
 

ABSTRACT 
 

ZOHNI, OMAR SHARIFF.  Design, Fabrication and Experimental 
Characterization of PZT Membranes for Passive Low Frequency Vibration 
Sensing.  (Under the direction of Dr. Gregory D. Buckner.) 
 

Low frequency vibration sensing is being used increasingly to monitor the 

health of machinery and civil structures, enabling “need-based” maintenance 

scheduling and reduced operating costs. Passive sensors are of particular 

interest because they don’t require input energy to monitor vibration. Modern 

vibration sensors are often micro electromechanical systems (MEMS), and are 

usually very basic in design consisting of a cantilevered beam with some type of 

deflection sensing circuit. Under the influence of acceleration the beam deflects 

from its nominal position and its deflection is measured using optical, capacitive 

or piezoelectric techniques. MEMS sensors tend to exhibit very large stiffness to 

mass ratios, making them best suited to high frequency vibration sensing. 

Sensors utilizing the piezoelectric effect can achieve direct energy 

conversion from the mechanical domain (strain) to the electrical domain (charge) 

via piezoelectric coupling coefficients. To maximize the electrical output, lead 

zirconate titanate (PZT) is an excellent piezoelectric material due to its high 

coupling coefficients. However, the introduction of PZT into standard MEMS 

processes is problematic because lead is considered a contaminant in most 

silicon based fabrication facilities.  Additional complications with stresses and 



 

delamination in thin film stacks have hindered the development of robust 

fabrication processes for these devices.  

This dissertation investigates candidate MEMS sensor geometries and 

fabrication processes for passive low frequency vibration sensing. The addition of 

silicon nitride (Si3N4) thin films into sol-gel deposited PZT stacks is studied, and 

the effects of various adhesion layers on delamination and ferroelectric 

characteristics are quantified.  A fabrication process is developed allowing for 

both front and back side contact for electrical measurements. The effects of thin 

film stresses on the frequency response of PZT membranes are investigated 

using experimental, analytical, and computational techniques.  Results indicate 

that thin film stresses in silicon dioxide (SiO2) and Si3N4 can shift the natural 

frequencies of sensor membranes by as much as 20%. Optimization of sensor 

membranes is conducted using available numerical methods, particularly finite 

element analysis (FEA). Coupled electromechanical measurements of fabricated 

membranes are conducted and experimental results are compared with 

numerical and analytical solutions.  

The research outlined in this dissertation represents the first known 

investigation of passive MEMS vibration sensors specifically targeting such a low 

frequency range. Also, the integration of PZT into a standard MEMS process 

requiring low pressure chemical vapor deposition (LPCVD) Si3N4 has not been 

reported previously. A robust integrated PZT fabrication process is developed 



 

which can be used for future work in this field. This process includes a reliable 

adhesion layer which can be used when deep wet etching of silicon is required.  

Recommendations for future work and for incorporating these results into 

packaged sensors are presented. 
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1. Introduction 

1.1. Low Frequency Vibration Sensing 

 
Low frequency vibration sensing is the process of measuring the response of 

a mechanical component to an external stimulus; it is being used increasingly to 

monitor the health of machinery and civil structures, enabling “need-based” 

maintenance scheduling and reduced operating costs.  Modern vibration sensors 

are designed to measure one of three states of mechanical vibration: 

displacement, velocity, and acceleration. Displacement sensors, both contacting 

(linear variable differential transformers, linear potentiometers, etc.) and non-

contacting (optical displacement sensors, inductive sensors, etc.), tend to be 

bulky, expensive and require that the moving mechanical component be in close 

proximity to a fixed sensing component.  This proximity requirement limits the 

measurement resolution and the amplitude of vibration that can be detected.  

Velocity sensors (velometers) typically rely on electromagnetic induction (back 

emf) to produce a speed-dependent voltage signal. Because such devices 

frequently incorporate permanent magnets, copper windings, and back iron they 

also tend to be bulky and costly.  For these reasons, acceleration sensors 

(accelerometers) are the preferred method for general vibration sensing.  

Acceleration sensing is usually accomplished by mounting a sensor directly on 

the vibrating component, eliminating the need for fixed sensing components.  
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Acceleration signals can be integrated to obtain velocity and displacement 

information, though issues with noise and sensor drift must be taken into 

consideration [1].  

Low frequency piezoelectric accelerometers are common vibration sensors 

for machinery monitoring, biomedical applications, material evaluation and modal 

testing [2, 3]. Although piezoelectric accelerometers come in a large variety of 

configurations (compression mode, shear mode, flexural mode, etc.), most 

contain a quartz or piezoceramic sensing element in contact with a proof mass. 

As the proof mass accelerates, it exerts a force on the sensing element.  

Piezoelectric coupling coefficients in the sensing element convert the mechanical 

strain into an electric charge that is proportional to the acceleration.  This charge 

is amplified (internally or externally) to produce a voltage signal proportional to 

acceleration.  The ceramic material properties can be tailored to allow for design 

flexibility by optimizing the coupling coefficients as well as the desired frequency 

range.  Single and multi-axis accelerometers are available to detect both the 

magnitudes and directions of acceleration for an increasing number of industrial 

and domestic applications.  Their hermetically sealed construction allows for 

usage in harsh environments and at elevated temperatures [4].   

Historically, low frequency vibration sensing (<300 Hz) required macro scale 

components (large proof masses and sensing elements) and associated 

electrical circuitry.  Current day accelerometers are often micro electro-
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mechanical systems (MEMS), and are usually very basic in design consisting of 

a cantilevered beam with some type of deflection sensing circuit.  Under the 

influence of acceleration the beam deflects from its nominal position and the 

deflection is measured using optical, capacitive or piezoelectric techniques. 

MEMS represent the integration of micromechanical and electrical components 

with actuation and sensing elements onto a common substrate using 

microfabrication technology.  The electronics are fabricated using Integrated 

Circuit (IC) processing sequences such as Complementary Metal-Oxide-

Semiconductor (CMOS) or Bipolar CMOS (BiCMOS) processes. The 

micromechanical components are fabricated using compatible "micromachining" 

processes that selectively etch away portions of the silicon wafer or add new 

structural layers.  The actuation and sensing elements couple the mechanical 

and electrical components and convert energy between the two domains. MEMS 

sensors, for example, might employ the direct piezoelectric effect to convert 

mechanical energy to electrical energy. MEMS actuators might employ the 

converse piezoelectric effect to achieve the converse energy transfer. 

Recent advances in MEMS technology have resulted in the commercialization 

of sensors to measure acceleration and inclination on civil structures, industrial 

machines and vehicles.  MEMS accelerometers tend to exhibit very large 

stiffness to mass ratios, making them best suited to high frequency vibration 

sensing.  The most common application of MEMS accelerometers is in airbag 
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deployment systems for modern automobiles, where the device monitors 

changes in acceleration to determine when a collision occurs [5].  MEMS 

accelerometers have been integrated alongside gyroscopes for inertial guidance 

systems and instrument positioning systems [6].  

MEMS-based accelerometers have undergone a large market increase 

recently, as they are being incorporated into many personal electronic devices 

[7].  Smartphones, personal digital assistants and cameras are utilizing this 

technology to handle for example, switching between landscape and portrait 

modes as devices are turned on their sides. Laptops are using MEMS based 

accelerometers to detect shock type events, protecting against hard disk crashes 

in the event an unexpected drop.  It is estimated that more than 10 billion MEMS 

chips will be integrated into mobile phones by 2010 [7] and that the global MEMS 

market will exceed $20 billion by 2016 [8]. 

1.2. Background 

 
Piezoelectric materials, specifically lead zirconium titanate (PZT), are 

attractive for MEMS-based sensing applications because of their high sensitivity 

and low noise characteristics [9, 10]. PZT thin films have well-documented 

pyroelectric, piezoelectric and ferroelectric properties [11]. Various methods of 

attaining PZT thin films are available, including hydrothermal powders [12], radio 
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frequency (RF) co-sputtering [13], metallorganic chemical vapor deposition 

(MOCVD) [14], pulsed laser deposition (PLD), and sol–gel techniques [15-17]. 

The literature is replete with research involving the design and fabrication of 

MEMS vibration sensors, including capacitive silicon micromachined vibration 

sensors with seismic masses [18], sensors for harsh environments [4], 

geophysical sensors [19], and conductive ball sensors [20].  Recently there have 

been efforts to develop reliable PZT processes that can be used to create 

piezoelectric transducer elements [21].  The introduction of PZT into the MEMS 

fabrication process is difficult because PZT is not a CMOS-compatible material, 

and all wafer handling must take place in dedicated areas.  Other piezoelectric 

materials, such as Aluminum Nitride (AlN), are CMOS-compatible and can be 

used to overcome these limitations.  However, these materials have limited 

coupling coefficients between the electrical and mechanical domains, particularly 

for bending-induced strains. 

Current macro based low frequency vibrations sensors tend to be bulky, 

difficult to use in confined spaces, or outfitted on a mechanical component.  The 

desire to miniaturize low frequency vibration sensors is driven by reducing weight 

and limited space requirements in mechanical equipment.  These requirements 

push current research into the micro and nano scale for vibration sensing.  The 

current MEMS based vibrations sensors [4, 18-20], are not passive in nature, nor 

do they address the vibration level (<150 Hz) that this research is focused on. 
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This research presents the first attempt to achieve this type of active vibration 

sensing, utilizing a passive approach and bulk silicon etching processes.  

 

1.3. Research Objectives 

 
This thesis presents a methodology for designing and fabricating passive PZT 

based MEMS accelerometers to sense relatively low frequency signals (50 – 500 

Hz), a design objective not previously reported in the literature.  The passive 

nature of the vibration sensor makes it necessary for it to operate near the top of 

its linear range, which is normally up to 20% of resonance.  While many current 

sensors can be used to monitor these low frequency vibrations, their amplitude 

would be too small to achieve enough of a response without some amplification.  

Such low frequency sensors could be used to monitor deterioration and fatigue 

associated with civil structures and mechanical equipment by detecting shifts in 

their fundamental frequencies, indicative of changes in stiffness often caused by 

cracks or larger failures [22].  Various sensor geometries were investigated 

including basic beam structures, tethered or serpentined beams, serpentined 

beams with a proof mass, and membrane structures.  Using both closed form 

analytical solutions as well as finite element analysis (FEA) these designs were 

investigated and evaluated for feasibility. 

The sensor utilizes the piezoelectric effect, specifically by incorporating PZT 

films to achieve passive vibration sensing. The design is optimized using FEA to 
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ensure appropriate bandwidth.  FEA is also used to confirm the piezoelectric 

coupling coefficients and to characterize the effects of intrinsic thin film stresses 

on the dynamic response.     

Mechanical, electrical and coupled electro-mechanical dynamic responses 

are measured for these structures.  The mechanical response is measured using 

an optical displacement sensing technique.  The MEMS sensor is excited using 

an external impulse and the displacement response is measured.  The electrical 

response is measured via electrical probes that make contact with the top and 

bottom electrodes which sandwich the piezoelectric element embedded in the 

vibration sensor.  The probes measure the accumulated charge after the 

vibration sensor is excited. 

The research outlined in this dissertation represents the first known 

investigation of passive MEMS vibration sensors operating in this frequency 

range.  Also, the integration of PZT into a standard MEMS process with deep wet 

chemical silicon etching requiring LPCVD Si3N4 has not been reported 

previously.  A robust integrated PZT process is also developed which can be 

used for future work in this field.  This approach includes a reliable adhesion 

layer which can be used when deep wet etching of silicon is required.  An 

alternative approach using Deep Reactive Ion Etching (DRIE) techniques to 

create deep trenches in silicon is discussed.  This approach is appealing 

because it is very fast, creates vertical sidewalls and eliminates the need for 
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Si3N4 layers for masking.  Both of these approaches are viable techniques for 

creating deep trenches in silicon.  The wet etching technique is one that can be 

used in nearly any fabrication facility, while the DRIE approach is limited because 

it is a relatively new technique and DRIE equipment is expensive and not 

currently available in all fabrication facilities. 

1.4. Organization of Dissertation 

 
This dissertation is structured as follows: 

Chapter 2 – Initial Design Concept Development.  This chapter introduces 

various candidate geometries for vibration sensing.  Utilizing both MathCAD© 

and ANSYS© these geometries allow for an exploration of the design space with 

the goal of achieving low frequency vibration. 

Chapter 3 – Development of Stacked PZT Fabrication Process.  Existing 

work utilizing PZT in MEMS fabrication has been performed using a standard 

process; this work deviates from that process and requires a new fabrication 

technique.  Various adhesion layers are tested with their results reported within.  

An initial complete fabrication process is also developed allowing for both front 

and back side contact to measure the electrical response. 

Chapter 4 – Electrical and Physical Characterization of Stacked PZT Films.  

The electrical characteristics, Polarization and Relative Dielectric Constant vs. 

Voltage (εr-V), are measured for various adhesion layers in this chapter.  This 
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verifies that the desired hysteresis behavior is occurring.  Scanning Electron 

Microscopy (SEM) and X-Ray Diffraction (XRD) techniques are also utilized to 

verify the orientation and presence of the desired crystalline structure of PZT. 

Chapter 5 – Mechanical Membrane Testing.  This chapter discusses the 

mechanical testing of membrane sensors.  The response is measured using 

optical sensing techniques and compared with both closed form and FEA.  

Because Low Pressure Chemical Vapor Deposition (LPCVD) Silicon Nitride 

(Si3N4) becomes a part of the enhanced stack, thin film stress measurements are 

also investigated and their effect on the vibration characteristics reported. 

Chapter 6 – Coupled Electro-Mechanical Testing.  This chapter reports the 

coupled electro-mechanical testing for the membrane structures.  Coupled 

testing allows for the verification of induced charges as a result of mechanical 

vibration.  Responses in the desired frequency range are measured with both 

electrical probe measurements of charge and optical mechanical measurements 

of vibration.  FEA is also used to calculate the measured charge using typical 

material properties for the elements in the sensor.  These calculations are 

compared to device measurements. 

Chapter 7 – Summary and Conclusions.  This chapter summarizes the 

research and its findings.  Highlighted are the discovery of an adhesion layer for 

the modified PZT process which included LPCVD nitride, the creation of a 

process that can be used to develop these types of devices, effects of thin film 
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stresses on vibration response, and the coupled electro-mechanical 

measurements that show the device responding as expected. 

Chapter 8 – Future Considerations.  This chapter identifies additional 

experiments that can be used to further this research.  The utilization of Deep 

Reactive Ion Etching (DRIE) would significantly speed up the process and 

simplify device fabrication.  Cohesive zone modeling in ANSYS© would allow for 

a better understanding of the delamination that was observed in various 

adhesion layers.  Finally, packaging of this device needs to be considered. 
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2. Initial Design Concept Development 
 
Macro-scale fabrication techniques, such as milling, turning, forging and 

casting allow for the creation of complicated 3D geometries in a variety of 

materials. MEMS fabrication, however, relies extensively on photolithographic 

deposition and wet/dry etching processes for silicon substrates that limit the level 

of complexity that can be achieved.  MEMS devices are almost always simple 

planar or conformal structures with relatively basic geometries and limited 

material options [23].  

MEMS designs are also limited by the physics of their scale: because their 

surface to volume ratios are large, surface effects like electrostatics and wetting 

frequently dominate the inertial effects required for vibration sensing. 

Furthermore, the cantilevered sensing elements commonly used in MEMS 

accelerometers have very high stiffness to mass ratios, pushing the sensing 

range for MEMS devices into the MHz and GHz frequencies [24]. 

While the desire to build complex sensor structures to achieve the design 

requirements is compelling, the inherent design limitations of MEMS devices limit 

the creativity that can be used.  Unlike macro-scale fabrication processes, where 

imagination frequently dictates the design process, micro-scale fabrication 

processes are presently limited to planar structures.  These fabrication 

limitations, coupled with the design requirements of passive, low frequency 
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sensing, lead to the consideration of relatively basic structures in the following 

sections. 

2.1. Candidate Geometries 

 

2.1.1. Simple Beam Structures 

 
The first sensor designs considered were simple beam structures, both fixed-

free (cantilevered) and fixed-fixed beams, shown in Figure 2.1.  This preliminary 

analysis relied on the following classical Bernoulli-Euler beam assumptions [25]: 

 

• Uniform, slender beams without axial loads 

• Linear, homogenous, isotropic elastic materials  

• Plane sections remain planar 

• Beam’s plane of symmetry is also the plane of vibration so that 

rotation and translation are decoupled 

• Rotary inertia and shear deformation can be neglected 

 

(a) (b) 

Figure 2.1 – Simple beam structures: (a) Fixed-free (cantilever), (b) fixed-fixed 
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The validity of some of these assumptions is questionable; for example it is 

well known that silicon is an anisotropic material.  However, for the purpose of 

initial design concept evaluation these assumptions can be used and then 

revisited for validity by comparing analytical predictions to FEA simulations and 

experimental data. 

By applying appropriate boundary conditions and summing moments and 

forces, these two beam structures can be reduced to their characteristic 

equations [25]: 

1 cosh( )cos( ) 0l lβ β+ =                                   (2.1) 

1 cosh( )cos( ) 0l lβ β− =                                   (2.2) 

Where: 

• ( )Length of beam µ=l m  

• ( )
2

4 4 
ρ ω

β µ −=
A

m
EI

 

• 15

3
density of beam 2.3 10 for silicon

kg

m
ρ

µ
−= = ⋅  

• ( )2
cross sectional area  µ= =A bt m  

• ( )width of beam b mµ=  

• ( )thickness of beam µ=t m  
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• natural frequency 
rad

s
ω

 
=  

 
 

• 5Young's Modulus 1.90 10 for siliconE MPa= = ⋅  

 

These equations can be used to find the beam’s th
n  natural frequency 

n
f  as a 

function of the design parameters and material properties: 

 

4 2

4 2

( ) 1 ( )

2 4 3

n n

n

l EI t l E
f

Al l

β β

ρ π ρπ
= ⋅ =                           (2.3) 

 

• 
3

Area Moment of Inertia for rectangular cross section
12

= =
bt

I

 

Note that Equation 2.3 is applicable to both beam configurations; in fact it can 

be used for any combination of boundary conditions (free, simply supported or 

fixed) subject to the Bernoulli-Euler beam assumptions stated previously. Only 

the characteristic equations (i.e., Equations 2.1 and 2.2) are dependent on the 

specific BC’s.  Table 2.1 presents 
n
lβ  solutions for the cantilevered and fixed-

fixed boundary configurations as functions of n . 
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Table 2.1 – Solutions of characteristic beam equations for 
n
lβ  terms 

n  
Cantilever Beam 

n
lβ  

Fixed-Fixed Beam 

n
lβ  

1 1.875 4.730 
2 4.694 7.853 
3 7.855 10.996 
4 10.996 14.137 
5 14.137 17.279 

5n >  
2( 1)

2

n π−
 

2( 1)

2

n π+
 

 
 
An interesting observation can be made from Equation 2.3: the beam’s 

natural frequencies are not dependent on beam width b .  This results from a 

cancellation of b  in I A  (both the area A  and moment of inertia I  are directly 

proportional to b .  For this reason, the design parameter with the greatest effect 

on natural frequency is beam length l , which has an inverse square relationship 

with frequency.  Beam thickness t  is linearly related to natural frequency, while 

the ratio of material properties 
E

ρ

 
 
 

 has the smallest effect.  Figures 2.2 and 2.3 

illustrate the dependence of first natural frequency on beam length and thickness 

for cantilevered and fixed-fixed beams, respectively.  
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Figure 2.2 – Dependence of first natural frequency on beam length and 
thickness: cantilevered beam 
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Figure 2.3 – Dependence of first natural frequency on beam length and 

thickness: fixed-fixed beam  
 

 
These figures reveal that even extremely long and thin beams ( 4000l mµ= , 

1t mµ= ) do not exhibit first natural frequencies in the range of interest (50-300 

Hz). Furthermore, such feature thicknesses are not practical using standard wet 

etching techniques for silicon.  With KOH etching, for example, a practical 

minimum beam thickness is 10t mµ=  [26].   
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Another complication with simple beam structures is secondary bending 

modes. Although beam width b  has little effect on the first natural frequency of 

these beams, as it becomes closer in magnitude to beam thickness t  the second 

natural frequency approaches the first. For example, when beam thickness t  is 

equal to beam width b , both the vertical and lateral bending modes have exactly 

the same natural frequency. This problem can be avoided by ensuring there is 

enough difference between these two design parameters.  Another problem that 

is more difficult to avoid is the excitation of torsional modes that cause the beam 

to twist about its neutral axis.  As the l t  ratio increases, the first torsional 

frequency approaches the first bending frequency of the structure.  These 

complications eliminated the cantilevered and fixed-fixed beam designs from 

further consideration. 

2.1.2. Tethered Beam Structures 

 
As stated in Section 2.1.1, the design parameter with the greatest effect on 

the first natural frequency of simple beams is beam length.  One option for 

increasing the effective beam length while maintaining compactness is the 

tethered or serpentine beam structure illustrated in Figure 2.4.   
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l

N=5

 

Figure 2.4 – Tethered beam structure with N lateral segments 
 

 
Approximate solutions for natural frequency of the serpentine beam can be 

derived by applying the Bernoulli-Euler beam assumptions to each segment of 

the beam structure.  The straight lateral sections can be modeled as springs in 

series that oppose the motion perpendicular to the plane of Figure 2.4.  Each 

long section 
l

k  and the two short sections 
2l

k  contribute to the total equivalent 

stiffness 
t

k : 

2

1 2

t l l

n

k k k
= +  or  

2

2
2

=
+

l l

t
l l

k k
k

nk k
                      (2.4) 

 

Where, from beam theory [25]:  

3 3
3

3 3
12 4

Ewt Ewt
k
l

l l
= =  and 

( )

3 3
3 2

2 3 3
12 2

Ewt Ewt
k
l

ll

= =              (2.5)  

n 
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Substituting (2.5) into (2.4) yields an expression for the equivalent stiffness of a 

serpentine structure:  

( )

3

3
4 1

=
+

Ewt
k
t

l n
                                              (2.6) 

 

A similar modeling exercise provides expressions for the equivalent mass of the 

serpentine structure:  

0.23 ( 1)ρ= +
eq

m wt n l                                           (2.7) 

 

Equations 2.6 and 2.7 can be used to find the first natural frequency of an n-

segment serpentine structure: 

 

( )

3

3 4 11 1

2 2 0.23 ( 1)π π ρ

+
= =

+
t

eq

Ewt

k l n
f

m wt n l
 

 

2

1.0425

( 1)(4 1)ρπ
=

+ +

t E
f

n nl
                                (2.8) 
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Recalling that 10 mµ  is the practical minimum layer thickness for KOH wet 

etching processes, Figure 2.5 illustrates the dependence of natural frequency on 

the number of lateral segments ( n ) and beam length ( l ) for a beam thickness of 

10t mµ= .   

 

 

 
Figure 2.5 – First natural frequency dependence on geometry for an n-segment 

serpentine structure ( )10t mµ=  
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These analytical results were compared to an FEA model that underwent a 

mesh convergence study to ensure accuracy.  Parabolic brick elements with mid-

side nodes (20-noded) were used to model the beams with a minimum of two 

elements each in the thickness and width directions to ensure numerical 

accuracy. Each element node featured three degrees of freedom (DOF), 

representing deflections in each orthogonal direction. Fixed boundary conditions 

were applied at the base of each structure, thus constraining those nodes from 

any movement.  Figure 2.6 shows an FEA modal analysis contour plot, which 

predicts a first natural frequency of 11,161Hz  for a serpentine structure with 

25µ=t m , 1000µ=l m  and 3=n .   

 

Figure 2.6 – FEA modal analysis results for a serpentine beam: 25µ=t m , 

1000µ=l m , 3=n  
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Figure 2.7 compares FEA results to the analytical results of Figure 2.5 for a 

serpentine structure with 25µ=t m , 1000µ=l m  and a variable number of 

tethers. 

 
Figure 2.7 – Comparison of analytical (Equation 2.8) to computational (FEA) 

natural frequency results for 25µ=t m , 1000µ=l m  
 

 
Clearly, the FEA results are very close to the analytical results.  The slight 

differences between the two can be primarily attributed to the inherent 
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assumptions of Bernoulli-Euler beam theory, most notably approximations 

regarding mass participation in the vibration process. 

Although the serpentine beam approach successfully lowered the natural 

frequencies for a given package length, the resonant frequencies are still much 

higher than the design requirements dictate.  Furthermore, FEA revealed that 

torsional modes in the desired sensing range were excited.  To combat this 

effect, tethered devices with proof masses were investigated next. 

2.1.3. Tethered Proof Mass 

 
To reduce the effects of secondary and torsional bending modes, another 

design incorporating four serpentine tethers was considered, Figure 2.8. This 

configuration allows for the addition of a proof mass to further lower the 

structure’s natural frequency.   
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Figure 2.8 – Tethered proof mass structure  
 

 
The overall stiffness of this device can be approximated as four (4) individual 

tethers connected in parallel: 

( )

3

3

4
4

4 1
eq t

Ewt
k k

l n
= =

+
                                      (2.9) 

 

Because the square proof mass dominates the inertial effects, the equivalent 

mass can be approximated based solely on its contribution:  

2ρ=
eq m m

m l t                                             (2.10) 

 

The first natural frequency of this structure can now be approximated: 
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3

3 2

1 1

2 (4 1)

t

eq m m

k wt E
f

m l l t nπ π ρ
= =

+
                       (2.11) 

 

Where: 

• side length of proof mass
m

l =  

• thickness of proof mass
m

t =  

 
 
Once again, FEA simulations were compared to these analytical results.  

Figure 2.9 shows the model used for analysis.  Because the device exhibits 

fourfold symmetry, the FEA model was simplified (and computation times 

reduced) by modeling one fourth of the structure without sacrificing accuracy. 

Appropriate boundary conditions were applied along the planes of symmetry to 

constrain rotation and lateral motion.  The structure was also fixed at the outer 

face of the tethered structure and modal analysis was conducted.  The following 

geometric parameters were used for the baseline comparison of the closed form 

solution and the FEA model:   

 

• Thickness of proof mass 500 µ= m  

• Side of proof mass Length of beam=  

• Thickness of beams 10 µ= m  
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• Width of beams 30 µ= m  

 

Figure 2.10 compares analytical to FEA results for tethered proof mass 

structures with various numbers and lengths of tether segments. 

 

 

Figure 2.9 – Quarter-symmetric model used for FEA of tethered beam structure 
with proof mass. 
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Figure 2.10 – Comparison of analytical equation to FEA results for various 

lengths and number of turns 
 

 
Clearly, these enhanced tethered devices have natural frequencies in the 

range of interest (<300 Hz), but they are more challenging to fabricate as they 

require backside alignment to ensure the tethers are aligned with the membrane 

sides (since the membranes will be etched away first).  This hardware is not 

available at NCSU facilities.  Furthermore, the relative differences in size, mass 

and stiffness between the tethers and the proof mass make the devices fragile 
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and make it difficult to ensure that they have fully released after etching.  For 

these reasons, fabrication of tethered mass structures was not pursued, but 

simpler membrane structures were considered. 

2.1.4. Membrane Structures 

 
The final sensor topologies investigated were square membrane structures, 

with and without proof mass enhancement.  Figures 2.11 and 2.12 show FEA 

models of both membrane structures. 

 

 

Figure 2.11 – Square membrane sensing structure ( 10µ=t m , 5=
m

l cm ) 
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Figure 2.12 – Square membrane structure with proof mass ( 10µ=t m , 

5=
m

l cm ) 
 

 
An analytical expression for the fundamental frequency of a square 

membrane structure is [27]: 

2 2

9

(1 )3 m

t E
f

l ρ υπ
=

+
                                   (2.12) 

 

Where: 

• ( )membrane thickness mt µ=  

• ( )side length of membrane 
m

l mµ=  

• 5Young's Modulus 1.90 10 for siliconE MPa= = ⋅  

• 15

3
density of beam 2.3 10 for silicon

kg

m
ρ

µ
−= = ⋅  
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• Poisson's ratio = 0.24 for siliconυ =  

 

As with the simple beam structures, the membrane’s fundamental frequencies 

vary linearly with membrane thickness and with the inverse square of side length. 

Finite element analysis was compared to Equation 2.12 to explore the design 

space for these devices. As with the previous designs, these FEA models were 

constructed using 20-noded solid brick elements, and constrained in all directions 

at the base of the four tethers.  Modal analysis results are shown in Figure 2.13 

for membranes of various thicknesses and side lengths.  As expected from 

Equation 2.12, there is a linear variation in frequency with respect to thickness 

and an inverse quadratic variation in frequency with respect to membrane length. 
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Figure 2.13 – FEA modal analysis results from membranes without proof mass 

with various thickness and length values ( 50,100, 250, 500µ=t m , 

1,2,4=
m

l cm ) 
 

The analytical and computational results presented in this chapter, coupled 

with fabrication considerations and the availability of resources at NCSU, dictated 

the selection of proof mass enhanced membrane structures for low-frequency 

MEMS acceleration sensing. Although the natural frequency results for the 

tethered proof mass concepts were as good as (if not better than) the membrane 

structures, these designs were not pursued for the reasons discussed above.   

The next chapter discusses fabrication processes that can be used to fabricate 

membrane structures. 
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3. Development of a Stacked PZT Fabrication Process 
 
Lead zirconium titanate (PZT) materials are of particular interest because of 

their pyroelectric, piezoelectric and ferroelectric properties. PZT-based MEMS 

technology is attractive for sensing applications because of its high sensitivity 

and low noise characteristics [9, 10]. Various methods of attaining PZT thin films 

are available, including hydrothermal powders [12], radio frequency (RF) co-

sputtering [13], metallorganic chemical vapor deposition (MOCVD) [14], pulsed 

laser deposition (PLD) [28], and sol–gel techniques [15-17]. Of these available 

methods, sol-gel processing is used widely in the MEMS community because of 

its ability to create films with high d33 electromechanical coupling coefficients [29-

33]. This compensates for many of its associated complexities, most notably its 

requirement for high processing temperatures.  

RF co-sputtering is a deposition technique that is gaining traction because of 

its relative ease of operation.  In addition, the bottom electrode and PZT layers 

can be deposited without moving the sample [13].  The downside of this 

approach is the introduction of lead into the fabrication facility, specifically into 

the sputtering system.  Lead is considered a contaminant in silicon fabrication 

facilities, thus this technique requires a dedicated sputtering system or a 

thorough system cleaning after deposition.   
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MOCVD is a more complicated deposition process as it requires a cold-walled 

deposition chamber integrated with a liquid delivery system, a showerhead, a 

heater and a specifically designed vaporizer [12].  This deposition technique also 

tends to yield high surface roughness, causing degradation in the quality of the 

PZT film [34]. 

PLD is popular because it easily allows for the reproduction of the chemical 

makeup of PZT thin films, which means the coupling coefficients and electrical 

characteristics are well known and easily repeatable [35].  However, it creates 

similar concerns as co-sputtering in that it contaminates the fabrication facility, 

and can also require the development of the ceramic target using a solid state 

reaction technique in which a conventional sintering process can be used.  This 

is difficult because these types of processes are generally not available in 

conventional fabrication facilities. [13].  

This chapter focuses on the fabrication of PZT MEMS devices using sol–gel 

precursors and spin-on thin film processing techniques.  These approaches were 

selected in part because of the collective research expertise and extensive 

facilities available at NCSU’s Electroceramic Thin Films Laboratory.  During the 

course of this work at the NCSU facilities, samples containing PZT were not 

processed in high temperature oxidation and other systems used by silicon 

device researchers due to the presence of lead. 
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3.1. PZT Stack Structure 

 
The majority of sol–gel PZT thin film research has been conducted using a 

standard stack structure [15-17, 29-33], with only small variations in processing 

conditions or thicknesses of individual layers [36, 37]. The stack consists of a 

silicon (Si 100) wafer with a thermal SiO2 layer grown on the front and back 

sides.  Generally, this silicon dioxide layer is 600 nm thick, but depending on the 

fabrication specifications this thickness can be modified, which can be beneficial 

if it is being used as a structural layer. The SiO2 layer promotes adhesion of the 

bottom electrode layers and serves as an insulator between the device and the 

substrate. Next a thin titanium (Ti) adhesion layer (15 nm) is RF sputtered on the 

front side of the wafer, followed by a thin platinum (Pt) layer (100 nm) which is 

also RF sputtered onto the front side. The titanium (Ti) adhesion layer is chosen 

over other materials because of its robustness in adhering the platinum to the 

oxide layers [38, 39]. 

Next, a PZT precursor is spun onto the wafer. This solution is prepared using 

an organometallic mixture of lead acetate (Pb(CH3COO)2), zirconium acetate 

(ZrO(CH3COO)2), tetrabutyl titanate (Ti(OC4H9)4) and a methanol (CH4O) solvent. 

The Pb (ZrxTi1 −x)O3 precursor can vary in concentration from x=30–70% [38]. 

Typically, the spin-on is done at 2500 rpm for 30 s, followed by drying on a hot 

plate at 250°C for 5 min. Each of the spin-on steps deposits ~0.08 µm of PZT. 

After the desired thickness is reached through repeated spin-on processes, a 
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final pyrolysis step is required to crystallize the PZT material. This is done by 

placing the sample in an open air furnace at 500–700°C.  Finally, the sample is 

placed back into an RF sputtering system and a top platinum or aluminum 

electrode is deposited. A more detailed description of the process can be found 

in [40]. 

A problem with this standard process arises when membrane structures need 

to be fabricated via backside wet etching into the silicon.  Standard backside wet 

etching in potassium hydroxide (KOH) of Si is incompatible with the underlying 

SiO2 layer. For bulk wet micromachining in KOH, a layer of Low Pressure 

Chemical Vapor Deposition (LPCVD) silicon nitride (Si3N4) is needed as a 

masking layer on the backside of the silicon. Silicon dioxide cannot be used as a 

masking agent as it has an etch rate of nearly 1 µm/hour, while the LPCVD 

silicon nitride has an etch rate of < 1 nm/hr.  An alternative etchant for silicon is 

Ethylene Diamene Pyrocatecol (EDP), which has the advantages of fast etch 

rates, good selectivity, and high <100> to <111> plane etch ratios.  

Unfortunately, EDP is also extremely corrosive, highly carcinogenic, and is easily 

inhaled or absorbed through the skin.  Consequently, EPD is not available in the 

NC State fabrication facility and was not used for this research. Because LPCVD 

silicon nitride is deposited on both the front and back sides of the wafer, it 

becomes an integral part of the PZT stack and creates adhesion concerns. 

Additionally, thin film LPCVD silicon nitride exhibits high tensile stress which can 
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lead to fragile or buckled membrane structures [41]. Plasma Enhanced Chemical 

Vapor Deposition (PECVD) silicon nitride films, deposited at much lower 

temperatures and applied on the backside of the wafer, are not effective masks 

for KOH etching [10].  The density of PECVD silicon nitride is much lower than 

LPCVD, and due to the presence of pinholes, the PECVD silicon nitride layer is 

ineffective at masking during extended wet etching processes.  

To compensate for its high tensile stresses, silicon nitride can be grown on a 

thermal silicon dioxide layer. Since the silicon dioxide is compressively stressed 

during the deposition process, an optimum ratio of silicon dioxide to silicon nitride 

thicknesses can completely compensate for these stresses [42]. Fig. 3.1 shows 

the differences between a standard PZT stack process and nitride-added 

process. 
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(a) 

 
(b) 

Figure 3.1 – Comparison of standard PZT stack (a) to a nitride-added PZT stack 
(b) 
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While other researchers have studied issues related to adhesion and quality 

of PZT films when nitride is integrated into the process [43-45], this research 

investigates a variety of adhesion layers, Zr, ZrO2, Ti, and Ta, and compares 

results for each. These adhesion layers were chosen for the following reasons: 

(1) Ti is one of the most widely used adhesion layer, (2) Ta has been previously 

integrated into silicon nitride applications, and (3) Zr/ZrO2 are similar in chemical 

makeup to Ti/TiO2, as they are both considered group IV elements on the 

periodic table and are both hard refractory metals. 

3.2. Adhesion Layer Study 

 
Because the applications of this research require extended KOH etch 

processes, and because thermal SiO2 films are not effective masks for this 

etching process, all test wafers incorporated an LPCVD silicon nitride (Si3N4) 

layer as shown in Fig. 3.1b. The bare silicon wafer is initially cleaned using 

BakerClean® JTB-111 to ensure that the surface is clear of organic and 

particulate contaminants before the subsequent layers are grown or deposited.  

The wafer is then placed into an oxidation furnace and thermally oxidized to 

create the SiO2 layer. This process exposes the silicon wafer to an oxidizing 

environment of O2 or H2O at elevated temperatures (700°C–1300°C), producing 

oxide films with thicknesses up to 1.0 µm. This oxidation process is 

straightforward; silicon has a well-documented tendency to form stable oxides in 
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the presence of oxidizing sources [10], even at low temperatures. The elevated 

temperatures used in thermal oxidation serve to accelerate the process. The wet 

(H2O as agent) oxidation process was done at 1000°C for 45 min, resulting in 0.3 

µm of SiO2. The oxidation reaction is shown below [26]: 

 

+ → +2 2 2( ) 2 ( ) ( ) 2 ( )Si solid H O vapor SiO solid H vapor  

After oxidation, the wafers were placed into a CVD chamber and LPCVD 

nitride was deposited. Various adhesion layers (Zr, Ta, ZrO2, and Ti) were 

sputtered onto the silicon nitride.  Adhesion layer thicknesses of 15 and 25 nm 

were tested to expose any inter-layer diffusion issues. Zr and Ta layers were 

deposited using a custom direct current (DC) sputtering system fabricated at the 

North Carolina State University Institute for Electroceramic Thin Films. ZrO2 and 

Ti were deposited using a customized Advanced Energy RF Sputtering System. 

ZrO2 adhesion layers were also achieved via DC sputtering of Zr followed by 

oxidation in an open air tube furnace at 600°C for 1 h [43]. 

After depositing the various adhesion layers, a 100 nm layer of Pt was 

deposited via DC sputtering. Next the PZT layers were spin coated at 3000 rpm 

for 30 s, and subsequently annealed at 250°C for 5 min. The composition of the 

PZT used for this experiment was chosen to be near the morphotropic phase 

(x=0.52) and contained excess Pb in order to account for losses during high 

temperature thermal treatment. Each spin-on step deposited ~0.08 µm, thus the 
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process was repeated four times to get the desired thickness of 0.32 µm. After 

PZT deposition, the films were annealed for 30 min in a tube furnace at 600 or 

650°C by direct insertion to achieve pyrolysis. Finally, the top electrode was 

sputtered onto the PZT and capacitors were patterned using a shadow mask. 

Table 3.1 shows the complete processing conditions for each layer.  The 

resulting surface quality of each sample was assessed using digital photography 

and scanning electron microscopy (SEM), while the ferroelectric characteristics 

of the PZT films were assessed using permittivity measurements and polarization 

– voltage (P–V) hysteresis loop measurements. The SEM data was acquired 

using a JEOL JSM 6400F scanning microscope.  The electrical measurements 

were taken with an HP4194A impedance analyzer and a RT 6000S ferroelectric 

tester, and will be further discussed in Chapter 4. 
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Table 3.1 – Adhesion layers and processing conditions 
Film 

deposited/ 
grown 

Atmosphere Temperature / 
time 

Pressure Thickness 

SiO2 H2O (steam) 1000°C 
45 min 

- 0.3 µm 

     
Si3N4 NH3 SiH2Cl2 

100:1 
Ammonia to 
Silane Ratio 

775°C 
30 min 

40 Pa 0.1 µm 

     
Zr, Ti, or Ta Ar Plasma 5-12 sec 0.004 Pa 15 or 25 nm 

     
Pt Ar Plasma 45 sec 0.004 Pa 0.1 µm 
     

PZT Conducted in 
Hood 

30 sec spin on 
3000 RPM 
600°C or 

650°C 30min, 
anneal 

101.3 kPa .32 µm (0.8 
µm/spin)  

     
Pt Ar Plasma 45 sec 0.004 Pa 0.1 µm 
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3.2.1. Zr Adhesion Layer 

 
For the non-oxidized Zr adhesion layer, both the 15 nm and 25 nm layers 

failed to withstand the PZT pyrolysis process. Fig. 3.2 shows typical adhesion 

layer delamination after pyrolysis.  Similar results (not reported here) were 

observed for adhesion layer thicknesses of 10–30 nm with PZT pyrolysis 

temperatures of 575–700°C. 

 

Figure 3.2 – Delamination in 15 nm Zr adhesion layer with pyrolysis at 600°C 
 

 

3.2.2. ZrO2 Adhesion Layer 

 
As with the Zr case, the stack structure with a ZrO2 adhesion layer began to 

delaminate during pyrolysis. Although this surface delamination would prohibit 

integration into a functional MEMS device, it was not as severe as with non-

oxidized Zr. 
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3.2.3. Ti Adhesion Layer 

 
Titanium, the most widely used adhesion layer for underlying SiO2 layers, was 

deposited via RF sputtering without any high temperature oxidation prior to 

depositing the platinum.  Although the degree of delamination was less severe 

than the Zr samples, it was still severe enough to prevent this adhesion layer 

from being integrated into a functional MEMS device. 

3.2.4. Ta Adhesion Layer 

 
Tantalum, deposited via DC sputtering with no high temperature oxidation, 

was tested next. Fig. 3.3 shows the post pyrolysis surface characteristics of 

samples with Ta adhesion layers. These samples exhibited no delamination, and, 

with the exception of the non-uniformities associated with spin-on processes, 

looked extremely promising. 
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Figure 3.3 – Surface characteristics of sample made with 15 nm Ta adhesion 
layer after PZT pyrolysis at 600°C. 

 

Based on this study of various adhesion layers available when incorporating 

LPCVD deposited silicon nitride into standard PZT stacks, Ta was the obvious 

choice based on its resistance to delamination.  While many of the adhesion 

layers exhibited adequate polarization and relative dielectric constants (as 

discussed in Chapter 4), only samples using tantalum (Ta) adhesion layers 

resisted structural delamination. Thus, the Ta adhesion layer samples displayed 

defect-free uniform structures. 

3.3. Device Fabrication and Process Flow 

 
Based on the results of the adhesion layer study, a MEMS process was 

developed to fabricate the membrane structures.  Key additions to the adhesion 
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layer processes of Section 3.2 were the etching and photolithography steps 

required to create the membranes. 

After oxidation, the wafer was placed into a CVD chamber and LPCVD nitride 

was deposited.  Square membrane structures, with side lengths of 1.0-4.0 cm, 

were patterned onto the back side of the wafer and RIE was used to remove the 

silicon nitride and silicon dioxide films and expose the silicon substrate.  RIE was 

performed using a Semigroup 1000TP Parallel Plate Reactive Ion Etcher and 

plasma consisting of Ar/CHF3/O2/SF6 gases.  The wafer was then placed into a 

heated (80˚C) Potassium Hydroxide (KOH) solution to etch the silicon and create 

the desired membrane structure.  The thickness of the membrane was monitored 

using profilometry until the desired thickness, 10-200 µm, was achieved.  This 

process is summarized schematically in Figure 3.4 (steps a)-g)) for pure 

membrane structures.  Similar processes were employed for proof mass 

enhanced membranes, as illustrated in Figure 3.5.  Not shown in Figures 3.4 and 

3.5 are the sloped sidewalls that result from KOH etching processes. 
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(a) Bare silicon wafer  

(b) Thermal oxidation (3000 Å of SiO2) 

 
(c) LPCVD (1000 Å of Si3N4)  

(d) Spin-on, patterning, and exposure of photoresist 

 
(e) RIE to expose silicon and photoresist removal 

 
(f) KOH wet etch to create membrane 

 

 
(g) Deposition of Ta/Pt/PZT/Pt stack on front side 

  

 

Figure 3.4 – Process description for fabricating silicon membranes in a PZT stack 
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(a) Bare silicon wafer  

(b) Thermal oxidation (3000 Å of SiO2) 

 
(c) LPCVD (1000 Å of Si3N4)  

(d) Spin-on, patterning, and exposure of photoresist 

 
(e) RIE to expose silicon and photoresist removal 

 
(f) KOH wet etch to create membrane 

 
(g) Deposition of Ta/Pt/PZT/Pt stack on front side 

 

 

Figure 3.5 – Process description for fabricating proof mass enhanced silicon 
membranes in a PZT stack  

 
 
Following etching of the membrane, a 15 nm Ta film was sputtered onto the 

front side silicon nitride as described in Section 3.2.4.  Sputtering was conducted 

using a custom direct current (DC) sputtering system. Then the bottom electrode 
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(a 100 nm layer of Pt) was deposited onto the Ta film using DC sputtering.  Next, 

the PZT layers were spin coated using the process described in section 3.2.  To 

achieve contact with the bottom electrode the outer corners of the membrane 

structure were taped off to prevent PZT from being deposited.   After PZT 

deposition, the films were annealed for 30 minutes in a tube furnace at 650˚C by 

direct insertion to achieve pyrolysis.  Finally, the top Pt electrode was sputtered 

onto the PZT and patterned using a shadow mask creating capacitors over the 

membrane.  The shadow mask along with the taping off during PZT deposition 

allowed access to both the top and bottom electrodes for mechanical and 

electrical testing.  The process conditions for the device structure were identical 

to those summarized in Table 3.1 using a 15 nm Ta adhesion layer. 

The above described process was utilized to create the desired membrane 

and proof mass enhanced membrane structures.  An alternative DRIE process 

was also investigated and will be discussed in Chapter 8. 
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4. Electrical and Physical Characterization of Stacked 
PZT Films 
 
Historically, the choice of processing conditions used during the preparation 

of PZT films (such as pyrolysis temperature, the use of rapid thermal annealing, 

etc.) has focused on their effects on the crystallized film [46-49].  These studies 

show that the electrical properties of interest, namely remnant polarization and 

relative dielectric constant, both peak at approximately 400˚C, but drop 

significantly at higher temperatures. Two studies [50, 51] have investigated the 

effects of pyrolysis temperature on the microstructure of the PZT film after 

crystallization, while another has investigated the effects of these processing 

conditions on the electrical properties of PZT [52].  These results show that at 

temperatures above 400˚C there are weak (100) and (200) peaks, while at 

temperatures below 400˚C only (111) peaks are present in the PZT.  Because 

strong (111) orientation is preferable for the coupling coefficients, most published 

results are based on pyrolysis temperatures ranging from 300 350oC− . 

One common tool for the electrical characterization of piezoelectric materials 

is the hysteresis loop test [53].  Hysteresis effects in ferromagnetic materials are 

well documented, where external magnetic fields are applied to a sample and 

magnetic flux densities are measured.  The magnetic dipoles align themselves 

with the external field until a saturation of flux density sB  is observed. Upon 
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removal of the external field, a residual flux density rB  can be measured, 

indicating a permanent realignment of some of the magnetic dipoles.  Very 

similar behaviors are observed during hysteresis loop testing of piezoelectric 

materials [54], Figure 4.1. External electric fields cause ions in the piezoelectric 

sample to align, a process called “poling”.  As with its ferromagnetic analog, 

piezoelectrics exhibit saturation polarization values sP  as well as remnant 

polarization rP  values when the field is reduced to zero.  The coercive electric 

field value, CE , is defined when the polarization is zero but the field is non-zero.  

The area contained within the bounds of the hysteresis curves is directly 

proportional to the electrical work required to polarize the piezoelectric material.  

The ideal shape of this curve would be wide in the middle, with little difference 

between the remnant and saturation values for polarization.  This would ensure 

that all of the work occurs between the remnant polarization values, which is 

where these types of devices are intended to be used.  Because there is very 

little change in polarization once the device reaches its remnant state the amount 

of work that can be extracted from the device beyond that point diminishes even 

with large increases in power supplied via the electric field. 
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Figure 4.1 – Typical hysteresis loop test (polarization) results for a PZT (500 nm) 
structure [54]  

 
 
Another common tool is the relative dielectric constant (εr) vs. voltage (V) test 

which allows for the determination of relative dielectric constants, as shown in 

Figure 4.2 [55].  εr-V curves exhibit a “butterfly behavior” with the maximum 

relative dielectric constants near the coercive electric field value.  At these peak 

relative dielectric constants, the charge storage capacity is maximized.  The 

shape of this curve is indicative of hysteretic behavior also as the changing 

electric field modifies the orientation of the dipoles thus changing the capacitance 

in the structure.  The peaks of the εr-V curve correspond to large polarization 

changes where the ferroelectric domain is switching from one orientation to 

another.  The “butterfly” curve shown in figure 4.2 has peaks at voltages that 

Pr = 39 µC/cm2 

Ec = 41 kV/cm 
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correspond to the coercive field strength of the film.  At higher voltages the 

relative dielectric constant decreases. 

 

 
Figure 4.2 – Typical εr-V results for a PZT piezoelectric specimen [55] 
 

 
X-Ray Diffraction (XRD) is a nondestructive and efficient technique used to 

characterize unknown crystalline materials and orientations.  X-rays are reflected 

from evenly spaced planes of the crystalline material, producing a diffraction 

pattern of spots called reflections [56].  Each of these patterns is indicative of one 

set of evenly spaced planes within the crystal.  The crystal is then rotated 

gradually in the X-ray beam, which allows for the purity of the crystalline as well 

as its orientation to be determined.  A typical XRD scan for PZT is shown in 

Figure 4.3.   
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Also, Scanning Electron Microscopy (SEM) can be used to investigate the 

grain size and shape of the PZT after fabrication.  SEM scans the surface of a 

sample with a high-energy beam of electrons in a raster scanning mode.  The 

beam of electrons interact with the sample producing a signal that contains 

information about the samples surface topography [57].  SEM can also be used 

for failure analysis to monitor crack propagation and initiation as well as capturing 

defects and impurities in samples.  A typical SEM result is shown in Figure 4.4.  

 

 

Figure 4.3 – Typical XRD result for PZT Material [58]  
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Figure 4.4 – Typical SEM result for a BaTiO3 material [59] 

 

4.1. Adhesion Layer Electrical Results 

 

4.1.1. Zr Adhesion Layer 

 
Because delamination in this adhesion layer was so severe during the 

pyrolysis process, top electrodes were not deposited and electrical data was not 

compiled for Zr adhesion layer samples. 

4.1.2. ZrO2 Adhesion Layer 

 
Because delamination in the ZrO2 adhesion layer was not as severe as the 

pure Zr layer case, top electrodes were patterned and electrical measurements 

were taken for these samples using an HP4194A impedance analyzer (which 

measures the relative dielectric constant vs. electric field) and a RT 6000S 

ferroelectric tester (used for measuring the polarization curves). Figure 4.5 shows 



 

56  

that the electrical characteristics of the PZT compare reasonably with published 

data [46]. The relative dielectric constant, rε   reaches a maximum value (~1640, 

as shown in Figure 4.5) in the oxidized 25 nm  Zr sample with a pyrolysis 

temperature of 650oC . The remnant polarization rP  ranges between 

221 23
C

cm
µ

− , as shown in the hysteresis loops of Figure 4.5. The change in 

location of the dielectric peaks is due to the hysteretic characteristics, and the 

shift is related to dipole rearrangement due to the direction of the voltage sweep. 

 
Figure 4.5 – εr-V and polarization for 25 nm oxidized Zr adhesion layer 
 

 

4.1.3. Ti Adhesion Layer 

 
Even though the delamination in the Ti adhesion layer was too severe for 

integration into a functional MEMS device, electrical measurements were taken.  

Figure 4.6 shows that the electrical characteristics of the PZT compare favorably 

with published data [46].  The relative dielectric constant reaches a maximum 
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value (~1370) in the 15 nm sample with a pyrolysis temp of 600oC . The remnant 

polarization rP  ranges between 221 27
C

cm
µ

− , as shown in the hysteresis loops of 

Figure 4.6. At higher magnitude voltages ( 13 V− ) the relative dielectric constant 

fluctuates (Figure 4.6), which could be a result of oxygen vacancies in the 

electrode (Pt)/ferroelectric (PZT) interface [60] or a leaky dielectric (PZT).  Both 

of these could cause the dielectric material to breakdown at high electric fields. 

 
Figure 4.6 – εr-V and polarization curves for 15 nm Ti adhesion layer 
 

 

4.1.4. Ta Adhesion Layer 

 
As stated in Chapter 3, Ta was the only adhesion layer to show no 

delamination during the PZT processing. Figure 4.7 shows that the electrical 

characteristics using Ta adhesion layers are comparable with published data and 

with previously measured data [61]. Figure 4.7 shows the εr–V curve for a pair of 

capacitors with a 15 nm  Ta adhesion layer. The relative dielectric constant is 
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~1100, with a remnant polarization rP  of 218 22
C

cm
µ

− , shown in the hysteresis 

loops of Figure 4.7. 

 
Figure 4.7 – εr-V and polarization curves for 15 nm Ta adhesion layer 
 

 

4.2. Discussion of Electrical Results 

 
In order to better understand the effects of temperature and thickness on 

adhesion layer quality, it is important to quantify the experimental results. The 

polarization and εr–V curves (Figs. 4.5, 4.6, and 4.7) indicate that higher pyrolysis 

temperatures yield higher relative dielectric constants and remnant polarizations. 

Table 4.1 summarizes these results for all tested samples, and reveals that 

relative dielectric constants are 27% higher with an increase in pyrolysis 

temperature from 600 650oC−  and 34% higher with the increase in adhesion 

layer thickness from 15 nm  to 25 nm . The remnant polarization is not as 

sensitive to either parameter, with increases of 22% for increased temperature 
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and no consistent dependence on thickness.  Additional testing with adhesion 

layers thickness from 10 50 nm−  showed that the variation in electrical 

characteristics of the PZT was not a function of the thickness of the adhesion 

layer and varied only with the PZT processing conditions. 

 

Table 4.1 - Comparison of relative dielectric constant and remnant polarization 
with adhesion layer thickness and PZT pyrolysis temperature 

  600˚C Pyrolysis Temp 650˚C Pyrolysis Temp 

Adhesion 
Layer 

Thickness 
(nm) εr 2r

C
P

cm
µ

 εr 2r

C
P

cm
µ

 

ZrO2 
(Oxidized) 15 950 28 1100 26 

ZrO2 

(Sputtered) 15 480 31 670 33 

Ti 15 1000 22 1300 27 

Ta 15 1100 17 900 22 

ZrO2 
(Oxidized) 25 1100 21 1000 23 

ZrO2 

(Sputtered) 25 870 15 1200 29 

Ti 25 1100 17 1500 19 

Ta 25 900 31 1100 36 

 

4.3. Film Quality and Microstructure 

 

It is also important to understand the microstructure of the PZT film and how 

the film thickness and PZT pyrolysis temperature affect the PZT microstructure.  
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At low pyrolysis temperatures the PZT might not crystallize, preventing it from 

exhibiting ferroelectric behavior. Figure 4.8 shows an SEM photo of the PZT film 

deposited onto tantalum adhesion layers, acquired using a JEOL JSM 6400F 

scanning microscope. As reported earlier, the PZT has a grain size of 

0.5 1.0to mµ . The SEM cross section shows that columnar grains in the PZT 

form near the upper portion of the film. While the documented effects of pyrolysis 

temperature on PZT grain size vary widely [50-52], our results indicate slight 

increases in the grain size with pyrolysis temperature.  The microstructure did not 

vary with the thickness of the adhesion layer. 

 

 

Figure 4.8 – SEM cross section of PZT using 25 nm Ta adhesion layer 
 

Another aid to understanding the variations in electrical characteristics is 

observing grain orientations using XRD, shown in Figure 4.9, acquired using a 

Panalytical X’Pert x-ray diffraction system. Decreases in rP  and relative 

permittivity can be attributed to the presence of a non-ferroelectric phase, known 

as the pyrochlore phase, and shown as yP  in Figure 4.9. Because all of our 
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samples contain the pyrochlore phase, decreases in electrical characteristics can 

be attributed to the XRD (111) peak of PZT [46], which has decreased electrical 

capacity as pure (100) PZT specimens. 

 

 

Figure 4.9 – X-Ray diffraction data for PZT deposited with Ta adhesion layer 
 

The effects of incorporating LPCVD deposited silicon nitride into standard 

PZT stacks was investigated using various adhesion layers. While many of the 

adhesion layers exhibited adequate polarization and relative dielectric constants, 

only samples using tantalum (Ta) adhesion layers resisted structural 
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delamination. The Ta adhesion layer samples display defect-free uniform 

surfaces. The polarization and C–V curves for the Ta samples were also 

adequate when compared with the Ti and ZrO2 samples. To optimize this 

process, future research should investigate the thermal processing and 

concentration of the PZT solution, with the goal of finding a process that will 

eliminate the (110) pyrochlore phase and the (111) crystallization which reduces 

electrical properties. The effect of pyrolysis temperatures on PZT properties [46] 

could be further investigated for the tantalum (Ta) adhesion layer. 
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5. Thin Film Stresses in PZT Stack Structures 
 

This chapter discusses the frequency shift caused by thin film stresses in 

LPCVD deposited Si3N4 and thermally deposited silicon dioxide SiO2 layers used 

during the fabrication of PZT MEMS devices. The films are deposited onto bare 

silicon wafers. Although previous research has reported stresses in these films, 

this chapter introduces approaches to measure, model and predict the effects of 

these stresses on the frequency response of MEMS devices. Thin film stresses 

in each layer of a PZT stack are measured using a curvature measurement 

system, and these measurements are correlated to finite element analysis results 

and experimental vibration data. These comparisons illustrate the significance of 

the thin film stresses and their effect on the mechanical behavior of MEMS 

devices; in particular as the membrane structures get thinner the frequency shift 

becomes much larger. 

To compensate for its high tensile stresses, the Si3N4 layers are generally 

deposited onto the thermal SiO2 layer at precise thickness ratios. Since the 

silicon dioxide is compressively stressed during the deposition process, an 

optimum ratio of silicon dioxide to silicon nitride thicknesses can completely 

compensate for these stresses. In order to balance and engineer the stresses in 

the thin film layers, they must be precisely measured and modeled. This type of 

thin film residual stress characterization is crucial to the structural reliability of 
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MEMS devices; if not accounted for during the design phases, these stresses 

can significantly affect the mechanical behavior [62]. The effects of residual 

stress include shifts in natural frequencies, buckling, yielding and fracture, all of 

which compromise the structural integrity, electrical functionality and structural 

dynamic characteristics of the device. Depending upon the nature of stress, the 

shift can either be upward or downward, but the shift is always proportional to the 

magnitude of the overall stress state [62]. With the rapid growth of interest in 

MEMS devices the structural integrity has become a primary concern, and this 

stress identification plays a key role in increasing reliability, repeatability and 

overall yield. 

There are several methods to characterize the residual stress in MEMS thin 

films, such as in situ MEMS stress measuring components [63], indentation 

fracture [64], x-ray diffraction [65] and curvature measurements [66]. Of these 

methods, the curvature measurement approach is the most widely acknowledged 

approach. This method measures the bow or curvature of a substrate prior to thin 

film deposition and then again after deposition. This change in curvatures is then 

converted to a thin film stress using the Stoney formula, Equation 5.1. With an 

understanding of the thin film stresses present in the device, FEA can be used to 

quantify the effects these stresses will have on the device performance. Although 

the methods presented here apply to SiO2 and Si3N4 layers, they can be 

extended to each layer to achieve a zero stress state stack. 
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5.1. Thin Film Stress Measurements 

 
The first step in quantifying thin film stress states is measuring initial wafer 

deflections (curvature), before any films are deposited. Four single side polished 

(SSP) wafers were dipped into a buffered oxide etch (BOE) solution to remove 

any native oxide that might be present on the wafer surface. Initial curvature 

measurements were taken using a Toho FLX-2320-S stress measurement 

system, Figure 5.1. This system uses dual wavelength laser technology to 

capture the curvature in straight lines across the wafer. Thermal effects are 

eliminated by maintaining a constant wafer temperature. The wafer was rotated 

in 30o  increments through 180o  to obtain curvature measurements and produce 

3D maps of the wafer surface. 
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Figure 5.1 – Toho FLX-2320-S stress measurement system 
  

Next, wafer cleaning and particle removal was done placing the wafers into a 

BakerClean® JTB-111 solution for 10 min prior to the thermal oxidation and 

LPCVD Si3N4 depositions. Two wafers were thermally oxidized in a Tylan furnace 

with a target SiO2 thickness of 3000 Å . Another wafer had Si3N4 deposited using 

LPCVD with a target thickness of 1000 Å . The remaining wafer underwent 

thermal oxidation (3000 Å  of SiO2) followed by LPCVD deposition of silicon 

nitride (1000 Å  of Si3N4). Following deposition, film thicknesses were measured 

using a VASE ellipsometer. The processing conditions used for the film 

depositions are shown in Table 5.1. 
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Table 5.1 – Processing conditions for thin films 

 Temp 
(oC) 

Pressure 
(Torr) Gas (sccm) 

Thermal Silicon 
Dioxide 900 N/A H2O (60) 

LPCVD Silicon 
Nitride 700 0.6 SiH2Cl2:NH4 

(20:170) 
 

 
Because the curvature measurement system only accounts for films 

deposited on one side of the wafer, 2.2 mµ  of photoresist was spun onto the 

front side, enabling the backside film(s) to be removed via reactive ion etching 

(RIE). After removing the photoresist a second set of front-side curvature 

measurements was made, enabling the calculation of thin film stresses based on 

the change in curvature (from bare wafer to wafer with a thin film). The Toho 

FLX-2320-S performs this calculation using the Stoney formula [66, 67], which is 

valid as long as the film thicknesses are thin in comparison with the overall 

thickness of the substrate: 

2 1 1
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ρ ρ
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     (5.1) 
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      (5.2) 

 

Where: 

• mean thin film stress (MPa)σ =
m

 

• biaxial modulus of substrate (MPa)=
s

E  
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• ( )thickness of substrate µ=
s

h m  

• ( )thickness of film µ=
f

h m  

• ( )initial substrate radius of curvature ρ µ=
o

m  

• ( )final substrate radius of curvature ρ µ= m  

• Modulus of substrate=
s

E (MPa)  

• Poisson's ratio of substrateυ =
s

 

 
 
Two alternate methods of measuring thin films stresses are available using 

the Toho system. The first method involves making curvature measurements 

before and after each layer is deposited. Although this approach provides stress 

distributions for each layer in the stack, it requires interrupting the wafer 

processing during fabrication. Such interruptions can introduce contaminants to 

the deposited film surfaces or lead to deleterious oxidation that impacts the 

stress and mechanical performance of the devices. A second approach is to take 

a wafer and run it through a full process, depositing all the necessary films on it; 

it can be a test wafer that just follows the other device wafers through the 

process. This wafer would not be patterned though; it would just have full uniform 

films deposited on it. When all the films have been deposited, an initial curvature 

measurement is taken. Then the top layer is etched off and the curvature is 
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measured again. The Toho system requires a film thickness to be entered when 

it is measuring the stress values; in this case a negative value would be entered. 

Then a new starting curvature is measured and the next layer etched away; this 

is repeated over and over until all the films have been characterized. This 

approach is much more practical, as it does not require any breaks in the 

processing; all the measurements are done after all the depositions have been 

made. Because this research focuses on the stress in individual layers and not 

on the full processing regiment, the first approach is used where measurements 

will be taken before each layer is grown or deposited. 

Initial curvature measurements were made using the Toho FLX-2320-S stress 

measurement system shown in Figure 5.1, and four SSP bare silicon wafers. 

Figure 5.2 shows the initial curvature profiles for four wafer specimens (A–D) 

described in Table 5.2. 
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(wafer A) 

 

 
(wafer B) 

 

 
(wafer C) 

 

 
(wafer D) 

 
Figure 5.2 – Initial curvature profiles for 4 SSP bare silicon wafers (A-D) 

 

Table 5.2 – Wafer sample descriptions 

Wafer  Film 
Deposited 

Measured 
Film 

Thickness (Å) 

Target Film 
Thickness 

(Å) 
A Si3N4 1200 1000 
B SiO2 3150 3000 
C SiO2 3150 3000 
D SiO2:Si3N4 3150:1200 4000 

 

These initial curvature profiles show that even unprocessed wafers have 

inherent curvature, indicating intrinsic stresses in the silicon. It is also interesting 
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to note that the stresses have different characteristics even though these wafers 

came from the same boule. Wafers B and C are similar in that their center 

regions have a negative deflection of 10.05 12.57 mµ−  and curves upwards as it 

moves to the outer edges to 6.61 7.48 mµ+ − . Wafer D has a positive deflection 

in the center of 9.14 mµ  and moves downward as it curves outward to 

13.99 mµ− . These wafers have an overall change in a height of 17.0 24.0 mµ− . 

Wafer A has a less symmetric deflection pattern, but is the most flat of all the 

samples, with a minimum deflection of 3.82 mµ−  near the flat and a maximum 

deflection of 3.18 mµ  in the upper left corner. 

Next, thin films were deposited on these wafers: 1200 Å  of Si3N4 on sample 

A, 3150 Å  of SiO2 on samples B and C, and both layers on sample D as 

summarized in Table 5.2. The target ratio of Si3N4:SiO2 was 1:3 which, according 

to published tensile film stresses in silicon nitride of 900 MPa  and compressive 

film stresses in silicon dioxide of 300 MPa−  [68, 69], should yield a zero stress 

state in specimen D. 

After film deposition and back-side RIE, new deflection curves were 

measured and stress profiles were generated for these four samples, Figures 5.3 

and 5.4.  
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(wafer A) 

 

 
(wafer B) 

 

 
(wafer C) 

 

 
(wafer D) 

 

Figure 5.3 – Absolute curvature profiles after film deposition wafers (A-D) 
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(wafer A) 

 

 
(wafer B) 

 

 
(wafer C) 

 

 
(wafer D) 

 

Figure 5.4 – Thin film stresses in Si3N4 (A), SiO2 (B-C) and SiO2:Si3N4 stacks (D) 

 
 
Figure 5.3 shows the absolute curvature values after thin film deposition and 

reveals that displacements in wafers with only one deposited film (wafers A–C) 

are more symmetrically distributed than the displacements in two-film stacks 

(wafer D). Wafer A, having a silicon nitride film under tensile stress, exhibits a 

central displacement of 6.69 mµ−  which varies radially to approximately zero 

(0.35 mµ ) at the edges. Wafers B and C, having silicon dioxide films with 
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compressive stress, exhibit central deflections of approximately 5.5 mµ  varying 

radially to 1.5 mµ  at the edges. Wafer D, having 1200 Å  of LPCVD silicon nitride 

deposited over 3150 Å  of thermal silicon dioxide, exhibits the smallest peak 

1.54 mµ  and the smallest range 4.23 mµ  of the four samples. The stress 

distribution of wafer A shown in Figure 5.4, reveals average tensile stresses in 

the Si3N4 layer of 1058 MPa , which is slightly higher than the expected values of 

900 MPa  [69]. The thermal SiO2 layer has an average compressive stress of 

312 MPa− , which is close to the expected value of 300 MPa−  reported in [68]. 

The combined stress for both films, shown in Figure 5.4 (wafer D), is slightly 

tensile with an average value of 61MPa . Although the SiO2:Si3N4 thickness ratio 

was targeted to minimize net stack stress (1:3), the actual ratio (1:2.625) did not 

result in a complete (or uniform) cancellation of stresses. However, the results 

are promising as net stresses and deflections are significantly reduced. 

The most intriguing feature of Figure 5.4 is the lack of uniformity or symmetry 

in the stress distributions. The silicon nitride stresses, while having a reasonable 

average value, exhibit a standard deviation of 200 MPa , approximately 20% of 

the average. The silicon dioxide stresses have standard deviations of 

70 100 MPa− , approximately 23 – 33% of the average. All of the single film 

samples (wafers A–C) exhibit highest stress uniformity near the center, with 

higher variations near the edges. The wafer with both films deposited (wafer D) 
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has the highest stress in the middle of 196 MPa , and gets closer to the 61MPa  

average away from the center. Based on the thicknesses of the films and the 

average stress values, a simple calculation provides the expected net stress [67]:  

stack stack nit nit ox oxt t tσ σ σ= +     (5.3) 

10 10 10(4350 10 ) (1200 10 )(1057 ) (3150 10 )( 313.5 )stackm m MPa m MPaσ− − −= + −i i i  

64.6stack MPaσ =  

 

The expected stress value in the stack of 64.6 MPa , is very close to the 

actual average value measured of 61.0 MPa , indicating that if film thicknesses 

can be controlled more precisely, the overall stress in the stack can be optimized 

and accounted for, and a membrane stack with any desired stress state can be 

created. Table 5.3 summarizes the results shown in Figures 5.2 – 5.4. 

 

Table 5.3 – Curvature and stress results for wafers A-D 
Wafer 

Identifier 
Initial Displacement 
Measurements (µm) 

Displacement After  
Film Deposition (µm) 

Stress in Film 
(MPa) 

 Avg 
Disp 

Min 
Disp 

Max 
Disp 

Std 
Dev 

Avg 
Disp 

Min 
Disp 

Max 
Disp 

Std 
Dev 

Avg 
 

Min 
 

Max 
 

Std 
Dev 

A -0.86 -3.82 3.18 1.29 -3.33 -6.69 0.35 1.95 1057.7 508.5 1607.9 188.6 
B -2.54 -10.05 7.48 4.39 2.56 -1.31 5.38 1.69 -329.5 -511.2 -167.5 65.9 
C -3.89 -12.57 6.61 4.56 2.52 -1.31 5.32 1.66 -296.4 -514.9 -228.4 106.9 
D 1.37 -13.99 9.14 4.83 -0.83 -2.69 1.54 .7807 61.3 -63.0 196.0 40.4 
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5.2. Dynamic Response of Membrane Structures 

 
Using the stacked SiO2/Si3N4 wafers (with deposited films still on both sides), 

square membrane structures, with side lengths of 1.0 4.0 cm− , were patterned 

onto the backside of the wafer and RIE was used to remove the silicon nitride 

and silicon dioxide films and expose the silicon substrate. RIE was performed 

using a Semigroup 1000TP parallel plate reactive ion etcher and plasma 

consisting of Ar/CHF3/O2/SF6 gases. The wafer was then placed into a heated 

(80oC ) potassium hydroxide (KOH) solution, with a concentration of 35%, to etch 

the silicon and create the desired membrane structure. The thickness of the 

membrane was monitored using profilometry until the desired thicknesses of 

10 250 mµ−  were achieved. This process is summarized schematically in Figure 

5.5. 
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(a) Bare silicon wafer  

(b) Thermal oxidation (3000 Å of SiO2) 

 
(c) LPCVD (1000 Å of Si3N4)  

(d) Spin-on, patterning, and exposure of photoresist 

 
(e) RIE to expose silicon 

 
(f) KOH wet etch to create membrane 

  
Figure 5.5 - Process description for creation of silicon membranes in the PZT 

stack.  (a) Bare silicon wafer, (b) thermal oxidation (3000 Å  of SiO2), (c) LPCVD 

(1000 Å  of Si3N4), (d) spin-on patterning and exposure of photoresist (e) RIE to 
expose silicon and (f) KOH wet etch to create a membrane 

 
 

Experimental impact testing was conducted to measure the membrane’s 

frequency response characteristics. A customized sensor platform, Figure 5.6, 

was designed and fabricated to facilitate these experiments. This platform 

consists of a 12"  diameter ferromagnetic (iron) ring which supports two 

Signatone S-275 micropositioner probes. MEMS specimens are mounted 

between two aluminum plates at the center of this platform using o-rings. A 

0.75"  hole through the center of these plates provides front-side access for 
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probe tips to reach electrical contacts on the MEMS specimen. This hole also 

provides back-side access for a Philtec RC25 optical displacement sensor to 

measure the membrane’s dynamic response. Electrical and mechanical signals 

were acquired using a National Instruments DAQCard-6024E and a customized 

Labview™ virtual instrument. 

 
 

 

Figure 5.6 – Customized sensor platform with optical displacement sensor and 
micropositioners attached 

 
 
The membrane was excited by dropping a small spherical weight, a 0.33 g  

copper-plated BB, from a fixed height of 5.0 cm  onto the membrane. The 

relevant data can be captured after the initial impact of the BB when it has 

bounced and is in the air prior to the secondary impact. Theoretically, the 

conversion of potential energy to kinetic energy should impart an impulsive force 

capable of broadband mechanical excitation without damaging the membrane. 
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After the thin film stresses were measured, membranes with various 

dimensions were fabricated using the process depicted in Figure 5.5, and wafers 

of type D in Table 5.3. Time responses for these membranes were acquired 

using experimental impact testing. Figures 5.7 and 5.8 show typical time 

responses for 2.0 2.0cm cm×  membranes with thicknesses of 110 mµ  and 

25 mµ , respectively. 

 
Figure 5.7 – Experimental impulse response from optical sensor – 

2.0 2.0cm cm×  membrane with a thickness of 25 mµ . 
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Figure 5.8 – Experimental impulse response from optical sensor – 

2.0 2.0cm cm×  membrane with a thickness of 110 mµ . 
 

Natural frequencies were computed from the response data using fast Fourier 

transform (FFT) techniques. Figure 5.9 displays the FFT for the membrane 

shown in Figure 5.8. The lightly damped resonant peak at 3320.0 Hz  clearly 

indicates the first natural frequency of this membrane. Natural frequency 

measurements for membranes of various dimensions are compiled in Table 5.4 

and illustrated in Figure 5.10. 
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Figure 5.9 – Fast Fourier Transform – 2.0 2.0cm cm×  membrane with a 

thickness of 110 mµ . 
 

Table 5.4 – First natural frequency measurements for membranes with various 
dimensions 

Membrane 
Side (cm) 

Membrane 
Thickness 

(µm) 

Natural 
Frequency 

(Hz) 
1.0 225.0 33283.0 
1.0 100.0 15288.0 
1.0 40.0 7992.0 
2.0 200.0 7212.0 
2.0 110.0 3320.0 
2.0 25.0 802.0 
4.0 150.0 1284.0 
4.0 120.0 1043.0 
4.0 60.0 506.0 
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Figure 5.10 – Measured response for membranes with various dimensions 

 

As expected [27], the natural frequencies show a linear relationship to 

membrane thickness and an inverse quadratic relationship with side length:  

 

2 2

9
(1 )3

t E
f

L ρ υπ
=

−
    (5.4) 

 

Where: 

 

• natural frequency of fixed thin square membrane=f  

• membrane thickness (m)=t  

• membrane side length (m)=L  

• Modulus of substrate (MPa)=E  
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• 
3

density of substrate ρ
 

=  
 

kg

m
 

• Poisson's ratio of substrateυ =  

5.3. Finite Element Analysis 

 
In order to model the effects of thin film stresses on the frequency responses 

of MEMS membrane structures, FEA was conducted using ANSYS. To take 

advantage of the symmetry of these square membrane structures, only 1/4 of 

each structure was modeled. Along the two inner edges, symmetric boundary 

conditions were utilized to prevent the appropriate normal translations and 

rotations. The outer two edges were similarly constrained from rotation or 

translation, shown in Figure 5.11.  
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Figure 5.11 – FEA boundary conditions for ¼ symmetric model 
 
 

All three film layers were modeled using parametric dimensions and material 

properties summarized in Table 5.5, allowing these parameters to be easily 

varied to explore the design space.   

 

Table 5.5 – Material properties used in the ANSYS FEA model 
 Silicon (Si) Silicon Dioxide 

(SiO2) 
Silicon Nitride 

(Si3N4) 
Modulus (MPa) 150·103 [26] 69·103 [26] 270·103 [26] 
Poisson’s Ratio 0.17 0.17 0.27 
Density (kg/m3) 2331.0 [26] 2200.0 [26] 3170.0 [26] 
Measured Thin 

Film Stress (MPa) 0.0 -312.0 1058.0 
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The model was meshed using eight-noded solid 45 brick elements as seen in 

Figure 5.12. The element size was set to give 100 divisions along the sides of the 

membrane and there were two elements through the thickness of each layer, 

resulting in 60,000 elements. 

 

 
 

(a) 
 

(b) 

Figure 5.12 – FEA model of membrane structure – (a) complete mesh, (b) close 
up of mesh showing Si/SiO2/Si3N4 stack. 

 

Using a parametric input deck, which automates changes in dimensions and 

material properties, two cases were investigated. Both test cases included the Si 

substrate (variable thickness, Table 5.6), SiO2 with a thickness of 3150 Å  and 

Si3N4 with a thickness of 1200 Å , although all film thicknesses were 

parametrically varied. The first case considers unstressed films; the second case 

incorporates the experimentally measured film stresses (SiO2 with a compressive 

stress of 312 MPa− , Si3N4 with a tensile stress of 1058 MPa ). The film stresses 
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are modeled using the new ANSYS initstate command which allows users to 

directly input the initial stress values for material or geometric entities. Figure 

5.13 shows the normalized modal displacement for a 2.0 2.0cm cm×  membrane 

with a thickness of 50 mµ  vibrating at its natural frequency of 1693 Hz .  

 

 

Figure 5.13 – FEA natural frequency normalized modal displacement for a 
2.0 2.0cm cm×  membrane with a thickness of 50 mµ  – unstressed film 

 

Table 5.6 and Figure 5.14 compare experimentally measured natural 

frequencies to FEA results for unstressed and stressed thin films, as well as the 

expected result for a square silicon membrane from Equation 5.4. 
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Table 5.6 – Comparison of measured results to FEA results (both stressed and 
unstressed) – 2.0 cm x 2.0 cm membrane 

 
Thickness 

(µm) 

Natural 
Frequency 

(Hz) 

% Change From Unstressed 
FEA Results 

200 7212 6.59 
110 3320 -12.35 

Measured 
Results (Table 

5.4)  25 802 -5.76 
200 6766 N/A 
110 3788 N/A 

FEA Results for 
Unstressed 
Membranes 25 851 N/A 

200 6351 -6.13 
110 3122 -17.58 

FEA Results for 
Stressed 

Membranes 25 699 -17.86 
200 6732 -0.50 
110 3703 -2.24 

Results Based 
on Square 
Membrane 

Equation 5.4 25 842 -1.06 
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Figure 5.14 – A comparison of measured, closed form and stressed FEA results 

to unstressed FEA results – 2.0 2.0cm cm×  membranes 
 

Figure 5.14 shows that for thicker membranes, the effects of stress become 

less significant to the system response characteristics. This is evident from the 

FEA results, where the 200 mµ  thick membrane exhibits the smallest change in 

natural frequency of 6.1%, between the stressed and unstressed models. As 

membranes get thinner, this difference increases to 17%. A shift would need to 

be accounted for in the design of any structure, particularly a switching system, 

as it would change the switching speed and all dynamic responses. 
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5.4. Conclusions 

 
This chapter demonstrates techniques for measuring and characterizing thin 

film stresses in the SiO2 and Si3N4 layers used in processing MEMS membrane 

structures and investigates the effects of these stresses on the dynamic 

characteristics of these membranes. Proper stress characterization is vital for 

creating robust and repeatable MEMS fabrication processes, as they can alter 

the dynamics of membrane structures and lead to buckling. The effects of thin 

film stresses on the frequency response of MEMS membrane structures were 

investigated using experimental, analytical and computational techniques. 

Results indicate that thin film stresses in SiO2 and Si3N4 can shift the natural 

frequencies of mechanical structures by as much as 20%. While this research 

focuses specifically on silicon dioxide and silicon nitride film stresses and their 

modeling, future work should include all layers used during PZT MEMS 

fabrication. 

It should be pointed out that the effect of operating these devices over a 

thermal range has not been investigated.  Obviously the frequency response, 

which depends on the overall stress state of the system, is going to depend on 

the stress induced from thermal loads. 
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6. Coupled Electro-Mechanical Testing 

This chapter details the experimental acquisition and analysis of coupled 

electro-mechanical signals from PZT membrane structures.  Using the process 

described in Chapter 3, membrane structures were fabricated and prepared for 

mechanical testing. Film stresses were optimized using the approach outlined in 

Chapter 5, with specimens containing an additional adhesion layer (Ti), additional 

electrode layers (Pt) and the sol-gel deposited PZT layer. Coupled electro-

mechanical measurements were obtained using a customized sensor platform, 

and FEA was used to confirm the piezoelectric coupling coefficients and to 

characterize the effects of intrinsic thin film stresses on the dynamic response.  

FEA was also used to optimize the geometric parameters to better address the 

design requirements. 

6.1. Dynamic Response of Membrane Structures 

 
Experimental impact testing was conducted to measure the membrane’s 

frequency response characteristics.  A customized sensor platform as shown in 

Figure 6.1, was designed and fabricated to facilitate these experiments.  This 

platform consists of a 12.0 (0.305 )in m  diameter iron ring which supported two 

Signatone S-275 micro-positioner probes. MEMS specimens are mounted 

between two aluminum plates at the center of this platform using 
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1.0 (25.4 )in mm  o-rings.   A 0.75 (19.05 )in mm  hole through the center of these 

plates provides front side access for probe tips to reach the electrical contacts of 

each MEMS specimen.  The probe tips contact the top side capacitors patterned 

using shadow masks, while back side contact is via the taped off sections 

patterned prior to PZT deposition.  This port also provides back side access for a 

Philtec RC25 optical displacement sensor to measure the membrane’s dynamic 

response. The charge from the probes was processed using a PCB 422E04 

charge preamplifier with a gain of 0.0997 /mV pC , and a PCB 482A16 signal 

conditioner.  Electrical and mechanical signals were acquired at 10 kHz  using a 

National Instruments DAQCard-6024E and a customized Labview™ virtual 

instrument.    

 

 
Figure 6.1 – Sensor platform for electromechanical testing 

 
 
Each structure was mechanically excited by dropping a 0.33 g  copper plated 

BB from a fixed height of 5.0 cm  onto the membrane.  This conversion of 

Microprobes 

Amplifier 
 

Charge Preamp 
 

Optical Sensor 
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potential energy to kinetic energy imparted an impulsive force, resulting in 

broadband mechanical excitation without damaging the membrane.  The 

resulting mechanical vibration induced dynamic strain in the piezoelectric 

material.  This mechanical strain was converted into electrical charge via the 

membrane’s piezoelectric coupling coefficients.   

Electrical contact was made with the top electrode via the small shadow mask 

capacitors [61], while bottom electrode contact was achieved in areas masked by 

placing small pieces of tape on the outer corners of the device prior to PZT 

deposition.  This prevents the PZT from being deposited in those regions and 

allows for electrical contact to be made and measurements to be taken.  Future 

work in device fabrication could address contacting the bottom electrode through 

a suitable process to lift-off or etch selected PZT areas, or utilizing back side 

alignment techniques. 

Figure 6.2 shows a typical electrical output from the PZT structure in 

response to the mechanical input for a 2.0 2.0cm x cm  membrane structure 

(without a proof mass) with a membrane thickness of 10 mµ . Figure 6.3 shows 

the Fast Fourier Transform (FFT) of this time response, used to determine the 

membrane’s natural frequency, in this case 327 Hz .  Figure 6.4 shows the 

measured mechanical displacement of the membrane, and Figure 6.5 is the FFT 

of this response for the same impact test. 
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Figure 6.2 – Electrical impulse response from microprobes for a 

2.0 2.0 10cm x cm x mµ  membrane 
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Figure 6.3 – FFT of electrical impulse response from microprobes for a 
2.0 2.0 10cm x cm x mµ membrane 
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Figure 6.4 – Mechanical impulse response from optical sensor for a 

2.0 2.0 10cm x cm x mµ membrane 
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 Figure 6.5 – FFT of mechanical impulse response for a 

2.0 2.0 10cm x cm x mµ membrane  
 

Both the electrical and mechanical responses compare favorably, with 

measured natural frequencies of 327 and 323 Hz , respectively.  Errors in signal 
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magnitudes (up to 5%) can easily be attributed to calibration errors in the 

instrumentation.  Errors in the frequency content of signals are harder to explain.  

Most likely, they are associated with nonlinearities in the signal conditioning 

equipment, or possibly due to subtle changes in the test setup (since electrical 

and mechanical responses were not acquired simultaneously).  The natural 

frequency measurements compare favorably with the closed-form analytical 

solution of 336 Hz , obtained using the material parameters of Table 6.1 and the 

fixed membrane frequency formula using Equation 5.4.  

 
Table 6.1 – Mechanical material properties used in ANSYS FEA model 

 Silicon (Si) Silicon Dioxide 
(SiO2) 

Silicon Nitride 
(Si3N4) 

Tantalum 
(Ta) Platinum (Pt) 

Modulus 
(MPa) 150·103 [26] 69·103 [26] 270·103 [26] 202·103 [26] 160·103 [26] 

Poisson’s 
Ratio 0.17 0.17 0.27 0.341 [26] 0.38 [26] 

Density 
(kg/m3) 2331.0 [26] 2200.0 [26] 3170.0 [26] 16,600 [26] 21,500 [26] 

Thin Film 
Stress (MPa) 0.0 -312.0 [70] 1058.0 [70] 300 [71] 500 [72] 

 
 
Table 6.2 presents measured and calculated frequencies from Equation 5.4 

for various membrane dimensions.  As predicted these frequencies show linear 

variation with thickness and an inverse quadratic relationship with length [27].  
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Table 6.2 – First natural mechanical frequency measurements for membranes 
without proof mass with various dimensions 

 

6.2. Finite Element Analysis 

 
In order to analyze and interpret the dynamic responses of these MEMS 

membrane structures, finite element analysis was conducted using ANSYS.  

Taking advantage of the symmetry of the square membrane structures, only 
1
8

th  

of each structure was modeled.  Along the two inner edges, symmetric boundary 

conditions were utilized to prevent normal translations and rotations.  The outer 

edge was also constrained from rotation or translation.  The model was created 

parametrically, permitting dimensions and material properties to be efficiently 

modified for design optimization. Table 6.1 lists the mechanical material 

properties input and Table 6.3 lists the anisotropic stiffness matrix and 

piezoelectric coupling coefficients specified for the FEA models. 

 

 

Membrane 
Side (cm) 

Membrane 
Thickness (µm) 

Measured Natural 
Frequency (Hz) 

Analytical Natural 
Frequency (Hz) 

Difference between measured 
and analytical (%) 

1.0 200.0 27812.0 26930.0 3.28 
1.0 100.0 14288.0 13460.0 6.15 
1.0 10.0 1245.0 1346.0 -7.50 
2.0 200.0 6964.0 6732.0 3.45 
2.0 100.0 3876.0 3366.0 15.15 
2.0 10.0 323.0 336.6 -4.04 
4.0 200.0 1721.0 1683.0 2.26 
4.0 100.0 884.0 841.5 5.05 
4.0 10.0 92.0 84.2 9.26 
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Table 6.3 – Piezoelectric material properties used in ANSYS FEA model 
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The FEA model, shown in Figure 6.6, was meshed using 8-noded solid186 

brick elements for the Si and SiO2 layers.  The PZT layer was modeled using 

solid226 coupled field elements.  The remaining layers were modeled using 

shell181 elements.  The initial stress was added into the models using the 

ANSYS inistate command, which defines an initial stress state across the 

relevant elements [73].  The stack shown in Figure 6.6b consists of 

Si/SiO2/Si3N4/Ta/Pt/PZT/Pt. 

 

 
 

 
(a) 

 
 

(b) 
 

Figure 6.6 – FEA model of membrane structure – (a) complete model, (b) close 
up of model showing full PZT stack 
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FEA modeling requires specification of residual stresses in each of the thin 

films, and these stresses have a significant impact on the dynamic characteristics 

of the MEMS device.  As discussed in Chapter 5, the curvature measurement 

approach was utilized to determine the change in curvature as thin films are 

deposited and then converted to a thin film stress using the Stoney formula [66] 

from Equations 5.1 and 5.2:   

The intrinsic stresses of the SiO2 and Si3N4 layers were measured using 

wafer curvature measurements, as detailed in Chapter 5 [70].  Stresses in 

remaining layers were specified using data from the literature [71, 72, 74].  Table 

6.4 shows the intrinsic stresses used in FEA modeling. 

 
Table 6.4 – Intrinsic stress values 

Layer Stress (MPa) 
Thermal Silicon Dioxide [70] -312 
LPCVD Silicon Nitride [70] 1058 

Tantalum [71] 300 
PZT [74] 100 

Platinum [72] 500 
 

Using ANSYS Workbench and utilizing parametric model building, both the 

membrane and proof mass enhanced membrane structures were analyzed.  

Figure 6.7 shows typical simulation results for a mass-enhanced membrane 

measuring 2.0 2.0 100cm x cm x mµ  thick.  The model is 1/8th symmetric and 

the first natural frequency is 3426.1Hz .  Table 6.5 compares the experimentally 
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measured natural frequencies to FEA results for unstressed and stressed thin 

films, together with the analytical predictions of Equation 5.4.  

 

 

 
Figure 6.7 – FEA natural frequency normalized modal displacement response 

2.0 2.0 100cm x cm x mµ – unstressed films 
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Table 6.5 – Comparison of measured results to FEA results (both stressed and 
unstressed) –2.0 2.0cm x cm membrane 

 
Thickness 

(µm) 

Natural 
Frequency 

(Hz) 

Change from 
Unstressed 

FEA (%)  
200 6964 -3.96 
100 3876 -19.85 

Measured Results  
(Table 6.2)  

10 323 -23.28 
200 7251 N/A 
100 4836 N/A FEA Results  

(Unstressed Films) 
10 421 N/A 
200 6271 -13.52 
100 3713 -23.22 

FEA Results  
(Stressed Films) 

10 292 -30.64 
200 6732 -7.16 
100 3366 -30.40 Analytical Results  

(Equation 5.4) 
10 336 -20.19 

 

FEA simulations were also used to correlate the experimental charge and 

displacement responses (Figures 6.2 and 6.4, respectively).  The accumulated 

charges associated with specific membrane displacements were determined 

using ANSYS post-processing routines.  For a 2.0 2.0 10cm x cm x mµ  

membrane, the simulated charge from ANSYS (427.5 )pC  associated with a 

membrane displacement of 45 mµ  compares quite favorably with the 

experimentally measured charge (364.4 )pC  associated with the same 

measured displacement in Figure 6.4 

FEA was also used to optimize proof mass with respect to natural frequency, 

for this particular stack up and with these stress levels.  Figure 6.8 shows FEA 

results for a mass-enhanced 2.0 2.0 10cm x cm x mµ  square membrane. The 



 

101  

results indicate that in order to minimize this membrane’s natural frequency, the 

proof mass dimensions should be approximately 50%of the membranes. For a 

2.0 2.0 10cm x cm x mµ , the natural frequency drops from 292 Hz  to 278 Hz , a 

reduction of 5% .  Table 6.6 shows FEA results for various membrane 

thicknesses with the optimized proof mass dimensions of 50%  of the membrane 

side length.  This study shows that there is a trade off between stiffness (which 

would entail having the thinnest membrane and no proof mass) and inertial 

effects (which would entail having the thickest and most massive structure). 
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Figure 6.8 – FEA design optimization results for proof mass-enhanced 

membrane 2.0 2.0 10cm x cm x mµ  
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Table 6.6 – Comparison of FEA results with and without proof mass – 
2.0 2.0cm x cm  Membrane  

 
Thickness 

(µm) 

Natural 
Frequency 

(Hz) 

% Reduction 

in Natural 

Frequency 

200 6271 N/A 

100 3713 N/A Membranes 
10 292 N/A 

200 5112 18.5% 

100 3426 7.7% 
Membranes with 

Proof Mass 
10 278 4.8% 

 

6.3. Conclusions 

 
This chapter demonstrates techniques for measuring the coupled electro-

mechanical response for the MEMS membrane structures.  Finite element 

analysis is used to correlate the measured and expected results and allows for 

the exploration of the design space for future designs.  Table 6.2 shows 

measured results which respond in the desired frequency range (92 Hz), with 

dimensions of 4.0 4.0 10cm x cm x mµ .  Table 6.5 shows very good correlation 

between measured results, FEA results and analytical predictions. 

The utilization of DRIE techniques should allow for the full removal of the 

silicon, which should drive the overall dimensions of the structure down while 

retaining the desired frequency response. The incorporation of a proof mass 

enhanced membrane device could result in up to a 19% reduction in the 

fundamental frequency of the sensor. 
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7. Summary and Conclusions 
 

The research presented in this dissertation includes several novel and 

significant accomplishments, including the discovery of an effective adhesion 

layer for the modified PZT process including LPCVD nitride, which is discussed 

in Chapter 3.  Modeling thin film stresses on these types of devices and 

quantifying their effects on the vibration response of these membrane structures, 

discussed in Chapter 5, is another contribution.  Finally, the coupled electro-

mechanical measurements presented in Chapter 6 confirm that the device 

responds as expected and within the required frequency range. Detailed 

conclusions of this research are presented below. 

 

7.1. Adhesion Layer Study 

 
As discussed in Chapter 3, the majority of research related to sol-gel 

deposited PZT thin films has been conducted using a standard stack structure 

[15-17, 29-33].  This process is robust and can account for variations in layer 

thicknesses, but cannot be readily adapted to the deep silicon wet etching 

required to create membrane structures.  For membrane creation, which requires 

extended KOH etching, an LPCVD silicon nitride layer has to be incorporated into 

the process flow, as shown in Figure 3.1.  As a result, an alternative adhesion 

layer has to be used between the nitride and the bottom platinum electrode.  
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Various adhesion layers were tested, as outlined in Chapter 3 and discussed in 

[61].   

The results of this adhesion layer study indicate that Ta is a feasible option 

based on its resistance to delamination.  While many of the adhesion layers 

enabled PZT layers that exhibited adequate polarization and relative dielectric 

constants (as discussed in Chapter 4), only samples using the tantalum adhesion 

layers resisted structural delamination. The Ta adhesion layer samples displayed 

defect-free, uniform structures.  The discovery of an adequate adhesion layer is 

one of the novel aspects of this research and lead to a journal publication [61], 

which is included in Appendix A. 

Using the Ta adhesion layer, Section 3.3 discusses the proposed device 

fabrication and process flow for creating these membrane type vibration sensors.  

Again, this is one of the first integrated process flows that could be used to 

fabricate these types of MEMS devices. 

7.2. Thin Film Stress Study 

 

Chapter 5 discussed techniques for measuring and characterizing thin film 

stresses in the SiO2 and Si3N4 layers used in processing MEMS membrane 

structures, and investigated the effects of these stresses on the dynamic 

characteristics of these membranes.  To compensate the stress states of the 

various thin films deposited during device fabrication, the layers can be deposited 
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at precise thickness ratios to achieve the desired overall stress state.  Chapter 5 

discussed this approach for the Si3N4 layer, which is in a tensile stress state, and 

the SiO2 layer at precise thickness ratios. Since the silicon dioxide layer is 

compressively stressed during the deposition process, an optimum ratio of silicon 

dioxide to silicon nitride thicknesses can completely compensate for these 

stresses. In order to balance and engineer the stresses in the thin film layers, 

they must be precisely measured and modeled. This type of thin film residual 

stress characterization is crucial to the structural reliability of MEMS devices; if 

not accounted for during the design phases, they can significantly affect the 

mechanical behavior [41].  

The effects of residual stress include shifts in natural frequencies, buckling, 

yielding and fracture, all of which compromise the structural integrity, electrical 

functionality and structural dynamic characteristics of the device.  With the rapid 

growth of interest in MEMS devices the structural integrity has become a primary 

concern, and this stress identification plays a key role in increasing reliability, 

repeatability and overall yield. 

Results from Chapter 5 both from testing and FEA indicated that thin film 

stresses in SiO2 and Si3N4 can shift the natural frequencies of mechanical 

structures by as much as 20% [70]. While this research focused specifically on 

silicon dioxide and silicon nitride film stresses and their modeling, future work 

should include all layers used during PZT MEMS fabrication.  The quantification 
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of these effects and their role in the dynamic response of these membrane 

structures was another novel aspect of this research and led to a second journal 

publication [70], which is included in Appendix B. 

7.3. Coupled Electro-Mechanical Measurements 

 
Chapters 5 (Sections 5.2 and 5.3) and 6 discussed the testing techniques 

used to measure the dynamic response of these membrane structures.  Chapter 

5 focused on the mechanical response to experimental impact testing.  The 

responses were measured using the custom sensor platform (Figure 5.6) and a 

Philtec RC25 optical displacement sensor.  The mechanical response of the 

fabricated devices showed natural frequencies between 506.0 Hz  and 

33283.0 Hz  depending on the geometric configuration of the membranes, and 

summarized in Table 5.10.   

Chapter 6 extended from purely mechanical responses to attaining both 

electrical and mechanical responses.  The electrical response was captured 

using the same test structure from Chapter 5, but electrical contact was made 

using two Signatone S-275 micro-positioner probes.  Each structure was 

mechanically excited by dropping a 0.33 g  copper plated BB from a fixed height 

of 5.0 cm  onto the membrane.  This conversion of potential energy to kinetic 

energy imparted an impulsive force, resulting in broadband mechanical excitation 

without damaging the membrane.  The resulting mechanical vibration induced 
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dynamic strain in the piezoelectric material.  This mechanical strain was 

converted into electrical charge via the membrane’s piezoelectric coupling 

coefficients. 

Figures 6.2 – 6.5 showed that the electrical and mechanical responses 

compared favorably with measured natural frequencies of 327 and 323 Hz , 

respectively.  The natural frequency measurements compared favorably with the 

closed-form analytical solution, 336 Hz , obtained using the material parameters 

of Table 6.1 and the fixed membrane frequency formula of Equation 5.4.  Table 

6.2 showed that for one specific geometric configuration the response is below 

100 Hz.  

Once again FEA was used to explore the design space and attempt to find 

more designs within the desired frequency range.  Table 6.5 showed that for 

membranes with very thin Si layers (10 µm), the desired response can be 

attained.  Further reductions could be achieved using proof mass enhanced 

membrane structures, as shown in Figure 3.5.  It is interesting to note that proof 

mass structures with the same overall geometric profile can achieve 15% 

reductions in natural frequency. 

The results of this portion of the research led to a third journal submission, 

which is currently in review. 
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7.4. Conclusions 

 
The objective of this research was to develop a methodology for designing 

and fabricating passive MEMS accelerometers to sense relatively low frequency 

signals (50 – 500 Hz), a design objective not previously reported in the literature.  

Such low frequency sensors could be used to monitor deterioration and fatigue 

associated with civil structures and mechanical equipment by detecting shifts in 

their fundamental frequencies, indicative of changes in stiffness often caused by 

cracks or larger failures.  Various sensor geometries were investigated including 

basic beam structures, tethered or serpentined beams, serpentined beams with a 

proof mass, and membrane structures.  Using both closed form analytical 

solutions as well as finite element analysis (FEA) these designs were 

investigated and evaluated for feasibility. 

The sensor utilized the piezoelectric effect, specifically by incorporating PZT 

films to achieve passive vibration sensing. The design was optimized using FEA 

to ensure appropriate bandwidth.  FEA is also used to confirm the piezoelectric 

coupling coefficients and to characterize the effects of intrinsic thin film stresses 

on the dynamic response.     

Mechanical, electrical and coupled electro-mechanical dynamic responses 

were measured for these structures.  The mechanical response was measured 

using an optical displacement sensing technique.  The MEMS sensor was 
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excited using an external impulse and the displacement response was 

measured.  The electrical response was measured via electrical probes that 

made contact with the top and bottom electrodes which sandwich the 

piezoelectric element embedded in the vibration sensor.  The probes measured 

the accumulated charge after the vibration sensor was excited. 

The research outlined in this dissertation represents the first known 

investigation of passive MEMS vibration sensors operating in this frequency 

range.  Also, the integration of PZT into a standard MEMS process with deep 

silicon etching requiring LPCVD Si3N4 has not been reported previously.  A 

robust integrated PZT process was also developed which could be used for 

future work in this field.  This approach included a reliable adhesion layer which 

could be used when deep wet etching of silicon is required. 
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8. Future Considerations 
 

This chapter discusses additional work that can be used to further this 

research.  The utilization of Deep Reactive Ion Etching (DRIE) would significantly 

speed up the process and allow for simplifications in the fabrication.  Specifically, 

it could facilitate the removal of the LPCVD nitride layer, which is problematic not 

only because of the stress in the layer but because of the aforementioned 

adhesion layer issues.  Cohesive zone modeling in ANSYS© or other 

commercially-available FEA programs would allow for a better understanding of 

the delamination issues that were observed for various adhesion layers.  This 

would enable the investigation of process changes to ensure a more robust 

design.  The research described in this dissertation eliminated candidate 

adhesion layers based simply on observed delamination; obviously if an accurate 

numerical technique could be used to model and predict these failures it would 

be beneficial to future research.  Finally, packaging of this device needs to be 

considered.  With any MEMS device, packaging needs to be addressed as the 

device is moved from the research space to commercial manufacturing. 

8.1. Deep Reactive Ion Etching 

 
An alternative approach to fabricating membrane type structures is the 

utilization of deep reactive ion etching (DRIE) [75-77].  DRIE can make trenches 

in silicon with aspect ratios over 20:1 and nearly vertical sidewalls. The deep 
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trench etching sequence is illustrated in Figure 8.1.  The mask is generally 

photoresist or silicon dioxide. In step (a), a high density, inductively coupled SF6 

plasma etch achieves selectivity to the mask of approximately 100:1. The etch is 

run for 8 to 12 s, which corresponds to approximately 0.2 to 0.5 µm of etch depth. 

In step (b), the gas in the plasma chamber is then switched to C4F8 for 

approximately 8 s, which deposits a thin fluorocarbon polymer onto the wafer 

surface.  Step (c) uses physical ion assist to etch the polymer at the bottom of 

the trench, leaving some sidewall polymer. This sidewall polymer masks lateral 

etching and thereby maintains the vertical sidewall profile. The desired trench 

depth is obtained by cycling etch step (a) and deposition step (b), with an 

effective etch rate of around 1 µm/min.  This approach eliminates the need for 

the LPCVD nitride layer, and issues associated with its high intrinsic stress are 

neutralized.  

For the membranes fabricated using DRIE, the wafers are cleaned and 

oxidized as described in Chapter 3, but Si3N4 deposition is not required.  The 

Ta/Pt/PZT/Pt depositions are done prior to any etching; once the wafer is 

patterned using photoresist the DRIE process etched completely through the 

silicon, stopping on the SiO2 layer.  This process is illustrated in Figure 8.2, with 

photographs of resulting specimens presented in Figure 8.3.  The sample shown 

in Figure 8.3b was placed into a KOH etch for 1 hour after the DRIE process to 

remove the SiO2 on the back side, which resulted in the “orange-peel” look seen 
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on the outer regions of the sample and the proof mass sections of the device.  

The benefits of the DRIE process compared to the KOH etching process is that it 

is faster, forms vertical sidewalls, and most importantly doesn’t require a silicon 

nitride layer.  Our structures exhibited severe buckling and twisting with thin 

silicon membranes (< 10 µm) fabricated with KOH etching due to the residual 

stress introduced by the silicon nitride layer. 

 

 
(a) Bare silicon wafer  

(b) Thermal oxidation (3000 Å of SiO2) 

 
(c) Depostion of Ta/Pt/PZT/Pt stack on front side 

 
(d) Spin-on, patterning, and exposure of photoresist 

 

 
(e) RIE to expose silicon 

(f) DRIE etch to create membrane 

 
Figure 8.1: DRIE process description for fabricating proof mass enhanced silicon 

membranes in a PZT stack. 
 

Membrane 

Proof Mass 
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(a) (b) 

  
(c) (d) 

Figure 8.2: DRIE process stages: (a) SF6 plasma etch, (b) C4F8 plasma deposits 
a thin fluorocarbon polymer, (c) physical ion assist etches bottom trench polymer, 

(d) steps are cycled until desired depth is achieved 
 

 

  
(a) (b) 

Figure 8.3: 2 cm x 2 cm square membranes fabricated 
via DRIE: without proof mass (a)  and with proof mass 

(b) 

 

8.2. Cohesive Zone Modeling 

 
Cohesive zone modeling, as it’s called in ANSYS©, is an approach to capture 

debonding or interface delamination between or within materials.  The interface 

between thin films structures used in MEMS fabrication is of particular interest 
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because of the range of processing conditions they generally go through.  This 

type of modeling approach would allow for the qualification of various potential 

fabrication techniques without performing them.  There are various properties 

that must be attained prior to being able to perform this type of analysis, 

specifically the maximum normal and tangential contact stresses that the bond 

can withstand.  However, if these constants are known the analysis is relatively 

well understood and easy to set up.  Figure 8.4 shows an example cohesive 

zone debonding analysis performed in ANSYS© Workbench where the interface 

is subjected to a mechanical wedge driving them apart.  For this research instead 

of a wedge thermal loads could be applied to mimic processing conditions. 
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Figure 8.4 – Cohesive zone modeling example 

 

8.3. Packaging Considerations 

 
To achieve functional accelerometers, these PZT membranes must be 

integrated into amplification electronics and housed in protective packaging to 

CZM INTER20x Elements 
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ensure functionality and longevity.  MEMS components are inherently delicate 

and sensitive to dust and contaminants, making it vital to protect them from 

physical contacting.  Hermetically sealed vacuum packages are optimal; the 

hermetic seal protects the device from microorganisms while the vacuum allows 

the device to achieve high Q values by minimizing compressible squeeze film 

damping effects.  Various commercial packages could be evaluated depending 

on the mounting method and number of leads.  There are also wafer level 

packaging (WLP) techniques that could be considered.  These approaches 

involve extra processing steps in which a micromachined wafer is bonded to a 

second wafer which has an appropriate cavity etched into it. Once bonded, the 

second wafer creates a protective silicon cap over the micro-machine structure. 

This method leaves the microstructure free to move within a vacuum or an inert 

gas atmosphere. 
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