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Abstract: In this paper fabrication of a 0-3 ceramic/ceramic composite lead zirconate titanate, 
Pb(Zr0.52Ti0.48)O3 thin film has been presented and then a pressure sensor based on multilayer thin-film 
PZT diaphragm contain of Lead Zirconate Titanate nanocrystalline powders was designed, modeled 
and optimized. Dynamics characteristics of this multilayer diaphragm have been investigated by 
ANSYS® FE software. By this simulation the effective parameters of the multilayer PZT diaphragm 
for improving the performance of a pressure sensor in different ranges of pressure are optimized. The 
optimized thickness ratio of PZT layer to SiO2 was given in the paper to obtain the maximum 
deflection of the multilayer thin-film PZT diaphragm. A 0-3 ceramic/ceramic composite lead zirconate 
titanate, Pb(Zr0.52Ti0.48)O3 film has been developed to fabricate the pressure sensor by a hybrid sol gel 
process. PZT nanopowders fabricated via conventional sol gel method and uniformly dispersed in PZT 
precursor solution by an attrition mill. XRD analysis shows that perovskite structure would be formed 
due to the presence of a significant amount of ceramic nanopowders. This texture has a good effect on 
piezoelectric properties of perovskite structure. The film forms a strongly bonded network and less 
shrinkage occurs, so the films do not crack during process. Also the aspect ratio through this process 
would be increased. SEM micrographs indicated that PZT films were uniform, crack free and have a 
composite microstructure and a piezoelectric coefficient d31 of -40 pC.N-1 and d33 ranged from 
50pm.N-1 to 60pm.N-1. Copyright © 2009 IFSA. 
 
Keywords: MEMS pressure sensor, Finite element method, ANSYS®, Lead zirconate titanate (PZT), 
Sol-gel method 
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1. Introduction 
 
During recent years, the study of micro electromechanical system (MEMS) has shown significant 
opportunities for microsensors and microactuators based on various physical mechanisms such as 
piezoresistive, capacitive, piezoelectric, magnetic, and electrostatic. Compared to other MEMS 
technologies, piezoelectric MEMS offer many advantages [1]. Piezoelectric thin films present a great 
interest for microsystems thanks to their reversible effect [2]. Combining micromachined silicon 
membranes with piezoelectric thin films has resulted in novel micro-devices such as motors [3], 
accelerometers [4], pressure sensors [5], micro pumps [6], actuators [7] or acoustic resonators [8]. 
Many works have been presented on the MEMS pressure sensors which have been developed in the 
1970's [9]. Ravariu et al. modeled a pressure sensor designed to the compute blood pressure and they 
made use of the ANSYS simulation in order to estimate the mechanical stress in the structure [10]. 
Zinck et al. presented the fabrication and characterization of silicon membranes actuated by thin 
piezoelectric films [11]. Liu et al. designed two novel piezoelectric microcantilevers with two 
piezoelectric elements (bimorph or two segments of PZT films) and three electric electrodes [1]. 
 
In this work, we present the fabrication and characterization of square membranes of 
Si/SiO2/Ti/Pt/PZT/Au, and design, modeling and optimization of a multilayer thin-film PZT 
diaphragm contain of Lead Zirconate Titanate nanocrystalline powders used in pressure sensor is 
presented by means of ANSYS finite element (FE) software. The finite element method is a technique 
in which a given domain is represented as a collection of simple domains, called finite elements, so 
that it is possible to systematically construct the approximation functions needed in a variation or 
weighted-residual approximation of the solution of a problem over each element. We considered the 
structure shown in Fig. 1 for the sensor. In previous works only the membrane has been considered for 
simulation but at this work all the layers were taken into account in simulation by 
ANSYS/Multiphysics program. The simulation results can be used for studying of the characteristics 
and structural behaviors of this pressure sensor. Finally effective parameters for improving the 
performance of a pressure sensor in different ranges of pressure have been optimized. 
 
 

 
 

Fig. 1. Structure of the multilayer PZT diaphragm. 
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2. Fabrication of PZT Thin Film Layer Contain Nanopowders 
 
The integration of Pb(Zr,Ti)O3 thin films (PZT) on silicon substrates is of great interest to produce 
DRAM memories and piezoelectric microsystems such as membrane base sensors and actuators. 
Different technologies have been reported to deposit thin PZT films: MOCVD, sol-gel, laser-ablation, 
sputtering. Among them the sol–gel technique is the most popular because of its low cost and ease of 
fabrication for the PZT system [12]. In this paper fabrication of PZT thin film layer contain 
nanopowders is presented. 
 
 
2.1. PZT Solution Preparation 
 
The first step is the dissolution of appropriate of lead acetate trihydrate in 2-methoxyethanol solvent at 
120 °C for 30 minutes. Pb is added at a composition of approximately 10 mol% more than required by 
stoichiometry to compensate the PbO loss during high temperature annealing. This solution was 
vacuum distilled until a white paste with enough moisture begins to form. In a separate flask,  
Zr n-propoxide and Ti isopropoxide were added drop by drop into 2-MOE and stirred at room 
temperature for 1 hour. While Zr and Ti mixture solution was stirring, acetylacetone as a chelating 
agent was added to the solution for further stabilizing. Zr/Ti mixture solution is then added to the flask 
with paste-like Pb lumps. It then refluxed for improved homogeneity and vacuum distilled to eliminate 
the byproducts and water molecules from reaction. Final solution was filtered using 0.2 µm filter paper 
to minimize the incorporation of particles and dust during solution preparation. 
 
 
2.2. Preparation of PZT Nanocrystalline Powders 
 
In the present study PZT powders derived from the same solution that had been prepared for film 
deposition. Because compare to the conventional solid state method, fabrication of powder via sol-gel 
method has the advantages of simple composition control, high reactivity, lower synthesis temperature, 
high purity, etc. Then, the solution placed in the oven at 120 °C overnight. After drying, calcination 
performed at 650 °C for 2 hours. 
 
 
2.3. Slurry Preparation and Film Deposition 
 
A sol-gel method combined with PZT powder will be useful for thick film deposition. During the 
sintering process, atomic diffusion in the PZT powder grain occurs to minimize the surface energy, 
which promotes crystal bonding at the interface between two adjacent particles. The added sol will 
increase the driving force of the system due to the presence of nanoscale particles and so lower the 
required sintering temperature. In addition, the sol will also function as glue, binding the larger 
particles together and to the substrate. Nanocrystalline PZT powder which has particle size in order of 
0.8 µm dispersed in sol solution through an attrition mill to reduce the size of powders. Also 1 wt% of 
a phosphate ester based dispersant was added to get uniform and stable slurry for film deposition. The 
mass ratio of powder to sol solution fixed at 1:2. In the case of the composite sol-gel route, each 
microsize PZT grain will act as a site for crystallization. 
 
The film will easily crack if the concentration is higher. However, each layer of the film will become 
much thinner if the concentration is lower. The resulting solution was finally spin coated onto a 
substrate at 3000 rpm for 30s, dried at 150 °C for 10 min, fired at 380 °C for 15 min and annealed at 
650°C for 30 min. The spinning/drying/themolysis procedures were repeated until desired thickness 
achieved. The resulting coating is essentially a 0-3 ceramic/ceramic composite because the sol gel 
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matrix is connected in all 3 directions and the PZT powder is not connected in any 0 directions. Since 
the sol gel solution and powders are the same materials, the resulting coating will have properties that 
compare to that of the bulk material. The overall flow chart for the fabrication of PZT  
0-3 ceramic/ceramic composite film is shown in Fig. 2. 
 
 

 
 

Fig. 2. Flowchart of preparation PZT composite layer. 
 
 
2.4. Results and Discussions 
 
XRD results are shown in Fig. 3. Pattern of powders shows a random orientation, rhombohedral phase 
of PZT. Film deposited on amorphous glass could not form any crystalline phase. But layers with 
powders show the main peaks of perovskite structure and have a piezoelectric coefficient d31 of  
-40 pC.N-1 and d33 ranged from 50 pm.N-1 to 60 pm.N-1. 
 
In Fig. 4 the result of particle size analyzing is indicated. The powders from sol gel process are 
agglomerated and in range of 0.8 µm. When these powders undergo attrition milling and some 
dispersant inserted to system, the size of particles reduces and after 6 hour stable slurry will obtain. 
Increasing the time of milling has opposite effect and the particles become larger. This condition could 
attribute to increasing the temperature and reagglomaration of particles. The average size of powders is 
280 nm. 
 
Optical microscopic pictures of samples are shown in Fig. 5. By increasing the amount of powder, the 
probability of crack existence in the film becomes smaller. This fact relates to formation of a strongly 
bonded network between sol gel film and ceramic particles. On the other hands less shrinkage in the 
films occurs due to the presence of powders and diminution of the percentage of sol gel in the film. 
However, the amount of powder greater than 50 % leads to rough microstructure and porous films. The 
individual thickness of each layer can be increased through this technique and ferroelectric properties 
affected by this special microstructure. 
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Fig. 3. XRD patterns of: (a) PZT powder derived from solid state method, (b) PZT powder derived from sol-gel 
method, (c) PZT Thin film on amorphous Si with nanopowder, (c) PZT Thin film on amorphous Si  

without nanopowders. 
 
 

 
 

Fig. 4. Particle size analyzing of a nanopowders. 
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Fig. 5. Optical microscopic pictures. Mass ratio of powder to sol is (a) 1/1 ,(b) ¾ ,(c) ½ ,(d) ¼ , 
(e) without powder. 

 
 

In Fig. 6 SEM micrographs of films are shown. We can observe two kinds of grain in the films. One 
has irregular shape and larger grain size in order of 400-700 nm; another one is granular and has a 
smaller grain size below 300 nm. Particle loaded in slurry might be origin of the irregular shape and 
nucleation and growth in the sol solution forms the smaller grains group. Thus a composite island 
structure formed where the granular grains surrounding larger grains. This kind of microstructure will 
meet the requirement of both mechanical and electrical properties. From the morphologies, one can see 
that high density is achieved except few pinholes. However, microcracks with the length of microns 
distribute uniformly in the surface. This can be prevented by successful elimination of the aggregation 
among the nanopowders in the nanocomposite route. 
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(a)      (b) 
 

Fig. 6. SEM morphology of PZT composite films. Mass ratio of powder to solution: (a) ¼, (b) ½. 
 
 
3. Design and Modeling of a Pressure Sensor 
 
The cross section of the structure of the diaphragm is shown in Fig. 7. In this Figure a expresses the 
width of square multilayered diaphragm, d is the total width of the sensor which is approximately 
equal to 3a, and h7 is thickness of the substrate. h1, h2 … h6 are the thickness of each layer. Due to the 
symmetry of the diaphragm and in order to save some time and storage space in the calculation a 
quarter of the whole structure is used for simulation, as it’s shown in Fig. 8. The PZT film was 
deposited on Pt/Ti /SiO2/Si wafer via sol-gel process. Au layer was evaporated on the surface of PZT 
film as a top electrode. The backside silicon was wet etched off till the SiO2 layer. Since the substrate 
is made of anisotropic wet etched Si(100) wafer, the etched angle is known of around 54.7°. Therefore, 
the dimension of c can easily be determined by following equation: 
 

  ( ) )7.54cot(
2
1

1
οhadc −−=   (3)

 
The materials properties of each layer within the diaphragm which is in the FE modeling are listed in 
Table 1. There is E is Young’s modulus (GPa); µ is Poisson ratio; ρ is density (×103kg/m3) and h is 
thickness (µm). 
 
 

 
 

Fig. 7. Cross section of the structure of the diaphragm. 
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Fig. 8. The model used in ANSYS® . 
 
 

Table 1. The properties of each material in the structure. 
 

Layer Material Thickness E µ ρ 
h1 Si 500 µm 190 0.33 2.33 
h2 SiO2 400 nm 72.4 0.16 2.07 
h3 Ti 25 nm 102.1 0.3 4.85 
h4 Pt 200 nm 146.9 0.39 21.45 
h5 PZT 1 µm 86.2 0.287 7.62 
h6 Au 200 nm 80 0.42 19.32 

 
 
 
4. Simulation and Results 
 
Fig. 9 shows the displacement, stress in different directions, total stress, and strain at 60 mbar pressure. 
As shown in Fig. 9 the maximum displacement of the diaphragm is at the center, and the maximum 
stresses in different direction are along the edges of the diaphragm. 
 
The dimensions of the model of a multilayer diaphragm that is used for obtain this results were  
a = 300 µm and h5 = 1 µm. 
 
 
5. Finite Element Modeling 
 
The micro piezoelectric sensor was modeled in ANSYS® [13] FE software to obtain its electro-
mechanical characteristics. 
 
Three different element types were adopted to characterize different layers in the device. Solid 46 
element type which has the capability of modeling the layered solid was used to model elastic layers of 
Pt, Ti and SiO2. Using this element type helped modeling of three solid layers in one element layer. 
Piezoelectric layer was modeled using Solid 5 element type. Substrate and Au layers were modeled 
using solid 45 element type. 
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Fig. 9. The simulation result from ANSYS (a) displacement; (b) stress in x direction; (c) stress total; (d) strain. 

 
 
The small thickness-width ratio is the most challenging issue in the FE modeling of the thin films. 
Huge amount of elements are required to achieve suitable aspect ratio. In the present work, three layers 
of elements in modeling the membrane and substrate requires huge amount of CPU time. Some author 
used simplified model to decrease the CPU time [14], only modeled the diaphragm and substituted the 
surrounding membrane and substrate effect with clamped boundary condition. This simplified model is 
very rigid boundary condition. In this study a simplified model was used which assume that the 
substrate is a rigid body. The nodes in the interface between substrate and membrane were fixed. 
Modeling the thin film layers offers more relaxed boundary condition than one which is used in [14] 
despite its need to more CPU time. 
 
 
5.1. Validation of Numerical Analysis 
 
The accuracy of the finite element method results depends on element type, model discretization, and 
solution controls which are used in the analysis. Thus the model and solution controls should be 
evaluated before using the FE model in the further analysis. The numerical, analytical results of 
frequencies of two-layered clamped PZT plate [15] were used to verify our numerical analysis process 
by using ABAQUS FE-codes. As mentioned in [15] the clamped square plate was laminated by an 
elastic layer of SiO2 and a PZT layer of PbZr0.54Ti0.46O3 with 1 µm in thickness, respectively. Table 2 
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compares the five natural frequencies obtained by ANSYS FEM software and by theoretic calculation 
and ABAQUS FEM software at different width of the square plate. The errors, based on ANSYS data, 
are within 1.30 % as comparing with the results in [15] is shown in Fig. 10. This comparison indicates 
the acceptance of the analysis method and element sizes used in the ANSYS FEM software. 
 
 

Table 2. Comparison of the first five nature frequencies for a clamped square PbZr0.54Ti0.46O3/SiO2 laminated 
plate with each Layer of Thickness at 1 µm*. 

 
Width  

100 µm  200 µm  300 µm  400 µm  500 µm  750 µm  1000 µm 

ANSYS  1378.74  344.59  153.13  86.11  55.09  24.47  13.73 

ABAQUS  1364.31 
(1.05%) 

342.352 
(0.65%) 

152.262 
(0.57%) 

85.669 
(0.51%) 

54.834 
(0.46%) 

24.373 
(0.40%) 

13.711 
(0.14%) 

M
odel 1  Theory  1388.747 

(0.73%) 
347.1868 
(0.75%) 

154.3052 
(0.77%) 

86.7967 
(0.80%) 

55.5499 
(0.83%) 

24.6888 
(0.89%) 

13.8875 
(1.15%) 

ANSYS  2810.4  702.3  311.96  175.4  112.23  49.84  28.02 

ABAQUS  2773.57 
(1.31%) 

697.892 
(0.63%) 

310.55 
(0.45%) 

174.758 
(0.37%) 

111.867 
(0.32%) 

49.728 
(0.22%) 

27.974 
(0.16%) 

M
odel 2,3  Theory  2831.78 

(0.76%) 
707.945 
(0.80%) 

314.6422 
(0.86%) 

176.9863 
(0.90%) 

113.2712 
(0.93%) 

50.3428 
(1.01%) 

28.3178 
(1.06%) 

ANSYS  4136.11  1034.12  459.4  258.41  165.33  73.37  41.261 

ABAQUS  4074.16 
(1.50%) 

1027.7 
(0.62%) 

457.526 
(0.41%) 

257.511 
(0.35%) 

164.852 
(0.29%) 

73.287 
(0.11%) 

41.228 
(0.08%) 

M
odel 4  Theory  4175.461 

(0.95%) 
1043.865 
(0.94%) 

463.9401 
(0.99%) 

260.9663 
(0.99%) 

167.0184 
(1.02%) 

74.2304 
(1.17%) 

41.7546 
(1.20%) 

ANSYS  5029  1256.8  558.6  313.84  200.75  89.06  50.09 

ABAQUS  4953.65 
(1.50% 

1251.29 
(0.44%) 

557.209 
(0.25%) 

313.644 
(0.06%) 

200.796 
(0.02%) 

89.27 
(0.24%) 

50.22 
(0.26%) 

M
odel 5  Theory  5073.002 

(0.87%) 
1268.251 
(0.91%) 

563.6669 
(0.91%) 

317.0626 
(1.03%) 

202.9201 
(1.08%) 

90.1867 
(1.27%) 

50.73 
(1.28%) 

* The percent ratios in brackets are the frequency errors ANSYS results with respect to Theory and ABAQUS results [15]. 
 
 

 
 

Fig. 10. The errors, based on ANSYS results based on Table 2. 
 
 

1.30% 
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6. FE Results and Optimization 
 
A finite element model of the device allowed us to investigate a dynamics characteristics and structural 
behaviors of the multilayer PZT diaphragm and optimize a PZT thin film diaphragm for use in the 
sensors and actuators applications. 
 
Fig. 11 shows the influence of the width of the square multilayer PZT diaphragm on the first nature 
frequency. The natural frequency decreases rapidly with increasing the diaphragm width especially in 
the larger PZT layer thicknesses. The x-axis of Fig. 11 was replaced with the reciprocal area of 
diaphragm, 1/a2, and is shown in the Fig. 12. As can be seen there is a linear relation between the  
1st natural frequency and reciprocal area of diaphragm. Fig. 13 shows the 1st natural frequency versus 
PZT layer thickness in the different diaphragm widths. There is also a linear relation between the  
1st natural frequency and PZT layer thickness. Fig. 12 and 13 can be used to predict the natural 
frequency in the larger models with more elements without further simulation. The dimension of the 
real MEMS sensors are larger than the sensor modeled in present work. There is three layers in the 
model, modeling a sensor which its dimension is 2 times larger than this model, require 12 times more 
elements than this model. Solving this huge amount of elements requires huge amount of CPU time to 
solve and hardware to save the model data. 
 
 

 
 

Fig. 11. Change of the first nature frequency of structure via the variation of width  
of square laminated diaphragm. 

 
 

 
 

Fig. 12. Change of the first nature frequency of structure via the inverse of square of width, 1/a2,  
of square laminated diaphragm. 

Thickness of PZT layer (µm) 

Thickness of PZT layer (µm) 
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Fig. 13. Effect of thickness of PZT-layer on the structure nature frequency. 
 
 

6.1. Harmonic Response of the PZT Thin Film Diaphragm 
 
Harmonic response of the sensor was investigated under applying pressure load on the diaphragm. 
Since the supported silicon and surrounding multilayer film of diaphragm are not rigid solids and don’t 
have clamped boundary, the exact model was adopted in investigation of the harmonic responses of the 
diaphragm. A damping ratio equal to 0.015 was assumed in the analysis. Fig. 14 shows the deflection 
response at center point of the diaphragm. The voltage response PZT layer is shown in the Fig. 15. The 
dimensions of the exact model of a multilayer diaphragm which is modeled were a = 250 µm,  
d = 750 µm, h1 = 200 µm and h5 = 1 µm. 
 
There is a little difference between the exact model and adopted simple model result and can be 
neglected. The exact model took CPU time 2.15 times more than simple model and can be used in 
further harmonic analysis in order to save the CPU time and reduce analysis cost. 
 

 
 

Fig. 14. Displacement at centre point of the diaphragm. 
 
 

Width of square multilayered diaphragm (µm)

(420 kHz, 9.4 µm) 

(1560 kHz, 2.8 µm) 
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Fig. 15. Voltage response in PZT-layer at centre point of the diaphragm. 
 
 

6.2. Effect of Thickness Ratio on Dynamical behavior of the PZT Thin Film Diaphragm 
 
The thicknesses of SiO2 and PZT are in the same order and because of it we considered variety of 
thickness ratios of them to study dynamical behavior of multilayer diaphragm for sensor and actuator 
structures are shown in Fig. 16. There exists an optimum thickness ratio of a PZT to elastic layers 
under which the deflection of the diaphragm will reach a maximum value. In the calculation, once the 
thickness of SiO2 layer was varied, and the thickness of the PZT layer was remained at h5 = 1 µm, and 
then the thickness of PZT layer was varied, and the thickness of the SiO2 layer was remained at  
h2 = 400 nm. The optimized values of thickness ratio for given widths versus the variations of PZT 
thickness for sensor and actuator structures are shown in Fig. 17. 
 

 

 
 

Fig. 16. Dependence of the diaphragm deflection via the thickness ratio of SiO2/PZT layers of the diaphragm  
of a pressure sensor. 

 
 
 

(420 kHz, 2.4 V) 

(1560 kHz, 0.9 V) 

Width of square multilayered diaphragm (µm) 
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Fig. 17. Change of optimum thickness ratio of SiO2/PZT plate versus variation of PZT thickness and diaphragm 
width of a pressure sensor. 

 
 

6.3. Sensor Response 
 
Fig. 18 shows the voltage versus pressure diagram for different diaphragm widths. In this diagrams the 
PZT layer thickness is constant and equal to 1 µm and the SiO2 layer thickness is so selected to obtain 
the optimum value of R in that diaphragm width. These curves can be used to calibrate the sensor 
actuator response. There is a simple linear relation between voltage and pressure in each diaphragm 
width. This linear relation can be used to predict larger model behavior and calibrate them. 
 

 
 

Fig. 18. Diaphragm deflection versus voltage for different diaphragm widths. 
 
 

7. Conclusions 
 
In this paper firs fabrication of a 0-3 ceramic/ceramic composite lead zirconate titanate, 
Pb(Zr0.52Ti0.48)O3 thin film have been presented and then a pressure sensor based on multilayer  
thin-film PZT diaphragm contain of Lead Zirconate Titanate nanocrystalline powders is designed, 
modeled and optimized. XRD analysis shows that perovskite structure would be formed due to the 
presence of a significant amount of ceramic nanopowders and the (100) preferred direction was 
induced. This texture has a good effect on piezoelectric properties of perovskite structure. And have a 

Width of square multilayered diaphragm (µm) 

Width of square multilayered diaphragm (µm) 
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piezoelectric coefficient d31 of -40 pC.N-1 and d33 ranged from 50pm.N-1 to 60pm.N-1. The film forms a 
strongly bonded network and less shrinkage occurs, so the films do not crack during process. The 
aspect ratio through this process would be increased. SEM micrographs indicated that PZT films were 
uniform, crack free and have a composite microstructure and suitable for used in fabrication of a 
pressure sensor based on multilayer PZT thin film. The dynamics characteristics and structural 
behaviors of the multilayer PZT diaphragm were investigated to obtain an optimum design of the PZT 
thin film diaphragm for used in the pressure sensor. By this simulation the effective parameters of the 
multilayer PZT diaphragm for improving the performance of a pressure sensor in different ranges of 
pressure are optimized. The influence of dimensions of multilayer diaphragm on nature frequency was 
studied. The frequency values were found to rapidly decrease with the increase in the diaphragm 
width, especially in the small width range, and to increase linearly with the increase in the thickness of 
the PZT-layer. The deflection and the first nature frequency of diaphragm as a function of the 
thickness ratio of PZT layer to SiO2 layer were presented for the optimum design of actuator or sensors 
in MEMS applications. 
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