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Abstract 

Piezoelectric thin films are vulnerable to fracture, which results in degradation of the structural 

integrity and device performance in piezoelectric microelectromechanical systems (PiezoMEMS). 

This work explains the fracture process as a combination of a crack initiation event in the 

piezoelectric film followed by crack propagation through the remaining layers. Biaxial bending 

tests using the Ball-on-three-Balls (B3B) technique were performed on stacks containing 

Pb(Zr0.52Ti0.48)O3 (PZT) thin films of varying thicknesses grown on Si wafers (coated with thin 

LaNiO3/SiO2 layers). The fracture initiates in the PZT film, and arrests in the compressive SiO2 

layer, prior to failure of the Si substrate. Weibull analyses show a significant effect of the thin film 

thickness on the stack’s strength; the characteristic strength and Weibull modulus being σ0 ~1110 

MPa and m ~28, σ0 ~1060 MPa and m ~26, and σ0 ~880 MPa and m ~10 for the 0.7 µm, 1.3 µm, 

and 1.8 µm film stack, respectively and σ0 ~ 1820 MPa and m ~3 for the Si wafer. A stress-energy 

criterion using finite fracture mechanics explains the dependence of crack initiation load on the 

PZT layer thickness, whereas linear elastic fracture mechanics is employed to rationalize crack 

propagation through the stack. 
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1. Introduction

Piezoelectric microelectromechanical systems (piezoMEMS) are utilized in sensors,

transducers, actuators, and energy harvesting devices [1,2]. These devices contain multilayer 

stacks composed of active piezoelectric layers and their electrodes, with additional layers for 

adhesion and support. Materials with high piezoelectric coefficients, such as lead zirconate titanate 

with a morphotropic phase boundary composition of Pb(Zr0.52Ti0.48)O3 (PZT) [1–3] are typically 

used in order to provide high sensitivity sensors or large displacement actuators. PiezoMEMS 

devices contain thin piezoelectric layers (typically between 0.3 and 3 microns in thickness)[4–6], 

which enable significant reduction in the voltage required to reach target electrical fields, relative 

to bulk ceramics or single crystals. The thickness of the piezoelectric layer is optimized to enhance 

the piezoelectric response and functionality of the device. For example, thinner films are used for 

lower voltage applications, while increasing the thickness of the piezoelectric layer can yield a 

higher power density for energy harvesting devices, due to the increase in the active volume[4]. In 

addition, thicker films tend to be less clamped to the substrate which allows for more domain wall 

mobility, which may enhance their piezoelectric response[5,6]. However, thick films are 

commonly observed to crack under smaller applied strains than thinner films. Therefore, it is 

mandatory to understand the relationship between the thin film’s thickness and the structural 

integrity of the stack to properly design piezoMEMS.  

Piezoelectric films layers grown via sputtering or chemical solution deposition are typically 

under significant residual stress. In chemical solution deposition, the residual stress is due 

primarily to the thermal expansion coefficient mismatch between layers[7–12], with partial relief 

of the stress possible due to either bending or to the domain structure in ferroelectric layers 

[9,10,13–15]. The residual stresses affect the film’s domain structure and piezoelectric response 
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[8,16,17] and may also lower the electrical breakdown strength[18]. Films experience further 

mechanical stresses from bending (e.g. in energy harvesters and sensors) and the piezoelectric 

effect (under an applied electric field) during use. As a result, failure of piezoMEMS stacks can 

occur in response to a combination of electrical and mechanical loading[18–21]. Electrical failure 

often results in a series of thermal breakdown events connected through cracks[19].  

Prediction of cracking in these systems is very challenging, as the microstructure, domain 

structure[22–25], orientation, grain size, and surface quality may influence the mechanical 

response of the brittle film[24,26–29]. Additionally, adhesion between layers, interfaces 

properties, and surface condition (e.g. polish, etch, etc.) may also affect the structural integrity of 

the multilayer stack[27]. It has been observed that the thickness of the piezoelectric layer affects 

the structural integrity of the entire stack: stacks with thicker layers are more prone to cracking 

than stacks with thinner films[18]. Previous studies suggest that the stress required for crack 

initiation can be a function of thickness either due to a volume effect in Weibullian materials [30] 

or differences in the residual stress as a function of thickness[10,31]. To date, the underlying 

mechanism for crack initiation in PiezoMEMS is not well understood. Models based on fracture 

mechanics suggest that the film thickness will affect the conditions for crack initiation in the films. 

Because crack initiation is contingent on the strain energy accumulated in the film during 

mechanical loading, it is harder to initiate cracks when the layers are thin[32]. 

This paper investigates the relationship between PZT film’s thickness and the fracture 

response of the stack under mechanical loading. PZT/LaNiO3/SiO2/Si stacks with different PZT 

thickness were tested in biaxial loading conditions. Strength distributions of the different stacks 

were evaluated using Weibull statistics and compared to SiO2/Si samples as a reference. The effect 

of PZT thickness on crack initiation was investigated in samples pre-loaded below the stack failure 
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strength. Models for crack initiation and for crack propagation were derived based on fracture 

mechanics considerations. This study can be used to set structural limits on achievable strains in 

piezoMEMS. 

2. Experimental:

Double-side polished 4” Si wafers with a 1 µm thick thermal SiO2 layer on both surfaces

were obtained from Nova Electronic Materials. A 150 nm layer of LaNiO3 (LNO) was deposited 

on one surface using an acetic acid based solution, as reported elsewhere[17,33]. This layer acts 

both as a template for {001} orientation of the perovskite structure and as a bottom electrode. 

Then, {001} oriented Pb0.99□0.01(Zr0.52Ti0.48)0.98Nb0.02O3 films of 0.7 µm, 1.3 µm, and 1.8 µm were 

grown by chemical solution deposition (CSD) using a 2-methoxyethanol based solution (Figure 

1a)[17,34,35]. The orientation and phase purity of the films were characterized by a Merlin field-

emission scanning electron microscope (FeSEM) and by X-Ray Diffraction (XRD) using a 

PANalytical Empyrean with a Cu Kα X-Ray source to calculate the Lotgering factor. 

PZT/LaNiO3/SiO2/Si stacks with different PZT thickness, i.e. 0.7 µm, 1.3 µm and 1.8 µm, were 

diced into 12 x 12 mm squares and tested in biaxial loading conditions (Figure 1b). Reference 

samples of the Si substrate with a 1 µm SiO2 layer were also tested for comparison. 
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Figure 1. Schematic of the samples where PZT of varying thicknesses is grown on top of Si wafer (a), and a schematic 
of the ball on three balls test setup (b). 

The ball on three balls (B3B) biaxial test method was used to determine (i) the strength 

distribution of the different samples and (ii) the conditions for crack initiation in the PZT 

films[36,37]. In this loading configuration, the rectangular plates are symmetrically supported by 

three balls on one face and loaded by a fourth ball in the center of the opposite face (see Figure 

1b); this guarantees well-defined three-point contacts. The four balls had a diameter of 7.5 mm 

giving a support diameter of 8.65 mm. At the midpoint of the plate surface, opposite to the loading 

ball, a biaxial tensile stress is generated. One of the main advantages of this method is that the 

maximal stress developed during the test is located far from the edges (corners) of the sample, i.e. 

away from edge defects[36,38–40]. A total of 20 specimens per sample were tested to failure using 

a universal tester (Instron, Ma). A pre-load of ~10 N was employed to hold the specimen between 
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the four balls. Tests were conducted under displacement control of 0.1 mm/min in ambient 

conditions (~22°C and ~40% RH). The stress at the surface under tension was calculated according 

to Equation 1[36]: 

�� = � ∗ �
��       (1) 

where F is the applied force, t is the thickness of the stack, and f is a geometry factor, which 

depends on the diameter of the balls, thickness of the sample, and Poisson’s ratio, ν, of the material. 

The factor f was calculated using finite element analysis, resulting in f = 2.4 for t = 0.502 mm and 

ν = 0.3. The failure stress (σf) was calculated assuming a homogenous Si sample. The stresses in 

the PZT, LNO, and SiO2 layers were calculated assuming the strain on the top of the Si is equal to 

the strain in these thin layers, as described in the supplemental material section. A Weibull 

statistical analysis was performed according to the ASTM standards[31,41].  

To investigate crack initiation, selected specimens were loaded between 20% and 80% of 

the characteristic Weibull stress of the different samples (load increments of 5%). Each of these 

samples was only loaded once. The PZT side of the stack was then imaged using an oversaturated 

dark field optical microscope to assess the presence of cracks. The lowest load at which cracking 

was observed was recorded as the stress required for crack initiation in the PZT layer. In order to 

determine the depth of the surface pre-cracks, a FEI Scios Focus Ion Beam (FIB) was employed. 

Cross-sections were made from the top PZT surface down to the SiO2 layer. From these results a 

crack initiation and propagation models were developed. 

 

3. Results 
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3.1 Microstructure 

Figure 2 shows the FESEM and XRD patterns for the different samples. All PZT films had strong 

{100} orientation, with comparable Lotgering factors of 99%, 97% and 99% for the 0.7 µm, 1.3

µm, and 1.8 µm PZT films, respectively. The average surface grain size of the 0.7 µm, 1.3 µm, 

and 1.8 µm PZT film is 86 ± 7 nm, 105± 20 nm and 106 ±14 nm, respectively. All of these grain 

sizes fall within the first standard deviation of each other. 

Figure 2. XRD pattern of the 0.7 µm PZT (a), 1.3 µm PZT (b), and 1.8 µm PZT on Si (c), where the Lotgering factor 
is above 0.96 for all samples. The microstructure top view and cross section of the 0.7 µm (d and g respectively), 1.3 
µm (e and h respectively), and 1.8 µm PZT sample (f and i respectively). The average grain size (diameter) of the 0.7 
µm, 1.3 µm and 1.8 µm PZT film is 86 ± 7 nm, 105 ± 20 nm and 106 ± 14 nm, respectively.  

3.2 Strength distribution 
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Figure 3 shows the strength distribution of the different sample sets represented as a Weibull 

diagram; the corresponding characteristic strength, σ0, and Weibull moduli, m, are also tabulated 

in Table 1 along with the 90% confidence intervals. It is apparent that the SiO2/Si/SiO2 substrates 

have the highest characteristic strength (σ0 = 1815 MPa) and the lowest Weibull modulus (m ~ 3). 

Si substrates tend to have a broad population of critical flaw sizes[27–29,39,42,43], which is 

consistent with the low Weibull modulus observed in this study. The Weibull strength decreases 

with the addition of the thin PZT/LaNiO3 layers. That is, the PZT layer reduces the strength of the 

stack[38,39]. It is also apparent that stacks with thinner PZT layers have higher characteristic 

strength than stacks with thicker PZT layers, i.e. σ0 = 1114 MPa for the 0.7 µm thin PZT film, σ0 

= 1063 MPa for the 1.3 µm film, and σ0 = 875 MPa for the 1.8 µm film. Moreover, the stacks with 

the PZT layer have higher Weibull moduli than the Si substrate itself, suggesting failure from a 

narrower distribution of critical flaw sizes in the former.  
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Figure 3. The Weibull plot for the following samples: Si (blue circle), 1.8 µm PZT on Si (red square), 1.3 µm PZT 
on Si (orange downwards triangle), and 0.7 µm PZT on Si (green upwards triangle). The Weibull strength and Weibull 
modulus varied with the thickness of the PZT film on the Si wafer. 

Table 1. Characteristic load, characteristic strength, and Weibull modulus for the PZT/Si stacks of various thicknesses 
and the Si substrate. All stress values are in MPa and are calculated for the stress in the Si layer upon failure. Brackets 
represent 90% confidence intervals. 

Sample 
Characteristic 

Load, F0 (N) 

Characteristic 

Strength, σ0 (MPa) 
Weibull 

Modulus, m (-) 

Si 
190 

[165 – 216] 
1815 

[1588 – 2081] 
3 

[2 – 4] 

Si- 0.7 µm PZT 
116 

[114 – 117] 
1114 

[1097 – 1131] 
28 

[19 – 35] 

Si-1.3 µm PZT 
111 

[109 – 112] 
1063 

[1047 – 1082] 
26 

[18 – 33] 

Si- 1.8 µm PZT 
92 

[87 – 95] 
875 

[839 – 912] 
10 

[7 – 13] 
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3.3 Crack initiation 

For the PZT films of 0.7 µm, 1.3 µm, and 1.8 µm the total force required to crack the PZT layer 

was (i) 64 N and higher for the 0.7 µm film, (ii) 56 N and higher for the 1.3 µm film, and (iii) 49 

N and higher for the 1.8 µm films. The stress in the PZT layer was determined from Equation 1 

and adjusted for differences in the Young’s modulus of PZT and Si (see supplementary section), 

corresponding to 590 ± 29 MPa, 540 ± 29 MPa, and 480 ± 29 MPa, for the 0.7, 1.3, and 1.8 µm 

films, respectively. The total stress in the PZT layer was calculated by adding 150 MPa of tensile 

residual stress in the PZT[35,43,44], which was measured by the wafer curvature method, to the 

applied stress [32]. The initial cracks did not cause fracture of the stack, which was still intact upon 

unloading. These initial cracks were only visible on the PZT side and were concentrated near the 

center of the sample, where the maximum tensile stress was applied, see supplemental information 

for optical images. 

 

3.4. Crack propagation 

Focused ion beam (FIB) cross sections of pre-loaded samples were used to determine the crack 

path during the biaxial bending tests. Figure 4 shows a cross section of a crack propagating 

through the thickness of both the PZT and the LNO layers and arresting in the SiO2 layer. Although 

the exact penetration depth of the crack into the SiO2 layer could not be discerned due to “curtain 

effects” during FIB cross-section preparation, it is expected that the crack enters the SiO2 layer 

and stops, as has been reported in literature for ceramic-ceramic multilayer architectures designed 

with compressive residual stresses[45]. 
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Figure 4. FIB cross section of the a) 1.8 µm PZT film’s initial cracking and b) the 0.7 µm PZT film’s initial cracking. 
The crack propagates through the PZT layer and the LNO and ends at the SiO2 layer. Initial cracks through the PZT 
and LNO layer were observed on multiple samples of varying stresses and PZT thicknesses. The faint line below the 
crack at the SiO2 layer is an artifact of the FIB preparation. 

4. Discussion

4.1 Residual stresses and Weibull volume effect 

The stress required to initiate a crack in the PZT/LNO layers depends on the thickness of the PZT 

film. Thinner films require higher total stresses for crack initiation than do either thicker films or 

bulk PZT ceramics[46]. The experimental residual stresses are reported to be constant for PZT 

films above 350 nm thickness[10], which is consistent with calculations, see supplemental. 

Therefore, it is unlikely that the differences in crack initiation stress between samples can be 

accounted for by a difference in the residual stress. 

Another hypothesis is related to the Weibull volume effect [31]: larger material volumes loaded 

under the same applied tensile stress have higher probability of failure than smaller volumes in 

Weibull materials. That is, the characteristic strength, σi, of a sample with volume Vi, can be 
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calculated based on the characteristic strength, σ0, measured on a reference volume V0, and the 

Weibull modulus of the material, m, according to [31,47]: 

�	 = �
 ��

��

�
�
� (2) 

In this work, the probability of failure from a critical flaw in samples with thinner PZT films should 

be lower. 

To assess whether the volume dependence may account for the observed thickness dependence in 

the strength of the PZT samples, Equation 2 was evaluated for different Weibull moduli, ranging 

from m=5 to m=30, using the 0.7 µm PZT samples as a reference. Figure 5 illustrates the volume 

effect on the predicted stress according to Equation 3. The characteristic strength values for the 

three samples, i.e. (i) 0.7 µm, (ii) 1.3 µm, and (iii) 1.8 µm PZT film thickness samples are 

represented in Figure 5 as full symbols. The volume ratio V0/Vi was set equal to the thickness 

ratio. According to the results in Figure 5, the volume effect may explain the differences in crack 

initiation stresses between two samples, provided that the Weibull modulus of the PZT material is 

m ~ 5. In this regard, based on the homogeneous microstructure of the PZT films and the relatively 

narrow crack initiation stress values obtained in all three samples, a Weibull modulus larger than 

15 is expected[40]; this higher value also corresponds with Weibull modulus for bulk PZT 

ceramics[48]. This suggests that the volume effect alone cannot explain the differences in crack 

initiation stress. 
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Figure 5. Calculated relationship between crack initiation stress and the thickness of the PZT layer using the Weibull 
volume effect compared to the experimental data. Black squares represent the characteristic crack initiation stress, and 
the dashed lines are calculated, using the crack initiation stress of the 0.7 µm thick PZT layer as a reference. The 
various colors represent estimations using different Weibull moduli for PZT for each calculation. 

4.2 Model for crack initiation 

Linear Elastic Fracture Mechanics can only describe the conditions for crack propagation 

assuming that an initial crack already exists. To predict crack initiation, the classical (Griffith-

Irwin) criterion for crack propagation is insufficient, and a different approach must be considered. 

Finite Fracture Mechanics (FFM) states that under applied mechanical stress, a crack initiates 

having a “finite” length (in many cases of the order of the microstructure) when certain stress and 

energy conditions are satisfied[49]. FFM utilizes a stress-energy coupled criterion (referred to as 

CC), where a crack originates if two conditions (i.e. stress and energy conditions) are 

simultaneously fulfilled – namely σ(a) ≥ σc and Ginc(a) ≥ Gc where σ is the stress at the site of the 

potential crack, Ginc is the increment of the potential energy for finite crack length increments, and 

σc and Gc are the material’s strength and toughness, respectively. The first condition states that the 

normal tensile stress should be higher than the material tensile strength along the entire potential 

crack path, and the second condition stipulates that there should be enough energy available to 

create that crack[50]. This criterion has explained the onset of cracks in thin polymer films on 
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substrates [32] or the generation of surface edge cracks in layered ceramics[51]. In both cases, the 

potential energy during loading increases with the thickness of the layer containing the prospective 

crack. As a result, under the same loading conditions and properties, cracks can initiate in thicker 

layers under smaller applied loads. 

In order to assess the crack initiation stress condition in the three PZT samples of study a 

material biaxial strength of σc ≈ 200 MPa was assumed for the PZT layer, based on the values 

reported in literature for bulk PZT[46,48,52]. A range of fracture toughness for PZT bulk ceramics 

have been reported between 0.6 and 1.8 MPa√m [53–56] and these differences have been 

attributed to domain mobility, where toughness increases with the increasing levels of domain wall 

motion[55]. In this model, since the films are clamped to the substrate and clamping lowers domain 

wall mobility[5,6], low values of KIc (0.6 to 1 MPa√m) were used in the calculations. In addition, 

a homogeneous stress distribution in the sample during B3B was assumed. Figure 6 represents the 

calculated crack initiation stress for different PZT thicknesses from 0.6 µm to 2.0 µm and KIc 

values of 0.6, 0.8, and 1 MPa√m. The full symbols represent the crack initiation stress measured 

in the pre-loading B3B experiment. 
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Figure 6. Comparison of the strength as a function of thickness for the observed trends (gray squares), and finite 
fracture mechanics model predictions (KIc=0.6, KIc=0.8, and KIc=1.0, are the green solid line, blue dot-dash line, and 
purple dotted line, respectively). The observation of this thickness dependence follows the finite fracture mechanics 
model for thicknesses larger than 1µm, however it fails for very thin films. This may be due to domain wall 
contributions which are not taken into account in the model. 

According to the results in Figure 6, samples with thinner PZT layers require higher stresses to 

initiate cracks. The calculations for the case of thicker PZT with KIc = 0.6 MPa√m fit well the

observed crack initiation stress values from the B3B experiments. However, the stress predicted 

for the thinner films overestimates the experimental data. The errors in the calculated values are 

likely to be due to the use of a constant KIc value, as noted above, the value of KIc depends on 

domain wall motion[53,55,57]. Since thicker films generally exhibit more domain wall motion and 

ferroelastic switching[5,6], KIc may be a function of thickness.  As a result, the energy criteria 

should have a shallower slope, which would better match the observed trend. More quantitative 

comparisons would require direct measurements of both KIc and the ferroelastic switching as a 

function of the applied stress and the PZT layer thickness. It is worth mentioning that the levels of 

crack initiation stress (i.e. ~ 500 – 600 MPa) in this study (both predicted and measured) are much 

higher than the strength of bulk PZT, σc, measured in similar biaxial configurations (i.e. ~ 100 – 

200 MPa)[48,58]. This shows evidence that the energy criterion is also needed to describe the 
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initiation of cracks in brittle ferroelectric materials, and is particularly important in multilayer 

systems as the one in this study. 

 

4.3 Model for crack propagation 

Based on the experimental observations (Figure 4), crack initiation in the PZT film is followed by 

crack propagation and arrest at the SiO2 layer. This occurs in the 0.7 µm, 1.3 µm, and 1.8 µm PZT 

film samples of study. Crack arrest in the SiO2 may be explained either by a significant change in 

the crack growth resistance of the material as the crack advances (referred to as R-curve behavior) 

or due to shielding effects associated with compressive residual stresses in the layer. The former 

does not apply, because the fracture toughness of SiO2 does not change with the crack length, and 

has been reported to be ~ 0.85 MPa√m[29]. The presence of compressive residual stresses 

however may hinder crack propagation, depending on the magnitude of stress and layer thickness, 

as has been demonstrated for instance in layered ceramics[45]. The conditions for crack 

propagation compare the stress intensity factor at the crack tip during loading with the crack 

growth resistance in the particular layer where the tip of the crack is located. The stress intensity 

factor at the crack tip is a function of the crack length, Ktip(a), and can be given as the externally 

applied stress intensity factor Kappl(a) plus the contribution of the residual stresses, as shown in 

Equation 3. Note the film is under plane stress conditions and substrate bending is negligible. 

��	� ��� =  ����� ��� + � !" ���    (3) 

Kappl(a) can be calculated according to Griffith criterion based on Linear Elastic Fracture 

Mechanics, where[59,60]: 
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K���� �a�  =  �����Y√�     (4) 

with σappl being the stress applied during loading. The term Kres(a) represents the residual stress 

intensity factor as a function of the position of the crack tip within the corresponding layer in the 

stack. In order to account for the contribution of residual stresses through the multilayer stack, a 

weight function analysis may be employed[45]. The weighting function is related to the crack 

geometry (e.g. through-thickness crack, wedged crack, etc.) and loading condition (e.g. three-point 

or four-point bending)[61]. In this analysis, the residual stresses profile in each layer is “weighted” 

along the corresponding layer thickness. The differences in elastic constants between layers are 

not considered in the analysis. However, when the elastic mismatch between the layers is less than 

a factor of 10, the change in the stress intensity factor estimation is negligible[62]. Solving 

Equation 3 for Kappl, the Griffith/Irwin criterion described in Equation 4 becomes: 

K������� ≥  K&'���  −  K !"���  =  K)���     (5) 

where KR(a) is defined as the “apparent fracture toughness” of the layered ceramic. 

Figure 7 represents KR for the three designs as a function of the crack length parameter Y(a)1/2 

(defined to simplify the analysis), with Y being the geometric factor that accounts for the crack 

shape and loading configuration. The material parameters including the mechanical properties and 

thermal expansion coefficients of the various layers for this estimation of the residual stresses in 

each layer and the calculation of Kres are listed in the supplemental information [8,44,63–67]. In 

this case, Y can be taken as for a central penny-shaped crack at the surface (i.e. Y = 2 / √π ≈ 

1.12)[68]. The applied stress intensity factor, Kappl(a), is represented in Figure 7 (as dashed lines). 

According to Equation 4, the slope of those dashed lines represents the applied stress, σappl. The 
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analysis has been performed for a symmetric stack, thus neglecting the slight bending due to the 

asymmetric architecture. 

Figure 7. Apparent toughness of the multilayer stack as a function of the crack length and the residual stress, and 
thickness of the various layers. 

The three curves in Figure 7 represent the crack growth resistance through the three multilayers 

of this study, taking into account the residual stresses in the layers. The dashed lines represent the 

applied stress intensity factor as a function of the crack length Kappl(a), for a particular applied 

stress, σappl (i.e. the slope of the dashed line). It is clear that the crack growth resistance decreases 

as the crack enters in the PZT layer. This is a consequence of the in-plane tensile stress in that 

layer; the same situation applies for the LNO layer (see supplemental information). However, due 

to the compressive residual stress in the SiO2 layer, a rising crack growth resistance is observed, 

thus shielding the propagation of the crack. This “R-curve behavior” is similar in the three 

architectures; however, the anti-shielding effect of the first layer is related to the PZT film 

thickness. As a consequence, the minimum stress necessary to propagate the crack through the 
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stack is higher for the 0.7 µm thick PZT layer than in the other two. This agrees with the B3B 

experimental measurements. 

This investigation demonstrates that stack failure occurs in two stages. A relatively modest stress 

(~500 – 600 MPa) cracks the PZT and LNO layers[22]. The initial crack acts as a critical flaw for 

the failure of the SiO2/Si substrate. As the initial cracks are of consistent length (the sum of the 

PZT and LNO thicknesses) and the fracture toughness of SiO2 is constant, the stack fails at a 

relative similar stress level for a given PZT thickness. This, in turn, produces the higher Weibull 

modulus of the PZT stack relative to the SiO2/Si substrate itself. This model also accounts for the 

observation that the Weibull characteristic strength drops as the PZT thickness increases. That is, 

thinner PZT layers display shorter initial crack lengths and require higher stresses to propagate the 

crack through the SiO2 layer.  

5. Conclusions

This study demonstrates that the thickness of PZT films employed in PiezoMEMS has a significant 

influence on the crack onset and fracture resistance of the entire stack. Biaxial strength 

measurements on stacks containing different PZT layers grown on ∼ 500 µm Si substrates showed 

a decrease in the characteristic strength, σ0, with the PZT layer thickness, ranging from σ0 ~ 1110 

MPa for 0.7 µm thin film stacks, to σ0 ~ 1060 MPa for the 1.3 µm thin film stack, and σ0 ~ 880 

MPa for the 1.8 µm film stack. These values were significantly lower than the strength of the Si 

substrate, i.e. σ0 ~ 1820 MPa. The higher Weibull modulus obtained in the PZT-Si stacks (i.e. m 

~ 28 for the 0.7 µm thin film stack, m ~ 26 for the 1.3 µm thin film stack, and m ~ 10 for the 1.8 

µm film stack) compared to Si substrate (i.e. m ~ 3) indicated that the PZT/LNO layer thickness 

becomes the critical flaw size for failure of the entire stack. A stress-energy criterion based on 

Accepted Manuscript



20 

finite fracture mechanics was employed to explain the higher applied load necessary to initiate 

cracks in the stack containing a thinner PZT layer. Biaxial tests to pre-crack the stacks showed the 

same trend as the model. This coupled criterion for crack initiation may be extended to complex 

ferroic materials, if the domain responses are taken into account. Indeed, this could ultimately 

become a method to quantitatively understand domain wall mobility in ferroic structures under 

stress.  In addition, observation of crack arrest within the multilayer structure prior to the fracture 

of the entire stack suggests the possibility of tailoring the internal architecture (such as adding 

compressive layers, or changing the residual stress in the film) of PiezoMEMS to enhance 

mechanical integrity and thus performance.  
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