the domain structure will 
change, which in turn causes reorientation of the spontaneous strain. 
Although this effect is more pronounced for piezoelectric ceramics 
[26–29], small changes in the ferroelastic domain structure have been 
reported in piezoelectric thin films [30,31]. Additionally, while the 
electric field (E) is applied, it will generate a stress (σe) in the film, which 
depends on the piezoelectric response (e31,f) and the electrostrictive 
response (M) as shown in Eq. (1), where c is the material’s stiffness. For 
PZT thin films, it is assumed that since e31,f is much larger than M, the 
electrostrictive term can be ignored. 

σe = e31,f E + McE2 (1) 

This work aims to understand how the electrical history and load of 
the piezoelectric film affects its performance by investigating property 
changes and mechanical limits. Dielectric and piezoelectric properties of 
PZT thin films with various electrical conditions (virgin, poled, and 
under DC bias) are measured in order to determine the figures of merit 
based on the electrical history. Additionally, mechanical biaxial loading 
is performed to determine the influence of the electrical history on the 
crack initiation stress and crack propagation in the PZT thin film and 
stack, respectively. The results are analyzed and compared with the 
response of similar PZT films under pure mechanical loading. 

2. Materials and methods 

2.1. Sample preparation and materials characterization 

Niobium doped PZT (Pb0.99(Zr0.52Ti0.48)0.98Nb0.02O3) films were 
grown by chemical solution deposition on a platinized 4-inch Si wafers 
(NOVA Electronic Materials) as described elsewhere [31,32]. A total of 
20 layers (each layer thickness was ~80 nm) was deposited on the 
substrate, which yielded a thickness of ~1.6 μm, as measured over an 
etch step using a contact profilometer (KLA Tencor 16+). The stack has 
six layers: a 1.6 μm PZT layer, a 100 nm Pt bottom electrode, a 20 nm 
Ti/TiO2 adhesion layer, 1 μm SiO2 layer, ~500 μm Si substrate, and a 
1 μm SiO2 layer. The structure of the stack is shown in Fig. 1. The film’s 
crystallographic orientation was determined using X-ray Diffraction 
(XRD) with a PANalytical Empyrean diffractometer with a Cu Kα X-Ray 
source. The grain size was determined using the line intercept method 
[33] on several micrographs, taken with a field emission scanning 
electron microscope (FESEM). 

Pt top electrodes were deposited to a thickness of 100 nm using a 
Kurt Lesker CMS-18 sputter tool. The design of the top electrode (shown 
in Fig. 1, top right) covers the center of the sample, with a 1 mm 
diameter circle and a contact pad to the side. This electrode design al
lows for easy contact during mechanical loading and makes it possible to 
pole the center without damaging the surface with a probe tip, which 
could affect subsequent mechanical measurements. 

The wafers were diced into square specimens of 12 × 12 mm2. 
Specimens cut from the die were randomly classified into three samples, 
referred to as virgin, poled, and under DC biased. The virgin specimens 
did not see any electric fields prior to or during mechanical measure
ments, and were taken as reference material. The poled samples were 
heated to 150 ◦C and a DC bias of 13 V (~80 kV/cm) was applied using 
Hewlett-Packard PA-meter for 15 min. Wires were attached to the 
sample under DC bias using silver epoxy (Ted Pella silver conductive 
epoxy) to apply the electric field during the mechanical tests. The 
exposed part of the wires was covered with insulating epoxy to avoid a 
short circuit inside the testing setup. 

2.2. Measurement of electrical properties 

The film’s relative permittivity and loss were recorded as a function 
of frequency (100 Hz to 100 kHz) using a Hewlett Packard 4284A pre
cision LCR meter with a small (30 mV) AC signal applied to the bottom 
electrode. The polarization – electric field (P-E) hysteresis loop was 
measured at 100 Hz using a Radiant Precision Multiferroic Ferroelectric 
Tester [31]. Additionally, the Rayleigh behavior of the permittivity was 
measured up to 35 kV/cm (~ ½ the coercive field, Ec, at 1 kHz). The e31,f 
was measured using the wafer flexure method described by Wilke et al. 
[34]. All experiments were conducted under ambient conditions 
(~20 ◦C and ~40− 60% RH), and a minimum of three specimens per 
sample type was used for each measurement. 

2.3. Electromechanical loading: ball on three ball testing 

The relationship between the electric fields and the structural limits 
of PZT thin films was tested using the ball-on-three-balls (B3B) biaxial 
bending test using a plate-like test setup [23,35,36]. In the B3B, the 
specimen (e.g. a plate or a disc) is supported by three balls on the upper 
side and loaded by a fourth ball on the center of the lower side (see 
Fig. 1, left). This leads to a well-defined biaxial stress field, with the 
highest tensile stresses acting in the middle of the surface, opposite to 
the one loading ball [35]. One advantage of this method is that the 
maximal stress during bending occurs in the center of the specimen, far 
from the edges, thus avoiding fracture due to cutting damage at the 
edges and/or corners of the specimen. Using the B3B set up, the char
acteristic stack strength of the different samples (loading to failure) and 
the stress required for crack initiation in the PZT layer (pre-loading and 
unloading for inspection) were determined. Assuming a homogenous 
sample, the stress corresponding to the applied load was calculated 
using the following equation: 

σmax = f
F
t2 , (2)  

where F is the applied load, t is the thickness of the sample and f is a 
geometrical factor, which depends on the thickness and diameter of the 
specimen and the radius of the balls. To give an example, for specimens 
with a thickness of t ~ 0.5 mm, with a Poisson’s ratio,ν~ 0.3, a 
geometrical factor f of ~2.4 is obtained. More details on the B3B method 
can be found in [28,29]. 

The strength of the virgin, poled, and under DC bias samples was 
determined using a minimum of 10 specimens (per sample) tested 
following the same procedure (pre-load of about 10 N and a 
displacement-controlled rate of 0.1 mm/min) using a universal tester 
(Instron, Ma). Weibull statistics were performed according to the ASTM 
standards [37,38]. The strength of the Pt/Ti/TiO2/SiO2/Si/SiO2 sub
strate was also measured for comparison. The poled samples were all 
aged a minimum of 20 h after poling. The samples under DC bias had 
13 V (~80 kV/cm) applied during the mechanical measurements and 
had no exposure to an electric field prior to measurement. The DC field 
was applied using a Keysight E4980A precision LCR meter and the 
permittivity was also measured during the mechanical testing using the 
same LCR meter with a 30 mV 1 kHz signal superimposed on the DC bias. 
The strength of the stack was determined by introducing the fracture 
force, Fmax, into Eq. (2). For this work, since most of the stack thickness 
is from the Si substrate, it is assumed σmax is the stress in the Si layer. The 
stresses in each of the layers is calculated as described in the supple
mental materials [23]. 

In order to determine the crack initiation stress, an additional set of 
five specimens of each sample with distinct electrical history was loaded 
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between 20–70 % of the corresponding characteristic strength2 using the 
ball on three ball method. A similar procedure is reported in [23]. The 
pre-cracks initiated during the loading process were identified using an 
optical microscope in dark field mode. The force at which cracks were 
first observed was recorded as the applied force for cracking. 

3. Results and discussion 

3.1. Structural characterization 

Fig. 2a shows the microstructure of the PZT layer, with an average 
lateral grain size of 126 ± 54 nm. Fig. 2b shows the cross section of the 
sample, in which individually deposited layers can be identified; a small 
amount of pyrochlore or fluorite grains is apparent at individual crys
tallization interfaces. The thickness of the PZT films was ~1.6 μm. Fig. 3 
shows the XRD patterns corresponding to the PZT layer. The film had an 
approximately random orientation. 

3.2. Electrical characterization 

At 1 kHz under low oscillating electric fields (18.75 V/cm), εr was 
1100 ± 24, 1073 ± 16, and 740 ± 16 for the virgin, poled, and under DC 
bias samples, respectively. As the frequency increased, εr decreased 
slightly for all samples. The relative permittivity was also measured as a 
function of increasing AC field (see supplemental materials for more 
details). In this low field regime, a linear Rayleigh-like regime was 
identified (Eq. 3):  

εr = εinit +αEAC                                                                              (3) 

The irreversible Rayleigh parameter, α, captures the irreversible 
domain wall motion contribution and εinit includes both the intrinsic and 
reversible domain wall contributions to the permittivity. A linear Ray
leigh regime for all samples was fitted between 7 and 23 kV/cm 
(~10− 50% Ec) with R2 of 0.994 or higher. In the Rayleigh regime, εinit 
was 1099 ± 17, 1059 ± 17, 735 ± 17 for the virgin, poled, and film 
under DC bias, respectively. α was 22 ± 2, 15.75 ± 1.25, 5.5 ± 0.14 cm/ 
kV for the virgin, poled, and film under DC bias, respectively. 

The low εinit for the sample under DC bias is due to dielectric stiff
ening. The difference between εinit for the virgin and poled sample was 
modest, suggesting that there is a limited ferroelastic reorientation with 
an applied field. As expected, the sample under DC bias has the lowest 
αray, which is due to the stabilization of the domain structure and 
intrinsic dielectric tunability [39]. The observation that αray,virgin>αray, 

poled is believed to be due to the removal of domain walls as a result of 
poling the sample. 

The polarization versus electric field hysteresis loops indicate some 
differences between the samples (see the supplemental materials 
Fig. SI.2). The positive remanent polarization (Pr) was 16.7 μC/cm2, 
18.5 μC/cm2, 17.7 μC/cm2 for the virgin, poled, and under DC bias film, 
respectively. The virgin film’s negative Pr was -19.2 μC/cm2 and this 
slight imprint was removed by applying an electric field as shown by the 
symmetric loop for the poled and under DC bias films. 

The changes in α, Pr, and Ec suggests changes in the domain structure 
and domain alignment. A schematic illustration of possible domain 
structures for the different samples is given in the supplemental mate
rials. As indicated by the largest Pr, the poled sample should have more 
domains aligned with the applied electric field compared to the virgin 
sample. The sample under DC bias is also expected to have more do
mains aligned and less domain walls than the virgin sample. However, 
this alignment is incomplete since the film under DC bias is only under 
electric field during the measurement. 

Due to the differences in domain structure, the films should have 
different piezoelectric coefficients and FoM. The various FoM are shown 
in Table SI.1, where the piezoelectric coefficient, e31,f, was measured to 
be 0 C/m2, -6.5 C/m2 and -4.1 C/m2 for the virgin, poled, and under DC 
bias sample, respectively. The poled sample has the largest coefficient, 
presumably because the sample under DC bias was only partially poled. 
The poled sample also had the highest FoM for all applications compared 
to the virgin and the sample under a DC bias. An additional sample that 
was poled, aged for 24 h, and then measured under a DC bias is also 
reported in Table SI.1. The piezoelectric coefficient was slightly lower 
than the poled sample due to aging, and the permittivity was also lower 
because of the DC bias. As a result, it had the largest FoM for sensors and 
energy harvesters. 

3.3. Strength distributions and fracture analyses 

Fig. 4 shows the probability of failure, Pf, versus the failure stress, σf, 

Fig. 1. The B3B setup, showing the 4 balls and the specimen in the middle, as well as the structure of the samples from the 12 × 12 mm2 specimen. A Pt electrode 
(gray) is deposited on the PZT top surface (orange layer) to enable contact to the center of the specimen. It consists of a circle with a diameter of 1 mm in the center, a 
100 μm wide trace and a 400 μm x 400 μm square close to the edge. A cross section showing each layer in the stack is also depicted (not to scale). 

2 The characteristic strength is the applied stress that corresponds to a 
probability of failure of ~63%, according to Weibull analysis. 
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in a Weibull diagram for the virgin, poled, and under DC bias samples, as 
well as for the Pt/Si substrate (taken as a reference). The Weibull pa
rameters (i.e. characteristic strength, σ0, and Weibull modulus, m) were 

calculated according to the ENV-845 standards [40] and are given in 
Table 1, along with the 90 % confidence intervals. The Weibull modulus 
ranged between m = 26 and m = 30 for the virgin, poled, and under DC 
bias sample, whereas the Pt/Si substrate’s modulus was as low as m~3. 
There was no significant difference in the characteristic stack strength 
between virgin, poled, and under DC bias samples. 

At lower loads, cracks were visible on the surface of the PZT film; this 
initial crack did not propagate through the entire stack. A focused ion 
beam etch was used to determine the initial crack length, as shown in 
Fig. 5. The crack propagated through the PZT layer, and stopped at the 
Pt layer. Pt, being metallic, may prevent crack propagation through 
plastic deformation. Thus, as reported previously [23], cracking occurs 
first in the PZT layer, followed by crack propagation through the sub
sequent layers. The initial crack in the PZT layer acts as the critical flaw 
for the failure of the remaining layers in the stack. This yields higher 
Weibull moduli of the PZT stacks as compared to the Si substrate, as 
reported elsewhere (see [23] for more details). 

The stress to initiate a crack in the PZT layer depended on the 
electrical history as shown in Table 2. The virgin sample had cracks 
initiating at stresses around 500 MPa, which falls within a predicted 
crack initiation range reported for PZT films with similar thicknesses 
[19,23]. However, crack initiation occurred at lower stresses for both 
the poled sample, and the sample measured under DC bias (around 
400 MPa). Initially this difference was attributed to inaccuracies in the 
calculated piezoelectric stress. It was assumed that the e31,f did not 
change with applied mechanical load or time, but other reports suggest 
that the piezoelectric coefficient will change with both field and stress 
[31,41]. However, this does not account for the decrease in crack 
initiation stress for the poled sample, since it was not under an applied 
electric field during B3B loading and there is a statistically significant 
decrease in the crack initiation stress compared to the virgin sample. 

There are a few hypotheses for the observed reduction in the film’s 
crack initiation stress with applied fields. First, there may be some 

Fig. 2. (a) Top view SEM image showing the grain size of the PZT layer. (b) Cross sectional SEM image showing the layered structure of the 1.6 μm thick PZT layer, as 
well as the platinum bottom electrode. 

Fig. 3. XRD pattern of the PZT layer, showing random orientation. The symbol 
“*” indicates background peaks from the substrate. 

Fig. 4. Probability of failure versus failure stress in a Weibull diagram for the 
three samples (virgin (red square), poled (green upward triangle), and under 
DC bias (orange downward triangle)) and the Pt/Si sample (blue circles), as a 
reference. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article). 

Table 1 
Weibull modulus, m, characteristic strength, σ0, and applied force and stress for 
cracking for the different samples. Values in [] represent the 90 % confidence 
interval.  

Sample state Weibull modulus 
m [–] 

Characteristic strength 
σ0 [MPa] 

Virgin 26 
[17–34] 

795 
[780− 811] 

Poled 26 
[17–34] 

754 
[739− 769] 

Under DC bias 30 
[16–40] 

815 
[797− 833] 

Si 2.6 
[1.8–3.3] 

2851 
[2428–3356]  
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differences in the domain wall motion between the films. The irrevers
ible Rayleigh coefficient was largest for the virgin sample. Non-180◦

domain wall motion and ferroelastic domain reorientation have been 
shown to enhance the fracture resistance [26,29]. If domains are unable 
to reorient to reduce the applied stress, then PZT would have a lower 
apparent fracture toughness. However, the reduction in the irreversible 
Rayleigh coefficient may be due to the large reduction in the number of 
180◦ domain walls, and it is inconclusive whether the amount of fer
roelastic domain reorientation is also changed during mechanical 
loading. Alternatively, the generation of local strain during the poling 
process is also proposed to cause this reduction in crack initiation stress. 
Under an applied electric field, domains align to the polarization di
rection, and previous reports suggest limited ferroelastic reorientation 
occurs in clamped films [16]. Ferroelastic domain reorientation will 
create localized stresses, and may result in the lower fracture resistance 
in the poled sample. Both the poled sample and the film under DC bias 
may experience some ferroelastic domain reorientation. However, it is 
anticipated that the poled film may have more domain alignment and 
may also have slightly more local strains from ferroelastic switching. 
The extent of ferroelastic domain reorientation is not measured in this 
study and therefore future work should explore the mechanism gov
erning this trend. Overall, this study suggests that poling and electric 
fields can reduce the crack initiation stress by up to 15 %. 

3.4. In situ property measurements under electromechanical loads 

To further explore the relationship between electromechanical 

loading and the changes in the properties, a total of three PZT films 
under DC bias had their relative permittivity and loss tangent recorded 
during the B3B loading experiment (Fig. 6). The plots are segmented into 
three regions (I, II, and III). Region I is the preload region, where the PZT 
sample is loaded up to 10 N prior to the start of the experiment. Region II 
begins when the DC bias of 80 kV/cm is applied, the permittivity is 
recorded, and the tensile stress is applied in the PZT layer. During this 
stage, cracks were not observed on the film’s surface, since the stresses 
were lower than the reported crack initiation stress. Region III corre
sponds to the forces at which surface cracks were observed. 

In this electromechanical loading condition, the electric field is out- 
of-plane, which would favor out-of-plane polarization. However, the 
mechanical loading would favor more in-plane domains. It is suggested 
that competition between these two loads on the film may destabilize 
the domain structure. This would account for the initial increase in the 
relative permittivity and loss tangent for Region II. There is a clear peak 
in the relative permittivity at a downward force of around 20 N, which 
corresponds to an applied tensile stress of 137 MPa. Around 20 N in 
Region II, the permittivity begins to decrease and this continues in Re
gion III, where cracks are formed on the surface. The decrease in the 
calculated value of permittivity may be due a variety of factors. There 
may be a reduction in domain wall motion at a certain stress level. This 
decrease could also be related to the formation of internal cracks, where 
air would act as a parasitic capacitor layer, reducing the overall 
capacitance. Alternatively, the effective electrode area may decrease 
due to delamination, such that the calculated permittivity is under
estimated. Lastly, the PZT film may be locally de-clamped as the crack 
forms, such that domains can align with the electric field out-of-plane. 
This would lower the overall relative permittivity. A recent study 
investigating PZT ceramics also showed a peak in the relative permit
tivity as a function of applied stress [42]. While that study focused on 
compressive stress and no cracking was reported [42], there was a clear 
peak in the relative permittivity. That study suggests competing mech
anisms between domain reorientation and domain pinning (e.g. sample 
de-aging) may have cause the peak near their reported coercive stress 
value. 

To further investigate the effects of mechanical loads on the desta
bilization of the domain structure, the aging rate of the permittivity was 
determined after removing the mechanical preload (10 N) on virgin and 
poled films. It is well known that mechanical stresses can be used to 
stabilize or destabilize the domain structure and polarization for PZT 
ceramics [43,44] depending on the orientation of the stress relative to 
the polarization. However, this is less explored in PZT thin films and the 
aging rate upon removal of stress is not well reported. Fig. 7 shows the 
normalized change in the permittivity as a function of time after removal 
of the pre-load. A linear fit of the permittivity suggests an aging rate of 
~1.2 % per decade for both poled and virgin samples. This is in good 
agreement with the dielectric aging rates recorded after removal of an 
electric field [45], suggesting the rate at which the global domain 
structure approaches equilibrium is independent of a mechanical or 
electrical load. 

4. Conclusions 

The electric history of the sample dictates the performance of the 
films, influences the FoM, and may reduce the crack initiation stress. 
While poling enhances the piezoelectric response of the film, it reduces 
the stress that the films can withstand during operation, prior to 
cracking. The crack initiation stress was reduced by roughly 15 % under 
these conditions compared to the virgin film. The reduction in crack 
initiation stress may be due to the creation of local stress or reduction in 
domain wall motion. Lastly, the application of electromechanical loads 
may destabilize the domain structure and the removal of mechanical 
loads leads to similar dielectric aging rates that are reported after the 
removal of electrical loads. This suggests that the time for the domain 
structure to reach a new equilibrium position is independent of the type 

Fig. 5. FIB image showing the crack stop at the interface of the PZT and Pt seed 
layer beneath. The image was prepared using a FEI Scios Focused Ion Beam 
(FIB) system. The porosity in the SiO2 layer may be due to lead diffusion 
through the stack, and some damage from the FIB. 

Table 2 
Calculated stresses (applied, piezoelectric, and residual stresses) in the PZT films 
and total stress for crack initiation for each film based on its electric history. 
There is an additional systematic error of the residual stress calculation for the 
wafer of ± 30 MPa.  

Sample Force 
Cracking 
observed 

[N] 

Applied 
Stress in the 
PZT layer 

[MPa] 

Residual 
Stresses 
[MPa] 

Piezoelectric 
Stress 
[MPa] 

Total Stress for 
Crack 

Initiation 
[MPa] 

Virgin 49 ± 3.8δ 335 ± 26 150 0 485 ± 26 
Poled 37.5 ± 3.8 260 ± 26 150 0 410 ± 26 
Under 

DC 
bias 

35.2 ± 3.8 240 ± 26 150 33 ± 3 430 ± 29  

δ The error corresponds to the interval of applied forces between no-cracking 
and cracking observation on each sample. 
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of load. This study emphasizes the necessity to quantify the mechanical 
loads on piezoelectric films, as they may destabilize the domain struc
ture. In addition, failure may ensue at lower loads than predicted from 
mechanical-only testing in electromechanical applications. 
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