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Chapter O 

O. Abstract 

The fabrication using silicon micromachining and characterization of 

cantilever beams as well as acoustic Lamb-wave sensors and actuators based on 

piezoelectric PZT sol-gel thin films are presented. The intended use of the 

Lamb-wave devices is for sensor and mass transport applications. The devices 

consist of dual interdigitated transducers patterned on a thin film composite 

membrane of silicon nitride, tantalum/platinum, and a sol-gel derived 

piezoelectric ceramic (PZT modified lead zirconate titanate Pb(ZrxTi1-JO3) 

thin film. The theory and the acoustic properties of these devices are presented 

along with applications to sensors, mechanical transport and liquid delivery 

systems. Improved acoustic signals and improved mass transport are achieved 

with PZT over present Lamb wave devices utilizing ZnO or AlN as the 

piezoelectric transducer. 
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Chapter 1 

1. Introduction 

In past years considerable attention has focused on the use of acoustic 

devices for chemical sensors [1.1], [1.2], [1.3], [1.4], [1.5]. Most of these 

acoustic sensors have employed surface acoustic waves (SAW) as their primary 

transduction mechanism. These sensors use acoustic waves usually composed of 

either Rayleigh or various other known plate modes [1.6], [1.7], propagating 

along the surface of thick elastic substrates. Chemical transduction is 

accomplished by "mass loading" or "viscoelastic damping" effects which alter 

the resonance frequency or phase of closed feedback oscillators. However, 

recently acoustic signals propagating on thin membranes, so called Lamb 

waves or Flexural-Plate-Waves (FPW), have also been explored as chemical 

sensors [1.8], [1.9], [1.10], [1.11], vehicles for mechanical transport [1.12], and 

fluid delivery systems [1.13], [1.14]. 

These Lamb wave devices possess several advantages over their "thick 

plate" SAW counterparts, including: (1) lower phase velocity for the lowest 

antisymmetric mode a<, which can be made less than the sound velocity in 

liquids (typically 1500 m/s for water). For operation in liquids, the radiation 

loss of the ag mode can thus be minimized, (2) lower operational frequencies 

(typically 2-4 MHz in our case) for the lowest aQ mode which simplifies 

amplification and detection electronics, (3) access to the back side of the 

membrane. For fluid loading, this simplifies the transducers isolation from 

conducting liquid, and (4) higher mechanical amplitudes than normal plate or 

Rayleigh surface acoustic waves which provides better mechanical coupling in 

mass transportation applications. 
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Introduction 

However, to date the only piezoelectric thin film materials which have 

been successfully employed in the fabrication of Lamb wave devices have been 

zinc oxide and aluminium nitride [1.15]. Although zinc oxide is a relatively 

good piezoelectric material, there are a number of other ceramics which 

possess higher piezoelectric coupling efficiencies, most notably PZT [1.16], 

[1.17], and significant improvements in Lamb wave performance are expected 

employing PZT [1.18], [1.19], [1.20], [1.21], [1.22], [1.23], as an acoustic 

transducer. Modified lead zirconate titanate (PZT, Pb(Zrx,Ti].x)03)-based 

ceramics are currently the leading materials for piezoelectric thin film 

applications. 

Recently, a number of improved techniques for the deposition of thin 

films of PZT with superior piezoelectric properties have been reported [1.24], 

[1.25], [1.26], [1.27], [1.28], including sputtering, and sol-gel methods. Of 

these, sol-gel deposition shows considerable promise both from an application 

and commercial standpoint. 

The principal objective of this Ph. D. Thesis is to demonstrate the 

fabrication, the characterization and the potential use of micromachined PZT 

based Lamb-wave devices for sensor and actuator applications, especially for 

mass transport and fluid delivery systems such as a FPW micropump. In order 

to study the behavoir of micro devices actuated by a piezoelectric PZT sol-gel 

thin film, it was necessary to include in these research the fabrication and the 

characterization of a variety of so-called test structures. Among these, 

cantilever beams are ideal canditates allowing many experimental 

investigations. The information obtained with these structures was very useful 

in the understanding of interdigital transducers having a piezoelectric layer 

subject to strong hysteresis. 
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Chapter 1 

In chapter 2, a short summary of the deposition process for PZT thin 

films is given. This brief resumé gives only the flow chart of the process 

involved for the deposition of PZT films, the processing of these films being 

done in the Ceramic Laboratory, at the Swiss Federal Institute of Technology, 

EPFL, in Lausanne. 

Chapter 3 deals with the fabrication and the characterization of 

piezoelectric cantilever beams. 

Chapter 4 presents an overview of the most important acoustic guided 

waves, as well as a few mathematical results that are necessary to understand 

the physical properties of such waves. These results allow a comparison of the 

measured data with the theory, and only analytical developments are 

considered (i.e. numerical solutions are not used). A new method for the 

calculation of the residual in-plane tension and the Young's modulus E of the 

composite thin plate is presented. This method is based on the ratio of 

harmonic mode frequencies. 

In chapter 5, the transduction mechanism for the generation of acoustic 

waves is given. 

Chapter 6 highlights the Lamb wave design and the fabrication technology 

using PZT thin films. 

Finally, experimental results of micromachined Lamb-wave devices are 

presented in chapter 7. 
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Chapter 2 

2. Ferroelectric PZT sol-gel thin film 

2.1 Introduction 

Over the past decade, the fabrication of ferroelectric PZT thin films has 

been investigated by many researchers. At present there exist a few thousand 

books and papers dealing with the properties, fabrication and applications of 

ferroelectric ceramics, first discovered by Wainer and Salomon in the United 

States (1942) [2.1], WuI and Goldman in Russia (1945) [2.2], and Ogawa in 

Japan (1947) [2.3]. 

During this work, research about PZT thin films, their properties, the 

method and techniques of deposition on tantalum/platinum electrode have been 

carried out in the Ceramic Laboratory, EPFL, Lausanne, Switzerland, under 

the direction of Professor Nava Setter [2.4]. The PZT thin films used for this 

work, were processed by K. G. Brooks [2.5], [2.6], [2.7]. 

In the following, only a' brief outline of the deposition process is 

presented. 

2.2 Sol-gel PZT thin film deposition 

Ferroelectric layers exhibit a spontaneous polarization, in the absence of 

an external electric field. They can be defined as pyroelectric crystals whose 

polarization can be reversed by applying a strong electric field [2.8]. A 

hysteresis cycle is thus obtained by varying the electric field. Polycrystalline 

ferroelectric thin films, such as PZT films, consist of randomly oriented 

microdomains and their spontaneous polarization vanishes above a certain 

temperature, known as the Curie temperature. 
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The sol-gel method of deposition involved here is based on the spinning of 

a chemical solution on a platinum electrode, which as been previously 

evaporated on a silicon wafer. High quality, uniform PZT film of composition 

Pb (Zr053Ti047)O3 are achieved. However, localized microscopic cracks can be 

formed during the processing, which will then significantly lower the device 

performance. Figure 2.1 illustrates the main processing steps for the deposition 

of PZT thin films [2.4]. 

SPIN COATING 
1000 - 2000 r.p.m. 

20-6Os 

DRYING 
150-200 OC 

PYROLYSIS 
350 - 400 oC 

I 

* " i 

THICKNESS DESIRATED ? 
0.25 - 0.35 microns 

I 
YES 

1 

[*" 

REPEAT 

t i 

NO 

RAPID THERMAL ANNEALING 
350 - 400 "C 
2 s - 5 min 

THICKNESS DESIRATED ? 
1.0 - 3.0 microns 

REPEAT 

t 

NO 

I 

Figure 2.1: Flow chart of PZTprocessing. 

8 



Chapter 2 

Many research activities in this field highlight the huge potential of such 

thin films, e.g. the microstructure and processing of PZT [2.9], [2.10], [2.11], 

[2.12], rapid thermal processing [2.13], [2.14], characterization, fatigue, 

degradation mechanisms, losses and polarization decay [2.15], [2.16], [2.17], 

[2.18], [2.19], [2.20], etching [2.21], [2.22], [2.23], epitaxial growth [2.24], 

realization of micromotors [2.25], [2.26], [2.27], [2.28], and 

microelectromechanical systems and applications [2.29], [2.30], [2.31], [2.32]. 
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3. Piezoelectric cantilever beams 

3.1 Introduction 

Micromachined silicon cantilever beams actuated by the inverse 

piezoelectric effect are of great interest for actuator applications [3.1], [3.2], 

[3.3], [3.4], [3.5], [3.6], and for the characterization of piezoelectric thin 

films [3.7], [3.8], [3.9], [3.10], [3.11], [3.12], [3.13], [3.14]. This chapter deals 

with the microfabrication and the characterization of cantilever beams based 

on PZT thin films. Small multilayered beams are processed and used to analyse 

the inverse piezoelectric effect and to measure their mechanical deflection. The 

mechanical response of piezoelectrically operated heterogeneous bimorph 

structures is then compared with finite element simulations. Determination of 

the piezoelectric coefficient d3! using interferometric displacement 

measurements, electrical impedance measurements, and finite element 

calculation will be discussed. 

3.2 Microfabrication 

Each cantilever beam consists of a lead zirconium titanate (PZT) film 

(0.44 [im thick) sandwiched between two platinum electrodes on a silicon 

nitride/silicon substrate (0.7/14.3 \x,m thick) with a 0.9 \x,m SiO2 passivation 

layer. Figure 3.1 illustrates the main processing steps. 

(1) A 0.7 \xm thick low stress silicon nitride SixN5, layer is deposited on 

both sides of a 3 inch diameter, 380 jxm thick silicon wafer. Next, a Ta/Pt 

(0.01/0.07 [xm thick) metallization is deposited. The PZT layer (0.44 \am thick) 
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is then deposited by spin coating over the former ground electrode, and etched 

in a solution of BHF&HCl&Deionized water [3.15]. 

Three different concentrations of BHF, HCl and DI water have been tested 

in order to minimize both the PZT under etch and the etching time. The results 

are summarized in Table 3.1, for a 0.3 u,m thick PZT film. 

Wafer Nu 

1 

2 

3 

; BHF:HC1:DI 

{ concentration 

j 1:2:3 

• 1 1:2:9 
; 1:2:10 

j Etching 

i 
, 19s 

T34s 
S [58 s 

time j Under etch 

! 1.5 urn 

"1 i.O u,m 

I 2.0 [im 

Table 3.1: Parameters of three PZT chemical etch tests for a 0.3 firn thick PZT 

film. 

The best results are obtained with the 1:2:9 concentration. During this 

chemical etch, a photoresist layer (PR+ 1400-27) of 1.5 [xm thickness protects 

the PZT test structures. In each case some small areas with residual Pb-rich 

film are observed and can easily be removed by rinsing the wafer for a few 

minutes in flowing deionized water. Electrical contact on platinum is possible 

after the PZT structuration. Then, the silicon nitride layer on the wafer 

backside is patterned (plasma etching) to create the KOH apertures. 

(2) Patterning of the top Ta/Pt electrode level by a standard lift-off 

technique. 
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(3) Deposition and patterning of a 0.45 ^m thick CVD SiO2 passivation 

layer. This layer is necessary to protect the PZT film during the platinum 

structuring. 

(4) Ta/Pt dry etch and second level passivation. The necessity to etch the 

platinum bottom electrode after having etched the PZT film, requires a further 

passivation to insulate the two electrode levels, in order to avoid a short 

circuit. 

(5) Opening of the contact areas through the passivation, and 

metallization of contact lines. 

(6) Wet etching of the silicon backside in KOH. The PZT areas on the top 

side are protected by inserting the wafer in a mechanical chuck (cf. chapter 6 

for more details). Definition of the cantilever shape by a photolithography 

step. 

(7) Structuring of the cantilever beams by plasma etching. 
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Figure 3.1: Fabrication sequence of the piezoelectric cantilever beams. See 

text for details. 

16 



Chapter 3 

The superposition of the different layers used for the fabrication of 

cantilever beams is presented in Figure 3.2. 

Figure 3.2: SEM pictures of the six superposed layers. (Top) From top to 
bottom respectively: SiO2 passivation, Pt top electrode, PZT film, Pt bottom 
electrode, low stress silicon nitride, silicon. (Bottom) Enlarged view. 
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As shown in Figures 3.3-6, different types of rectangular and triangular 

cantilevers with various aspect ratios were fabricated. The maximal beam 

length is 1mm. For rectangular beams, the width is 100 firn or 200 u.m. 

U U U UU Ei I i K. 

- V 

777/7 m\ 
'• S B g I H Hk '-- 1 

Figure 3.3: Optical view of micromachined piezoelectric bimorph cantilevers. 

Figure 3.4: Detail of the piezoelectric cantilever beams. 
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Figure 3.5: SEM pictures of cantilever beams. 
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Figure 3.6: SEM view of micromachined beams. 

In Figure 3.7, both sides of entire processed silicon wafers are presented. 

It is to be noted, that the former process was also used for the fabrication of 

Lamb-wave devices, referred to in the following chapters as Lamb-wave 
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devices of the first generation. In the picture, the largest rectangular areas 

correspond to these Lamb-wave devices. 

Figure 3.7: Optical view of processed wafers. Left picture: wafer top side; the 
cantilevers are not yet structured. Right picture: wafer backside; each 
cantilever is completely processed and the membrane areas for the Lamb-wave 
devices are etched. 

3.3 Experimental results 

3.3.1 Measurement techniques 

A commercial Mach-Zehnder interferometer combined with a phase-

sensitive amplifier, enables to measure very small vertical displacements of the 

cantilevers (resolution below 10 l0 m). Measurements are done coherently with 

the voltage excitation applied to the bottom and top platinum electrodes. 

If the spot of the laser-beam is positioned at a fixed point on the 

cantilever, a so called mechanical response spectrum of the beam is obtained, 

by simply varying the excitation frequency. If, on the other hand, the 
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excitation frequency is fixed, the spot of the laser-beam can be monitored 

along the cantilever in the x and y directions, allowing thus to obtain a two or 

three dimensional mode profile. In the following, quasistatic and dynamic 

behaviors are reported. For the electrical response, an HP impedance/gain-

phase network analyzer is used. 

Figure 3.8 illustrates the cantilever vibration due to the applied voltage. 

Schematically, when a voltage is applied to the platinum electrodes, the PZT 

film elongates (or contracts) while the other underlying layers contract (or 

elongate), resulting in a bending of the beam. It has been reported, that the 

deflection curve of the beam is affected by both the piezoelectric charge 

constants df/ and d3, [3.12], where d3i (i=l or 3) is the mechanical strain 

induced in the PZT material in direction i per unit electric field applied in 

direction 3. (cf. Figure 3.8). In this study, the dn contribution is neglected. 

Figure 3.8: The mechanical strain induced in the PZT film in direction X1 

induces aflexural out-of-plane vibration of the siliconiPZT bimorph. 
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3.3.2 Quasistatic measurements 

The measurements have been performed for beams with a length of 800 

[im and 1000 urn and a width of 200 [im. At a fixed frequency of 537 Hz and 

with a 50 mV a.c. excitation, the quasi-static deflection along the length of the 

beam for different bias voltages Vbias was measured (see Figure. 3.9). 
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Figure 3.9: Quasi-static deflection of a beam along its length under various 
applied voltages Vbj . The slope values m correspond to the linear fits as a 
function of the squared distance (not on the picture). 
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For the piezoelectric heterogeneous bimorph of the form considered here, 

the vertical deflection S(L) at the tip of the beam (see Figure 3.10) can be 

expressed as a function of the applied bias voltage V according to [3.16]: 

Ô(L) 
_ -3d31s1]Sf1hsi(hsi +hp)L 

K (3.1) 

where sf, and sf, are the compliance under mechanical stress of the substrate 

and the PZT film respectively, L the beam length, hsj being the thickness of 

the substrate, hp that of the PZT film, and 

K = 4SPjSfJhJHp)3 + 4SfjSf,(hsi)
3hp + 

(S?j)2(hsi)
4 * (Sf1)Hh,,)4

 + 6SfjSfj(hsi)
2(hp)

2 (3.2) 

Figure 3.10: Schematic representation of a heterogeneous bimorph structure, 
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Measurement data according to equations (3.1) and (3.2) show a good 

linear behaviour when plotted as a function of the squared distance L2. The 

deflection of the free end of the beam as a function of the applied bias voltage 

is shown in Figure 3.11. In the linear domain (up to 6 V), the deflection 

amplitude for a normalized a.c excitation was calculated. From the slope of the 
-12 

linear fit, a transverse piezoelectric coefficient d3l = -24.72 -10 C/N was 

obtained corresponding to the linear piezoelectric behavior of the PZT thin 

film. In this calculation the following elastic constants were used: Si substrate 

Sf1 = OHl -10"" m2/N, PZT film, ,ft = 13.8 • 10"'2 m'/N (value for bulk 

ceramic PZT of morphotropic boundary composition). 

50 

^ 4 0 
•o 
3 
"H, 
I 30 

20 

0 2 4 6 
V bias [V] 

Figure 3.11: Quasi-static deflection at the free end of the beam (800 (Jim 
length) under various applied voltages V . 

From Figure 3.11, the deflection at Vbias = 0 V is observed to be 

equivalent to a bias of 2.8 V. This shift is believed to result from initial 

bending of the beam due to residual stress and/or from some partial poling of 

the PZT layer which occurs during the final plasma etching of the structures. 
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At higher applied voltages, the mechanical hysteresis loops of the beam as 

a function of d.c. bias for different a.c. excitations (500 Hz) show the same 

behavior (see Figure 3.12). The data are asymmetric and centred about a 

negative bias of 2.8 V. Calculation of the piezoelectric coefficient df/ 

corresponding to the 12 V (saturation value) of the applied bias voltage, 

yields a value of df/ = -32.4 -IO"12 C/N which is about 35% of the bulk 

ceramic value of -93 -IO"'2 C/N [3.17]. 

T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 

J i i i I i i i i I i i I i I i i i L 

-10 0 10 

Bias Voltage [V] 

Figure 3.12: Mechanical hysteresis loops of a beam at quasistatic frequency 
{f- 500 Hz) under various a.c. excitations. 

3.3.3 Dynamic measurements 

The amplitude vibration of a cantilever beam is an important tool to study 

the behavior of a PZT film, pertaining to the ability of the piezo-film to react 

under the application of various bias voltages. Figure 3.13 points out these 

results. Frequency sweeps near the fundamental resonance of a 1 mm length 

beam, emphasizes the amplitude increase as a function of the bias voltage. The 
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small decrease of the resonance frequency due to the increase of the bias is 

probably related to thermal heating of the film. Nevertheless, this frequency 

shift is much smaller than that of a Lamb-wave sensor (cf. chapter 7, section 

7.4.3). 

T ' 1 ' r 

Frequency [Hz] 

Figure 3.13: Mechanical response of a beam under different bias voltages.. 

Mode profiles of a beam are obtained by moving the laser beam along the 

cantilever for the resonance frequency and its harmonics. Figure 3.14 

illustrates four mode profiles of a an 800 ^m beam. 
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200 400 600 800 
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Figure 3.14: Some mode profiles of a piezoelectric cantilever beam. 

3.3.4 Electrical measurements 

The capacitance of the piezoelectric film with the constraints due to the 

rigid bond to the beam is expressed, according to [3.16]: 

_ A (
CT d2

31hsi[sf,(hp)
3^,(h,)3] 

h, 
33 K 

I 
(3.3) 

where A is the area of the entire electrode of the considered beam, and eT
33 the 

relative dielectric constant under condition of constant stress ( S]3= 640 E0 was 
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obtained, E0 being the permittivity of vacuum. See chapter 7. section 7.2.1 for 

the description of the measurement). 

From impedance measurement, a capacitance C=I.1744-10-9 F was 

determined. According to the relation (3.3) and a poling voltage of 2.8 V 
-12 

induced by the initial stress of the beam, a value of -22.34 -10 CfN for d3, 
-12 

was obtained, which compares well with the value of -24.72-10 C/N 

obtained from the interferometric measurements. 

3.3.5 Finite-element simulations 

Finite element (FE) calculations (ANSYS) for the piezoelectric beam are 

presented here. The model consists of anisotropic solid elements for the Si 

substrate, isotropic solid elements for the nitride and SiO2 layers, coupled-field 

solid elements for the PZT layer, and shell (membrane) elements for the 

electrodes layers. 

Experimentally, an initial bending of the beam, which represents a 

displacement of about 16 (xm (beam length of 1000 ^m) was observed. This 

initial distortion is due to stress induced during the fabrication process. In our 

calculations, we reproduced the induced stress with a thermal effect by 

introducing different expansion coefficients for the layers. A small 

temperature shift has been imposed so as to have an initial stress producing the 

observed deflection. The FE coupled field results show that this initial stress 

also induces a potential difference of 5.6 V between the electrodes. However 

these free charges disappear in the capacitor's discharge time. Figure 3.15 

shows the deflection profile of the beam owing to the process induced stress. 
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Figure 3.15: Experimental beam deflections (circles) determined by a confocal 
microscope, and FE calculations (line) due to stress. 

The piezo coupling was also investigated by performing a static analysis 

in which a voltage is imposed on the electrodes, with no pre-stress effects. The 

maximum deflection of the beam tip was 2.1 \im for a bias of 7 V. These 
-12 

calculations have been done using the bulk value d3l = -93-10 C/N [3.17]-

Modal analysis has also been performed for a beam of 800 \x,m length. In 

order to obtain the correct sequence of observed modes, it is important to 

model only half of the beam, imposing symmetric boundary conditions in the 

middle. Besides sparing computing time, it directly selects the symmetrical 

modes which can be excited. In Figure 3.16 a comparison between 

measurement and FE modal analysis for mode 5 is shown. The different modes 

can be unambiguously identified on the basis of their shapes. No symmetrical 

mode was found which corresponded to experimental mode 3, which lies at 

191.6 kHz. This mode is characterized by a small amplitude as compared to the 

other excited modes. The measured and calculated frequencies for the different 

modes are shown in Table 3.2. 
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The largest difference (7 %), is found for the fundamental mode. We 

studied the effect of small variations of both geometry and material properties, 

in order to see how they affect the mode frequencies. However, the calculated 

frequency of the fundamental mode remains typically 5-8% too high compared 

to experiment, whereas the difference is of the order of 1 % for the higher 

modes. The reason could lie in the incorrect modelling of what happens at the 

clamped edge of the beam. 

Table 3.2. Frequencies of experimental and calculated modes. The second last 
column (fitted) corresponds to an isotropic calculation using a Si Young's 
modulus of 10.8 10 NIm (tabulated value is 12.0 -10 NIm ) . The last 
column shows the relative difference between the best isotropic FE results and 
experiment. 
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Figure 3.16: FE calculations (bottom, arbitrary units) and experimental (top) 
shapes for mode 5. 

Finally, a harmonic analysis of the cantilever beam was performed. The 

measurements have been performed for a beam with a length of 1 mm. In the 

FE model the fundamental frequency was calculated to be 17.147 kHz whereas 

experimentally it is found to lie around 15.685 kHz. The measured quality 

factor (Q=380) was used for the FE calculations. In Table 3.3 the resonance 

amplitudes for bias voltages ranging from 0 to 12 V and an excitation signal of 

10 mV are presented. 
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Bias voltage [V] 

0 

i 
2 

4 

6 

8 

10 

ii 

Electric field 
[kV cm1] 

0.0 

22.7' 

45.4 

90.1 

136 

182 

227 

273 

Measured 
amplitude [nni] 

181 

219 

262 

3Ó1 

462 

554 

617 

6648 

d3l coefficient 
[C N-1] 

-9.00-1012 

-10.0-10-" 

-12.0-1012 

-16.0-10;|2 I 

-21.4-1012 

-25.6-10-" 

-28.5-1012 : 

-30.0-10-" 

Table 3.3. Experimental amplitudes as a function of bias voltage. The last 
column shows the values of the d31 coefficients for which the calculations 
match experiment. 

The large change in amplitude reflects the d31 dependence upon the bias 

potential, which gradually increases the polarization of the PZT layer. The FE 

harmonic results for the amplitudes are much higher (by a factor 3) than 
-12 

experiment if a bulk value of -93 -10 C/N is assumed for the d3I coefficient. 

In the last column of Table 3.3 the values for which calculated amplitudes 

agree with measured ones are shown. One notices that for the highest bias of 

12 V about one third of the bulk value for d31 is obtained. It is well known that 

in thin PZT layers, the polarization can be lower than half of the bulk value 

[3.7]. Here our 33 % of the bulk value is a worst case value because 

mechanisms which lower the amplitude are not taken into account here. 

However, we conclude that depolarizing effects, mainly due to the film 

geometry, are very important here. 
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Chapter 4 

4. Fundamentals of acoustic guided 
waves 

4.1 Introduction 

Classically, a wave is a disturbance of a medium, that medium being 

either a field (e.g. the gravitational and electromagnetic fields) or a material 

substance. In the case of material media, waves are known as mechanical 

waves, and depending on their amplitudes, are sometimes "splitted" in two 

families: elastic waves and acoustic waves. Initially, acoustic was the "physics 

of sound", but is now extended to all elastic waves at frequencies well below 

and above the audible range, propagating in a great variety of solid, liquid and 

gaseous media. 

There are two basic forms of waves in solids: longitudinal (also called 

compressional or dilatational) and transverse (i.e. shear or distortional), but 

transverse waves do not exist in gases or liquids, because these media do not 

resist shear motion due to the lack of restoring forces. The unique exception is 

for Surface Acoustic Waves (SAW) that propagate along the free surface of a 

semi infinite substrate, first reported by Lord Rayleigh in 1885. Water waves, 

or more exactly propagating ripples generated by throwing a stone into calm 

water, are the most popular example of such surface waves, which are a 

combination of longitudinal and tranversal motions along the boundary 

between air and liquid. 

Formally, any Pertubation which propagates on the surface of a medium 

and disturbs only a small thickness of the surface layer (skin depth) is called an 

acoustic surface wave. 

Mathematically, two sets of equations related first to the wave motion in 

the medium, and secondly to the boundary conditions (mechanical and 
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electrical if the substrate is piezoelectric) must be simultaneously satisfied to 

determine the propagating modes that will exist in the structure, which in fact 

represents a wave guide. If the substrate is not piezoelectric, the unique 

solution of the former equations are surface waves, also called Rayleigh waves. 

Diverging in two dimensions only, part of the energy of guided waves 

decays in accordance to 1/r instead of 1/r2 and allow thus a propagation far 

from the source. 

Since Rayleigh's mathematical demonstration, a tremendous research 

activity in the so called field of acoustic guided waves began and have found 

considerable application. Today, many applications of SAWs for signal 

processing (TV, mobile phone, video, radar, etc.) and other acoustic wave 

devices in chemical, biochemical and physical measurements, highlight their 

huge potential. 

4.2 Basic types of acoustic guided waves in solids 

In this section, a brief description of the most important acoustic wave 

guide types is presented. 

4.2.1 Rayleigh waves 

Rayleigh waves are surface waves propagating along the boundary of a 

homogeneous isotropic elastic half-space [4.1], [4.2], [4.3], and polarized in the 

sagittal plane (the plane formed by the normal vector to the substrate and the 

wave vector, cf. Figure 4.1). Surface particle motion is predominantly in the 

X1-X3 sagittal plane with amplitudes u,, U3 respectively, and pure modes occur 

when the energy flow and the wave vector have the same direction. 
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In order to have a wave guided by the free surface and staying in its 

neighborhood, the amplitude displacement u3 must decay rapidly with depth. 

The two displacement components being coupled by the mechanical boundary 

conditions, a time-dependent retrograde elliptical surface displacement is 

therefore associated mechanically with the propagating wave. One particle 

motion is parallel to the wave direction and the other, 90° out of phase with the 

former in the time domain, is normal to the substrate. Both motions have their 

amplitude decaying exponentially, but differently, with the substrate depth 

[4.4]. 

Figure 4.2 depicts a calculated amplitude undulation on the free boundary 

of an isotropic elastic substrate. The resulting oscillation is a combination of 

both longitudinal and transverse (shear) motions which travel along the surface 

with identical velocities [4.5]. In classical elastic bodies, the Rayleigh wave 

velocity vR is dispersionless, i.e. independent of frequency [4.6], and for 

example, has a value vR = 3410 m/s for silica. 

free substrate surface 

piezoelectric substrate 

retrograde elliptical motion 

Figure 4.1: Schematic representation of elliptical Rayleigh wave motion in the 
sagittal plane on the surface of an elastic solid. 
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Dilatation 
Free surface Depth 

0¼ 

2 Xv 

Figure 4.2: Computed amplitude displacements of Rayleigh waves (not to 
scale). Here, the represented substrate thickness is two wavelengths. The 
amplitude vanishes at a depth of approximately 2kR. (In this example, 
vR=0.9c,=0315c,\ vR is the Rayleigh velocity, C1 and C1 are the longitudinal and 
transverse velocities in the bulk material). 

Historically, Rayleigh waves have played an important role in the 

understanding of earthquakes, because they have the form of acoustic waves 

that propagate along the earth's crust (surface) after an earthquake, at a 

velocity below that of every other wave type, and are therefore always the last 

to be recorded on the seismograph. 

When the substrate is piezoelectric, the wave pattern is more complex and 

the surface waves are called piezoelectric Rayleigh-waves [4.7]. 

At the present time, SAW devices (e.g. delay lines and bandpass filters) 

based on piezoelectric Rayleigh-waves propagating on quartz, lithium niobate 

(LiNbO3) and lithium tantalate (LiTaO3) substrates, are mass produced using 
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semiconductor microfabrication techniques, and allow to obtain on a single 

chip the same complex signal processing that would necessitate several hundred 

conventional inductors and capacitors in standard LC filters. 

4.2.2 Lamb waves 

Initially described by H. Lamb in 1917 [4.8], Lamb waves propagate in a 

free isotropic homogeneous elastic plate of finite thickness. The plate acts as a 

waveguide and Lamb waves have their two components lying in the sagittal 

plane, one normal to the plate and the other parallel to the wave direction. 

Figure 4.3 illustrates this situation. 

Figure 4.3: Schematic representation of the sagittal plane and the plate 
orientation for Lamb wave propagation. 

An easy way to understand the existence of Lamb waves in a plate can be 

explained according to the following. When the plate thickness is greater than a 

few wavelengths X, Rayleigh waves can propagate on each side of the plate and 

are considered as being not coupled with each other. As the plate thickness 

reduces to the order of the Rayleigh's penetration depth k, both longitudinal 

and transverse components on each side interact and produce Lamb waves. 
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Thus, Lamb modes in a plate can be considered as a set of coupled longitudinal 

and transverse waves. Moreover, both transverse and longitudinal components 

are reflected on the plate free boundaries and partially transform into each 

other [4.4]. Since they are at the same frequency, they interfere and produce a 

great number of cyclic variations [4.9]. Figure 4.4 depicts this behavior. 

L = Longitudinal component 

•» TV = Transversal Vertical component 

Figure 4.4: Schematic view of the reflection phenomena of longitudinal (L) 
and transverse vertical (T) waves, which characterizes the propagation of 
Lamb modes in a plate. Formally, the components L and T propagate with 
identical velocities and are reflected on the plate's free surfaces. During 
reflections, the (L) wave creates a (T) wave and vice versa. Interferences 
between both components also occur. 

There are two types of Lamb waves: symmetrical and antisymmetrical 

modes which can propagate through the plate independently [4.5]. In Figure 

4.5, the displacement pattern of both modes is shown. 
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-< *-

Symmetric mode (s) or dilatational motion 

Antisymmetric mode (a) or flexural motion 

Figure 4.5: Pictorial cross sectional representation of the plate deformations 
related to symmetric and antisymmetric propagating Lamb modes. The 
symmetric (s) mode involves a dilatational motion: particle displacements are 
symmetric about the neutral plane. The antisymmetric (a) mode involves 
flexure: particle displacements are antisymmetric with respect to the neutral 
plane. 

4.2.3 Acoustic plate modes (APM) 

Like Lamb waves, plate modes propagate in a free isotropic plate, but 

with a pure shear horizontal polarization, i.e. the displacement is parallel to the 

plate surfaces and perpendicular to the direction of propagation [4.10], [4.11]. 

Figure 4.6 shows the propagation of such waves. It is interesting that they are 

successively reflected from the surfaces of the plate without being 

transformed, and with a reflection coefficient equal to one [4.6]. The acoustic 

energy is confined between the two upper and lower plate boundaries. When 

contacting a liquid, no energy is radiated into the liquid, due to the absence of 

surface-normal displacement. 
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Shear horizontal (SH) propagation direction 

plate 

Figure 4.6: Schematic design of acoustic plate modes (APM) propagating in a 
free isotropic plate. 

4.2.4 Bleustein-Gulyaev wave 

On a free surface of a certain piezoelectric half-space, a shear horizontal 

piezoelectric wave can propagate [4.6], [4.12], [4.13], Its penetration depth in 

the medium decreases exponentially but is of the order of about 100 X. for most 

piezoelectric media, and less than X. in case of strong piezoelectricity. Figure 

4.7 represents a such typical wave. 

Shear horizontal (SH) propagation direction 

Figure 4.7: Propagation of a Bleustein-Gulyaev wave on the free boundary of 
a piezoelectric half-space. 
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When a semi-infinite medium is covered by a thin layer, a so called Love 

wave (shear horizontally polarized) may propagate if the velocity in the 

guiding layer is lower than in the substrate [4.14], [4.4], [4.15]. In Figure 4.8, 

an example of this wave is depicted. 

Shear horizontal (SH) propagation direction 

Figure 4.8: Love wave propagation. The thin film plays the role of an acoustic 
wave guide. 

4.2.6 Stoneley waves 

They represent a kind of wave which propagates at the surface of 

separation of two semi-infinite media in contact [4.16]. 
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4.3 Behavior of Lamb waves in a free isotropic homogeneous thin 

plate 

4.3.1 Rayleigh-Lamb frequency equations 

As previously mentioned, longitudinal and transverse waves in a solid 

medium are the two basic wave-types. A longitudinal disturbance (L) generates 

a change in volume locally, while a transverse perturbation (T) does not. 

Specific displacement vectors uL and uT are respectively associated with 

the former waves. The resultant displacement of a material point in the lattice 

is given by: u = uL + uT. 

A longitudinal wave involves dilatation (div uL * 0) and is thus associated 

with a scalar potential <j) with the condition rot uL = 0. Transverse wave 

involves no dilatation (div uT = 0) and is therefore associated with a vector 

potential ^V satisfying the condition rot uT * 0. 

According to the Helmholtz theorem [4.17], the vector displacement u for 

material points in a free isotropic solid is written in the form: 

u = grad <|) + rot W (4.1) 

with the two potentials satisfying the equation of wave propagation: 

cf A0 - ^4- = 0 (4.2) 

Ji2XU 

0 ^ - - ^ = 0 (4.3) 
at 
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where A is the Laplace operator, and c, and c, the longitudinal and transverse 

bulk wave velocities respectively. Hence, the vector displacement u derives 

from a scalar and a vector potential. 

By considering the case of a plate having traction-free boundaries and the 

governing equations, for displacements, potential fields and stresses, a 

Rayleigh-Lamb frequency equation can be derived [4.5], [4.6], [4.18]. It 

appears that two types of uncoupled Lamb modes propagate in the plate: the 

symmetric and the antisymmetric (cf. Fig. 4.5). In the following, we consider 

waves propagating in a plate of thickness d = 2h along the positive x direction 

(cf. Figure 4.9). 

(3SÜ3 

Figure 4.9: Cross section of the plate. 

For symmetric waves, the frequency equation is given by: 

tanffi 4aßk2 

tan ah ~ (k2 - ß2) 
(4.4) 

For antisymmetric modes, the frequency equation is: 

tmßh _ (k2~ß2) 
tan a/i 4aßk2 (4.5) 
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where 

^ J ^ P (4,) 
C1 and c, are the velocities of longitudinal and transverse acoustic waves in the 

bulk material, k is the wave number 2JT/1 related to the wave phase factor 

(kx - a>t), and co is the angular frequency. 

Equations (4.4) and (4.5) are the Rayleigh-Lamb dispersion equations (i.e. 

o)-k relations). Once the frequency 00 is given, the wave numbers k satisfying 

these equations are determined using numerical solutions. Then the phase 

velocity (co/k) and the group velocity (dœ/dk) can be calculated. 

Figure 4.10 exhibits the phase velocity curves for a plate having a Poisson 

ratio u =0.34, after Viktorov [4.5]. On the vertical axis, the Lamb wave phase 

velocity c is normalized to the transverse velocity c, . On the horizontal axis, 

the product k,h is the transverse wave number times the half-plate thickness h 

(i.e. d = 2h). Since k,=a>/c,, figure 4.10 represents Lamb wave phase velocities 

of the first three symmetric (S1) and antisymmetric (a,) modes, as a function of 

the frequency-plate thickness product. 
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I 2 3 1 S S 7 8 S IO II 12 13 11 Kih 

Figure 4.10: Rayleigh-Lamb frequency spectrum for a plate of thickness 
d-2h. The phase velocity c is normalized to the transverse bulk velocity c, and 
plotted as a function ofkjfi = oihlc,. 

The analysis of the Rayleigh-Lamb equations for a plate is more 

complicated than for SAWs over a semi infinite substrate, and analytical 

solutions are only possible in some cases by considering various regions for 

which we may have a and (or) ß , real, zero, or imaginary. 

In the following, a few of the most important Lamb wave properties are 

presented. Some of them can be directly interpreted by considering Figure 

4.10. 

(1) The number of Lamb modes increases with the plate thickness d. (2) 

Each mode is dispersive. (3) For a sufficiently thick plate, the phase velocity of 

nonzero modes converges to the bulk transverse velocity c, , while the 

velocities of the two zero modes converge to the Rayleigh velocity vR. (4) Only 

nonzero modes exhibit cut-off frequencies (i.e. critical values of kth > 0 for 

which they appear). (5) For a plate having its thickness d smaller than half of 

the acoustic wavelength (precisely k j i s 1.6 i.e. d = 2h £ 0.51 'k), only two 

modes can propagate in the plate: the lowest-order antisymmetric mode a,, 

(flexural) and the lowest-order symmetric mode S0 (longitudinal). (6) As the 

plate thickness reduces, the phase velocity of the lowest-order antisymmetric 
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mode O0 decreases to zero, while the phase velocity of the S0 mode slowly 

reaches its maximal value. (7) For a very thin plate (i.e. d « X) the ao mode is 

strongly dispersive, whereas the S0 mode exhibits negligible dispersion. 

4.3.2 Phase velocities of zero order Lamb modes 

In this work, the thickness d = 2h of the considered micromachined plate 

is about fifty times smaller than the wavelength X,. Hence, with k,h s 0.06, only 

the lowest-order modes a„ and s0 with some harmonics will be investigated. 

Their phase velocities are respectively, Vpa„ and Vps0 , and can be 

appoximated using the first order Taylor's approximation for tanßh and tana/i 

in the Rayleigh-Lamb dispersion relations (reduction to thin plates). These 

velocities are given by the following expressions [4.5]: 

^=^15¾ (4-8) 

^ = ] ¾ (4'9) 

where E is the Young's modulus, p the plate density, d the plate thickness, co 

the angular frequency, and v the Poisson ratio. 

Knowing that co = Vpa0-k, the phase velocity of the antisymmetric mode aa 

can be rewritten in the new form: 
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Ka =M /E ,\ (4.10) 

With the two former equations (4.9) and (4.10), a simple relation between 

antisymmetric and symmetric phase velocities is thus obtained: 

k/i 

It is also possible, for an isotropic plate, to express the lowest order Lamb 

wave phase velocities VPa0 and Vps0 using the bulk transverse velocity c, and 

the bulk longitudinal velocity c,, or the plate density p with the elastic stiffness 

constants Cn and cn [4.4]: 

V.-^Jl-VÄj5^.! + 31 
"• -/3 'i c) UZ\ p 1| c, 

(4.12) 

"»•N'-f-fï^rS (4-13) 

the relations between bulk velocities and elastic stiffness constants in a isotropic 

media being: 

H " (4-i4> 
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As an example, the former velocities Vpa,, and VpS0 are calculated in the 

cases of a 2 ^m thick plate, the media being silicon and PZT-4. 

For the silicon plate, which for simplicity is supposed to be isotropic 

instead of anisotropic, we obtain Vps0 a 7780 m/s and Vpap a 282 m/s 

(calculated with c„ = 16.56-1010 N/m2, C12 = 6.39-1010 N/m2, k = 100 (im, and 

p= 2329 kg/m3). 

For the PZT-4 plate, the velocities are: Vps0 a 3563 m/s and Vpa„ a 129 

m/s (calculated with c„ = 13.9-10'0 N/m2, c,2 = 7.8-10'0 N/m2, k = 100 \tm, and 

p = 7500 kg/m3). 

A particular feature of Lamb waves in thin plates (kth a 0.06), is that the 

phase velocity of the flexural ao mode is much smaller than the sound velocity 

in water (1480 m/s at 20 0C) and generally, that of all other types of acoustic 

waves. Typically, me phase velocity of piezoelectric SAWs, bulk transversal or 

longitudinal waves is of the order of a few km/s. In soft materials (e.g. lead, 

indium), bulk longitudinal waves propagate at a velocity around 1 km/s. For 

Rayleigh waves in most piezoelectric substrates, the velocity is about 3-4 km/s, 

while a longitudinal wave can propagate in beryllium at a velocity up to 13.5 

km/s [4.4]. 

Because of the low phase velocity of compressional waves in the majority 

of liquids, most SAWs acoustic devices are not suitable for operation in 

liquids. A coupling between the transverse vertical component of the acoustic 

field and the aqueous media occurs, and energy is thus radiated into the liquid. 

Depending on the application, this can be used for liquid atomizer purposes 

[4.19], but not for liquid sensing or pumping, due to the excessive loss. 
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Horizontally polarized SAW modes (e.g. Love waves and acoustic plate 

modes) can be used in sensor applications only, while the lowest order a„ Lamb 

mode in a thin plate (d « X) is particularly suitable for sensor and also mass 

transport (liquid and solid) applications, because almost no energy radiates into 

the liquid. Furthermore, a comparison of gravimetric sensitivities (i.e. the 

velocity change due to mass loading) of various acoustic sensors, indicates that 

the lowest order flexural plate wave devices are the most sensitive [4.20]. 

Finally, for liquid sensing, the sensitivity of the a,, mode is much greater than 

that of the s0 mode [4.21]. 

4.3.3 Group velocities of zero order Lamb modes 

When the plate thickness is much smaller than the acoustic wavelength 

(i.e. d « 0.51 X), the group velocities Vg^0 and VgS0 of these lowest order 

modes are respectively: 

^ - ^ ^ ¾ - 2 ^ (4'16) 

^ - - ] ¾ - ^ <4-l7) 
We see that the longitudinal propagating mode s0 is nondispersive (i.e. is 

independent of the plate thickness) and that the group velocity of the flexural 

wave is two times its phase velocity. 
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4.4 Phase and group velocities for an isotropic, two layered thin 
plate 

In most practical cases, micromachined Lamb wave devices require a thin 

piezoelectric film deposited on a supporting layer. The plate or membrane is 

therefore a composite structure. Here again, we consider the plate under the 

absence of traction boundaries, but composed of two different layers and 

having an overall thickness d much smaller than the acoustic wavelength X. 

Under these assumptions, the lowest order Lamb wave phase velocities Vpa„ 

and VpS0 are respectively [4.22]: 

Vn-^iI 
[dx -e) + e3 + £' (d2 +e) -e2 

3(p,4+ p2d2) 
(4.18) 

v = IEId1+EId2 
ps° idìPì+d2p2 

(4.19) 

where 

£.* = 
E: 

1-v2 i = 1;2 (4.20) 

and 

e = m 
2 - £2V2

2 

2(E;dl+E'2d2) 
(4.21) 
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The suffix i refers to the layer i = 1; 2. E1 is the Young's modulus, p, the 

plate density, d, the layer thickness, co the angular frequency, and V1 the 

Poisson ratio. 

The group velocity Vg is calculated using the definition Vg = dœ/dk. 

Hence we obtain respectively for the former modes: 

v*. = 2k 
(d, - e) + e3 + E2 (d2 + ef - e3 

3{pxd,+p2d2) 
- 2 V (4.22) 

v _ E;dt + E;d2 

"• idiPl+d2p2 ™ 
(4.23) 

As for a homogeneous plate, the symmetric mode is nondispersive and the 
flexural mode has a group velocity twice its phase velocity. 

When the composite plate involves more than two different layers, phase 
and group velocities are obtained using numerical resolutions [4.23]. 

4.5 Propagation of flexural waves in a homogeneous thin plate 

with in-plane tension 

Until now, the plate or membrane was always considered as being not 

subjected to internal tension. Practically this is not the case, since the plate's 

materials generally possess an intrinsic tensile stress, especially silicon nitride, 

platinum and PZT thin films. The membrane is therefore characterized by a 

residual tension T which effects the propagation velocity of Lamb modes. The 
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residual tension T along the direction of propagation in the membrane is 

expressed as a force per unit length: [T] = N/m. 

Consider an isotropic, homogeneous thin plate (d « K). The phase and 

group velocities of a lowest order ao propagating mode are respectively given 

by the following formulas [4.24]: 

V = — + k2d2 7^-^y (4.24) 

V = V 1 + -0^-5 (4.25) 
ga0 pa0 , ,9. I v ' 

where 

y (T = O) = kd ,E , , (4.26) 

is the phase velocity of a traction-free plate (T=O), and Vpa„ the phase velocity 

of a plate having a residual in-plane tension T. 

Equations (4.24) and (4.25) indicate that the presence of a tension in the 

plate increase the phase velocity, while it decreases the group velocity, since 

Vp30(T=O) < VpaoCIVO). 

4.6 Harmonic Lamb wave modes 

The preceding phase and group velocity formulas apply to the lowest 

order symmetric and antisymmetric propagating modes (a„ and S0), at the 

fundamental frequency (D. Technically, the generation of Lamb waves is 
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performed with InterDigital Transducers (IDT's) which generally excite only 

odd harmonics at odd multiples (n = 1, 3, 5, ...) of the fundamental frequency 

co(n=l). (For more detail, see section 4.10 and chapter 5). 

Hence, with the relations: 

n » = ^ ; K = - ; n -1 ,3 ,5 , ..." (4.27) 
% P 

(where p is the transducer periodicity) applied to equation (4.24) for example, 

we obtain the phase velocity Vpa„(n) of the nth harmonic mode: 

V (n)- iJL + [Jg)V ,E . (4.28) 

or the frequency con at which the same nth mode will occur: 

2mt T ( 2m\ ,2 E 
co = — + d2 , rr (4.29) 

p ipd { p ) 12p(l-v2) 

This reasoning is applicable to antisymmetric and symmetric modes, and 

their group velocities. Therefore, equation (4.25) can be extended to calculate 

the group velocities of the n* harmonic components of the fundamental mode 

B 0 : 

)| 1+ Po , 1 

{ KM) ) 
Vg% (n) = Vpao (n)\ 1 + ^ ¾ ^ - - 1 (4.30) 
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4.7 Harmonic Lamb modes ratio 

In the following, only the lowest order (i.e. flexural) a,, mode is 

investigated. First we consider the case of a stress free plate, then the plate 

having a residual in plane tension T. 

4.7.1 Stress free plate 

With the equations (4.10) and (4.27), we obtain the operating frequencies 

at which fundamental and harmonic modes appear in the plate. 

where 

Mn=Kd I A—^T (4.31) 
" " \\2p(l-v2) ' 

2m 
K = ; n = 1, 3, 5, ... 

P 

and p is the transducer period. 

The ratios o»(n=3)/a)(n=l) and (o(n=5)/œ(n=l), calculated with formula 

(4.31) are respectively: 

^ = 9 and ^ = 25 (4.32) 

Hence, in a stress free plate, the harmonic ratios are integer multiples of 

the fundamental frequency co,. Additionally, because Z0 is a dispersive mode, 
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the operating frequency of its first harmonic (n=3) is 9 times the fundamental 

frequency instead of only 3 times. A similar frequency shift occurs for higher 

harmonics. 

4.7.2 Plate with in-plane tension 

In this case, the ratios to(n=3)/to(n=l) and to(n=5)/to(n=l), calculated 

with formula (4.29) are respectively: 

(4.33) 
CO-, 

CO1 
= 3 

IA + 
A 

9B 

V A + B 
and 

CO, 

COx 

= .S 
A + 25B 

J V A + B 

where A and B are two constants defined by: 

T 
A = — and B = k2d2 ^—^ (4.34) 

pd 1Ip(I-V1) 

With equations (4.33) we see that the operating frequencies of harmonic 

modes in a stressed plate are not integer multiples of the fundamental 

frequency to,. Furthermore, the ratios in (4.33) are smaller than those in a 

stress free plate, because: 

A+B V A+B 

>**9B<3 and A1TSB^ 
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4.8 Calculation of the residual in-plane tension T and the Young's 
modulus E of a composite thin plate 

Both equations in (4.33) can be solved to find a set of two expressions for 

each unknown, A and B, respectively. 

For the first set we use: 

2JT 
(O1 = k-jA + B ; Jt (4.36) 

P 

and find: 

»Lm3 ±±i» (4.37) 
co, V A +B 

A = 2.(^)2 .±(^)2 (4.38) 
8V k I 12\k 

•"rm'-m' <«» 
For the second set we use expressions in (4.36) again and: 

a±= A + 25B 
Co1 V A +B 

We obtain: 

O^ /n-, \ 2 1 /m \2 

(4.41) 
25/U)1N

2 1 /co. 

24V k) 600\ k 
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ß = J _ p L ) 2 _ _ L p L ) 2 (4.42) 
6001 * I 24 V k I 

The two sets are not mathematically independent, that is each set will give 

the same values for A and B. Practically, the frequencies co,, co3, and co5 are 

determined experimentally, and a choice between the first or the second set is 

sometimes necessary. This is especially the case when some harmonics are 

difficult to generate. Here we restrict our attention to the first set. 

Using the definitions of A and B in (4.34), we can rewrite equations 

(4.38) and (4.39) in a new form: 

T-piillB.)'. JL(UVfI (4.43) 
\ s \ k l TlKkI] 

( . H t ì i ( a ] ' . ì ( a ] ' | (4.44) 
k2d2 [72\ kl 8V k) J 

Hence, it is now possible to calculate the residual in-plane tension T and 

the Young's modulus E separately, once the frequencies m, and w3 have been 

measured, and if the density p , the Poisson ratio v and the thickness d are 

known. (The wave number k is fixed by the IDT geometry). 

It is to be noted that experimental results ((O1 and m}) allow only to 

calculate the ratios T/pd and E/{12p(l-u2)k"2d"2}. 

In practice, the thickness d is known from the process or can be measured 

on test structures, while the density p is approximated by summing the 

densities of each layer which compose the plate. The same procedure is 

required for the Poisson ratio. 
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4.9 Calculation of the group velocity for the lowest order flexural 
mode a0 propagating in a plate having a residual in-plane tension 

Group velocity is a very important parameter, since it represents the 

velocity at which acoustic energy propagates along the plate. Here, a simple 

relation is derived, which allows an accurate calculation of the group velocity. 

From equation (4.44) we have: 

[J_W2_I (O1 

Up(\-v2) k2d2\l2\k) 8 V* 

which can be substituted in equation (4.26), giving thus: 

(4.45) 

72 U / 8 Ì T 
(4.46) 

Now, with equation (4.25) it follows: 

^ . ( " = 1 ) - ^ ( / . - 1 ) 

L(^s.) _I/ 
1 + 72 V k 

(O1 

8\ k 

KM = D 
(4.47) 

Equation (4.47) is interesting, because it permits the group velocity to be 

calculated very accurately. It requires only the frequency values of the 

fundamental mode (O1 , the first harmonic co3 and the phase velocity VPa0 , 

which can be obtained by measuring the frequency response of the device. (See 

chapter 7 for comparison with experimental results). 
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4.10 Generation of even harmonic Lamb modes 

When the piezoelectric material exhibits strong piezoelectric properties 

(e.g. PZT), even harmonic Lamb modes can appear (see chapter 5). In the 

following, the same procedure as in sections 4.8 and 4.9 is applied to 

determine the set of coefficients A and B, and the group velocity, for the case 

of an even harmonic mode n=2. We obtain: 

A = -(Z±\ -J-(Zl 
3\k) 12V k 

(4.48) 

B = J-(Oh) A(Zl (4.49) 

The group velocity is given by: 

VgaAn = 2) = V(n = 2) 1 + 12V i t / 3VJk 

VL (" = 2) 
pa„ \ ' 

(4.50) 

Hence, with equation (4.50) it is possible to calculate the group velocity of 

the first even harmonic mode. The operating frequency u>2 corresponding to a 

measured even harmonic mode n=2, and the fundamental frequency co, are 

determined experimentally. (See chapter 7 for comparison with experimental 

results). 
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Chapter 5 

5. Piezoelectric transduction 

5.1 Introduction 

Until 1965, the generation of guided acoustic waves on piezoelectric or 

nonpiezoelectric substrates was done using several methods, like 

magnetoacoustic effect based on eddy currents created in a metal sample placed 

in a constant magnetic field [5.1], prismatic coupling block (wedge method) 

[5.2], or comb-like structures fabricated in a bulk metal plate associated with a 

quartz plate [5.3]. 

In 1965, White and Voltmer invented a piezoelectric transducer in the 

form of an interdigital comb, the so called InterDigital Transducer (IDT), 

which consists of a thin metallic electrode deposited on a substrate by a 

photolithographic method [5.4]. The IDT provides a direct and efficient 

piezoelectric coupling to surface waves, (i.e. allows the generation and the 

detection of SAW waves on a piezoelectric substrate due to elasto-electric 

conversion phenomena [5.5], [5.6]). Since this major invention, many 

applications based on various types of transducers (delay lines, filters, 

convolvers, resonators,...) especially for signal processing in 

telecommunications, have been realized. 

Excitation of Lamb waves in a relatively thick piezoelectric plate [5.7], 

[5.8], [5.9], [5.10], [5.11], [5.12], or in a thin layered piezoelectric membrane 

[5.13], were achieved using the same IDT's technique. 

Other methods for the generation of Lamb waves in non piezoelectric 

substrates are also possible, for instance using electrostatic excitation and 
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capacitive detection [5.14], stimulated thermal scattering [5.15], piezoelectric 

transducers bonded to a fused quartz rod [5.16], Lorentz force [5.17], and air 

coupled transducers [5.18]. 

The performance and reliability of piezoelectric thin film materials, 

coupled with their ability to generate Lamb modes in a very thin plate, make 

these materials important. At the present time, only two different types of 

piezo films have been widely used to excite Lamb waves in thin membrane: 

zinc oxide (ZnO) [5.19], [5.20], [5.21], [5.22], and aluminium nitride (AlN) 

[5.23]. 

This chapter deals with the basic operating principles of IDT's used for 

the generation and the detection of acoustic signals, and is based on standard 

models related to piezoelectric surface acoustic waves. Due to the fact that 

SAW signal processing represents a very wide domain, operating principles 

are restricted to general results only, which are supposed to be applicable to 

Lamb waves generated in thin piezoelectric composite membranes. 

5.2 The interdigital transducer (IDT): operating principles 

The interdigital transducer patterned on a piezoelectric substrate allows 

the transformation of a voltage signal into a mechanical deformation (converse 

piezoelectric effect) and vice versa (direct piezoelectric effect). As sketched in 

Figure 5.1, an IDT is formed by two interpenetrating comb-like electrodes, 

and each finger pair consists of two adjacent electrodes having opposite 

voltages. 
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Figure 5.1: Schematic view of two identical IDTs on a piezoelectric substrate. 
Both transducers are characterized by a number Np of finger pairs, an acoustic 
aperture w, and a transducer periodicity p. In this example, each finger 
electrode has a width of p/4 and the distance between the centers of two 
adjacent fingers is p/2. 

In this work, only the elementary finger configuration is used, (i.e. each 

transducer has an uniform finger spacing and a constant finger overlap w 

(apodization)). Moreover, the separation between two adjacent electrode 

fingers is equal to their width (metallization ratio = 0.5). 

One IDT is used as an input emitter while the other IDT plays the role of 

the output receiver. In fact, only the region under each IDT needs to be 

piezoelectric for energy conversion, while the area outside the transducers 

need only be elastic. 

Propagating waves are created by an alternating voltage applied to the 

IDT (see section 5.3 for details about the generation of Lamb modes). The 

piezoelectric film reacts to the electric field by emitting two depolarization 

waves, a forward one and a backward one, which reduce the potential 

difference between the electrodes [5.24]. Formally, the interdigital transducer 

can be considered as an array of discrete ultrasonic sources which interfere 

coherently at specific frequencies only. The phase velocity of a given 

propagating nm mode n in the substrate is: 
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V0n= ^ nGN* p K 
(5.1) 

where co„ is the angular operating frequency and kn the wave number 

associated with the periodicity p of the transducer: 

K = 
2nn 

nGN* (5.2) 

Hence, the IDT will excite acoustic waves at frequencies satisfying the 

condition: 

co=Vr 
Ijzn 

p" 
nEN* (5.3) 

The determination of the integers n which satisfy equation (5.3) is 

dependent on several factors, such as the piezoelectric material, the acoustic 

wave dispersion and the IDT geometry. In the simplest case (apodized 

transducers with a metallization ratio of 0.5), when the piezoelectric substrate 

is weakly piezoelectric (e.g. quartz or zinc oxide) and when the waves are not 

dispersive, the IDT emits only odd harmonics, and at odd integer multiples 

n =3, 5,... of the fundamental frequency [5.25]. An easy way to understand 

this result is given through Figure 5.2. 

+ + 
n=l 

n=3 

Figure 5.2: Schematic representation of odd harmonics generation. 
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When the acoustic waves are dispersive (e.g. Lamb waves), and under the 

same conditions as before, the IDT emits odd harmonics but not at integer 

multiples of the fundamental frequency (see chapter 4, section 4.7.2). 

Furthermore, if the piezo substrate is strongly piezoelectric (e.g. PZT), some 

even harmonics can be generated [5.26]. (cf. chapt. 7 for experimental 

results). 

For the fundamental mode n=l, when the excitation voltage is sinusoidal, 

each vibration adds constructively with the others only if the distance p/2 

between two adjacent finger electrodes is equal to half the elastic wavelength X 

of the acoustic perturbation. Therefore, the IDT coupling to piezoelectric 

acoustic waves is most efficient when the periodicity p of the transducer 

corresponds to the acoustic wavelength k. 

The operating frequency f, of the IDT, also called the synchronous 

frequency, is thus determined by its space periodicity "K through the relation: 

V 
f i = i : (5-4) 

where V is the phase velocity of the acoustic wave. 

For harmonic modes (n > 1), we substitute 

A n = ^ n > l (5.5) 
n 

in equation (5.3), and obtain: 

/ . - -^=- n>l (5-6) 
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where/, is the synchronous frequency of the n"1 harmonic mode. 

If the driving frequency of the IDT emitter does not exactly correspond 

to the synchronous frequency, the resulting signal will have a smaller 

amplitude, due to the fact that interferences between acoustic waves are not 

totally constructive. 

After having crossed the membrane length, the electric potential 

associated with the piezoelectric acoustic perturbation induces a current flow in 

each comb of the IDT receiver. Both currents are then superimposed and 

detected in an external circuit. 

5.3 Generation of the lowest order a0 and S0 Lamb modes 

When an alternating voltage is applied to an IDT, two spacial periodic 

electrical field components E, and E3 are present and can couple with acoustic 

modes in the sagittal plane. Depending on the piezoelectric substrate's thickness 

and its orientation, many modes may appear. In our case, the plate is much 

thinner than the acoustic wavelength (plate thickness « 0.51^), satisfying thus 

the condition for having only the lowest propagating modes Z0 and S0 with some 

harmonics. 

The PZT film is about 0.7 \am thick while the IDTs finger's width is 25 

^m. Hence, the electric field under each finger is essentially perpendicular and 

uniform (see Figure 5.3), and only the electric fields that are normal to the 

piezoelectric surface can play the primary role in flexural-plate wave 

transduction. 
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platinum IDT top electrode: 
0.1 firn thick 

PZT film: 
0.7 fi m thick 

25^m 25/<m 

"©-

low stress 
P l a t i n u m , , silicon nitride: 
bottom electrode 
0.1 jim thick 1 fim thick 

Figure 5.3: Cross section of the composite membrane showing the relative 
thickness of each layer (not at scale). The horizontal electric field between two 
adjacent electrode fingers can be neglected in comparison with that being 
produced normally to the plate. The bottom electrode is connected to a fixed 
potential. 

Due to the polycrystalline aspect of the PZT thin film, having its grains 

randomly oriented, the ferroelectric layer, without remanent polarization, is 

similar to an isotropic material. However, if the randomly oriented domain 

polar vectors are switched under a constant external electric field, an 

anisotropy is created in the film. This anisotropy is essential to destroy the 

macroscopic center of symmetry which forbids piezoelectricity. 

Practically, an anisotropy is locally performed in the material between 

the IDT top electrode and the bottom plane, by fixing the bottom electrode at a 

constant potential. The potential sign allows the direction of anisotropy in the 

PZT film to be fixed, and a poling axis under each comb to be created. Then, 

an alternating electric field, normally induced under each comb finger for the 

IDT excitation, is superimposed on the d.c. bias and acts as a source of variable 

stress and strain. 

The propagation characteristics of acoustic waves under these conditions 

closely resemble to those of an anisotropic, inhomogeneous membrane. 
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Once the poling axis is fixed, or more exactly the direction of anisotropy, 

the transducers are driven differentially with respect to the ground plane, in 

order to have voltage and displacements of adjacent fingers 180° out of phase. 

The excited IDT can generate Lamb waves but not shear horizontal waves. The 

coupling of the normal electric field to transverse horizontal strain in the PZT 

film is principally due to the d31=d32 piezoelectric constants, which produces a 

local elongation or contraction of the piezo material under every finger 

electrode. Moreover, the superposition of the different layers in the plate must 

be asymmetric, in order to transform the former elongation and contraction 

into a bending motion. Figure 5.4 shows how each IDT's finger pair bends the 

plate in opposite phase. 

A=AiAiA 
I % I 

Figure 5.4: Cross sectional schematic representation of the membrane flexural 
motion. Each finger pair (+;-) of the transducer has its electrodes bending 
vertically (i.e. parallel to X3) and in opposite directions (J 8Cf out of phase). 

In a simple view, and by analogy with chapter 3, a driven IDT can be seen 

as an array of interpenetrating piezoelectric cantilever beams, patterned on a 

thin membrane and excited at their "fundamental resonance frequency". The 

alternating voltage, superimposed on the d.c. bias, bends two adjacent 

structures in opposite vertical directions, and constructive superposition of 

each periodic flexural motion occurs, when all of the structures are driven at 

the synchronous frequency. 
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For the generation of the symmetric S0 mode, a combination of the d31 and 

the d33 piezoelectric constants is involved. 

5.4 The transfer function response 

A Lamb wave device having input and output IDTs represents a 

piezoelectric transmission line structure. In this work, most characterization of 

the Lamb wave devices have been done by measuring their frequency response, 

which gives basic information relative to the insertion loss as a function of the 

frequency. The frequency response is a powerful tool to perform a rapid 

diagnosis of the device's performance, and its ability to generate and detect 

acoustic waves. 

Energy transfer between input and output IDTs can be modeled using the 

delta function model [5.27]. This model approximates the electric field under 

each comb finger as being normal to the piezoelectric surface, and the electric 

field distribution along the IDT as a discrete number of delta function sources. 

Figure 5.5 illustrates this electric field approximation. 

0 0 
; - J E PZT ; : *,E':: -;::g1 

1 X 3 

Figure 5.5: Approximation of the electric field under each comb finger, used 
in the delta function model. The electric field is normal to the piezo surface 
and components along the directions x, and X2 are ignored. 
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The interdigital transducer is similar to an array of N discrete ultrasonic 

antennas, and the electric field amplitude is normalized to a value | E31 = 1. 

Summation over this array allows to transform the N progressive waves into 

an unique propagating wave (the bidirectionality of the emitter is not 

considered), issued from a middle position in the IDT. In our case, this 

position coincides with the transducer center and is also called the IDT phase 

center. Under these assumptions, the former summation applied to one IDT, 

yields its individual frequency response. 

Hence, the total amplitude response of the device will depend on both IDT 

frequency responses, associated with an overall phase delay. The phase delay is 

essentially due to the propagating time of the signal along the acoustic path. In 

our case we consider only nondispersive waves. Under this condition, every 

frequency component of the input signal will be detected without distorsion, 

(i.e. they are attenuated and delayed in the same amount). Acoustic devices 

satisfying this condition are called delay lines. Figure 5.6 depicts this 

dependence. 

input apodized IDT j output apodized IDT 

_ /< y _ 

Figure 5.6: The three components of the overall transfer function in case of a 
linear delay line. H,(f) and H2(f) are the IDT individual frequency responses 
and e"u the phase delay. 
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For a structure having identical input and output uniform IDTs, with 

symmetric apodization pattern, the overall transfer function H(f) is: 

V„. H{f) = ^ = H,{f)H'2{f)e-u ikd (5.7) 

where | H,(f) | = | H2* (f) | , k is the wave number and d the distance between 

the midpoints of the two IDTs. With this simplest model, the phase shift is 

given by: 

cp{f) = -kd = -2nfd 
(5.8) 

where Vp is the phase velocity. Equation (5.8) shows that the phase delay varies 

linearly with the frequency / and is proportional to the IDTs separation d. 

Using the delta function model, equation (5.7) gives [5.28]: 

\H{f)\ = \H,{f)\H'2{f)\^N2. 

sin v 

/o 

/o 

(5.9) 

where N is the number of comb fingers, Np-N/2 the number of finger pairs, 

and f0 the IDT synchronous frequency. Equation (5.9) shows that the 

frequency response is canceled when Np7t(f-f0)lf0 is a multiple of Ji. In that 

case, the superposition of each finger contribution is totally destructive. This 

condition defines the transducer bandwidth B: 
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B = 
Nn 

(5.9) 

Thus, the transducer bandwidth between first zeros on either side of the 

synchronous frequency f0 , is inversely proportional to the number of finger 

pairs. Figure 5.7 shows a calculated magnitute response |H(f) |for a device 

having two uniform apodized IDTs with 20 finger pairs. It is represented on a 

linear scale referring to the standard definition of the insertion loss: 

IT i m power at load without DUT V011, 
/L = IOlOg10-*- dB = 20 log.„ -^- dB 

power at load with DUT V1n 

(5.10) 

2.5 3.0 3.5 

Frequency [MHz] 

Figure 5.7: Calculated frequency response of a device having two uniform 
apodized IDTs, using the delta function model. Each transducer possess 20 
finger pairs and the synchronous frequency is 3 MHz. 
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5.5 Frequency response degradation 

The former results concern an ideal nondispersive device which is far 

removed from a real structure. In practice, many factors will perturb the 

frequency response. Consequently, the shape of an insertion loss measure is 

much more complicated than that of an ideal case. The following list is not 

complete but indicates the most common sources of degradation. 

1) Edge reflection. This is the strongest cause of distortion for Lamb 

waves. 

2) Electromagnetic feedthrough (cross talk) that arise due to mutual 

capacitive coupling betweeen the two transducers [5.29]. This r.f. (radio 

frequency) leakage is a very important source of perturbation . It propagates at 

the velocity of light and is superimposed on the detected signal at the output 

IDT. This coupling generates periodic ripples across the passband of the 

transducer at a frequency fr=l/x, where x is the acoustic delay time along the 

path between the IDTs. 

3) Triple-transit-interferences (TTI) due to reflections of the acoustic 

waves between the two IDTs. In this case, periodic ripples are also produced 

across the output IDT passband, but at a frequency fr=l/2x, because the wave is 

two times reflected before its interaction with the output signal. 

4) Impedance mismatch between the generator resistance and the 

mechanical characteristic impedance of the device associated with acoustic 

power radiation. 

5) Diffraction of the acoustic beam 

6) Attenuation along the path in the piezoelectric material 

7) Spreading of the wave packet due to dispersion 
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5.6 Electromechanical coupling coefficient K2 

This coefficient is a measure of how strongly the piezoelectric layer 

converts an applied electrical signal into acoustic depolarization waves. 

Experimentally, K2 is measured using the relation: 

AV 
K2 = -2—p- (5.11) 

yP 

Here, AVp is the phase velocity change that occurs when the acoustic path 

length is covered by a thin metallic film, and Vp is the phase velocity of the 

unperturbated wave. As examples, for quartz (X axis), K2 = 0.001, for LiNbO3 

(X axis) K2 = 0.045, and for ZnO, K2 = 0.072. 

For harmonic modes, the coefficient K2 may differ from the value for the 

fundamental mode [5.28]. 
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6. Lamb wave design and 
microfabrication technology 

6.1 Introduction 

With the emergence of bulk silicon micromachining [6.1], [6.2], by 

anisotropic etching [6.3], [6.4], and surface micromachining by sacrificial layer 

techniques [6.5], a broad range of diverse applications has been developed in 

the two last decades [6.6]. Although the standard IC technology known from 

microelectronics involves the sequential deposition of many different thin 

layers over a flat silicon wafer, it can be seen, strictly speaking, as a two 

dimensional or a planar process, the final devices being thin compared with the 

thickness of the wafer, without any gaps or free standing structures. Silicon 

micromachining offers the unique opportunity to increase the complexity of 

the former process by allowing the realization of complete real three 

dimensional devices [6.7]. In this way, thin composite membrane based devices 

occupy a small place but not negligible, and promise to significantly increase 

their field of potential applications in the next few years. One reason for this is 

that many improvements in thin film deposition processes, including 

piezoelectric thin films, have been achieved. This enables the superposition of 

several different layers having different elastic properties, for the fabrication 

of a final composite suspended thin membrane. A second reason comes from 

the rapid development in the area of complex microfabricated devices which 

utilize a membrane or a thin plate as a part of the active area for a sensing and 

for actuating purpose [6.8], [6.9], [6.10]. 

In the following, the conception and the technologies used for the 

realization of piezoelectric flexural plate-wave devices are described. 
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6.2 Design parameters and geometries 

6.2.1 Membrane and IDT sizes specifications 

Unlike other acoustic wave based components, micromachined flexural 

plate-wave devices require a very thin composite membrane having a thickness 

of only a few |xm, and simply supported by a solid frame, generally made in 

bulk silicon, which provide good stiffness, stability and easy handling. 

Furthermore, each membrane area should be large enough to allow the 

generation and the detection of propagating flexural waves between two 

transducers separated by a distance of a few mm. 

With these requirements, the microfabrication of FPW elements is 

considerably more complicated than other acoustic wave devices, which do not 

involve a fragile acoustically thin membrane as the physical support of the 

propagating signal. 

In the field of SAW filters and delay-line applications, special 

computational programs enable a precise design of the IDT's geometry, 

referring to standard piezoelectric material constants and electromechanical 

coupling coefficient K2 [6.11]. In our case, the different PZT layers which 

have been synthesized, exhibited various piezoelectric properties and tensile 

stresses over each wafer, depending on the process involved during the sol-gel 

deposition. It was therefore not possible to take into account some important 

parameters (e.g. the relative permittivity er of the substrate, the in plane-

tension) prior to the fabrication. 

Moreover, as already encountered during the fabrication of the cantilever 

beams, the probability of metal diffusion through the PZT layer during the top 

electrode metallization, increases with the IDT area. 
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Such pinholes which dramatically create short-circuits with the ground 

electrode, strongly affect the fabrication reliability of ferroelectric thin film 

capacitor devices and necessitated for this project the use of IDT having a 

minimal area. 

The question as to which dimensions and shapes should be used for the 

final membrane and the transducers, depends on several important factors, 

such as the wave phase velocity vp, the separation distance d between the two 

transducer phase centers, the periodicity p = X, of the IDT pattern which will 

determine the operating center frequency f0 = vp/X (i.e. the synchronous 

frequency), the acoustic aperture w ( i.e. the overlapping finger length), the 

number Np of finger pairs (affecting the wave amplitude as well as the IDT 

impedance and the bandwidth BW of the transducer), the wave reflection 

coefficient at the membrane edges and the acoustic attenuation a. Other aspects 

concern the angular spreading of the acoustic beam, the membrane rigidity, the 

resulting in-plane tension and resistance ability to external perturbations 

(pressure, stress and strain). Figure 6.1 exhibits some of this parameters. 
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chip length: 10 mm 

membrane 
width chip width: 

4 mm 

a) 
membrane length: 8 mm 
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wavelength X 
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acoustic 
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silicon frame 

piezoelectric (PZT) area 

b) 

Figure 6.J.Schematic views of a silicon based micromachined Lamb wave 
delay line, (a) Each final device has 10 mm length and 4 mm width and is 
processed over a 3 inches, 380 (im thick silicon wafer, (b) Cross sectional view 
of the same device. 
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For acoustic Lamb wave propagation in a very thin membrane, the phase 

velocity vp = Xf0 of the ao mode can be of only a few hundred meters per 

second. Consequently, the group velocity v , that is the velocity of a given 

acoustic wavetrain or burst signal, will also be low. Selection of the membrane 

length depends thus on the desired time delay between the emission and the 

reception of pulses. A long propagation distance will allow the generation of 

bursts having up to 20 shots, and thus more accurate measurement of many 

parameters (group velocity, amplitude attenuation, ...) due to the relative good 

time separation between each detected signal. However, this will also greatly 

increase the fabrication difficulty. 

The former velocities are determined by the physical parameters of each 

layer which compose the membrane (mass per unit area, thickness, in plane-

stress) and remains constant as long as the plate is not perturbed. It is 

interesting that we can lower the driving frequency by increasing the 

wavelength which is in relation with the finger spacing (period p) of the IDT 

transducer. A low operating frequency in the MHz range is also convenient and 

thus allows the use of relatively simple and affordable electronic apparatus 

commonly employed in the generation and the detection of acoustic signals. 

However, the IDT period cannot be too large due to practical membrane size 

restrictions. Furthermore, the number Np of finger pairs composing each 

transducer should be large enough, the wave amplitude being proportional to 

(Np)2, but not too large, the operating bandwidth of an IDT being inversely 

related to the number of finger pairs. 

Having that in mind, a practical compromise in the IDT geometry and the 

membrane dimensions has been chosen. 

Two generations of mask designs were conceived. In the first layout (also 

employed for the fabrication of piezoelectric cantilevers), many different 

configurations were selected to study the generation and the detection of Lamb 
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waves, including their mutual interactions when launched under various angles 

of incidence. Unfortunately, due to the quality of the piezoelectric layer 

(pinholes) and the passivation over the PZT areas, only a small percentage of 

the devices have shown the ability to produce Lamb waves. Therefore, instead 

of presenting a complete description of those structures, we restrict our 

discussion to only one or two, referring to them as structures belonging to the 

first generation. 

The second layout concerns all devices presented in the following. For 

our applications, the dimensions of the final suspended membranes are 8 mm x 

2 mm or 8 mm x 1 mm. Each interdigital transducer consists of 20 electrode 

pairs having a period of 100 \im, with uniform finger spacing (25 urn) and 

constant finger overlap length w (apodization) of 1.39 mm or 0.79 mm. The 

center-to-center IDT separation was 5.45 mm or 3.95 mm. Figure 6.2 shows a 

membrane length cross section, while Figure 6.3 points out the geometrical 

parameters used in the realization of an interdigital transducer. 

BI y 54.74° «n«™*™* MM * wafer 
Sa / \ J R I thickness: i i \ ' x mm . 380^m 

I ^ ^ n • • • • • • • • • • • • • • • • • • • • J^S^^^^SJ—T_ 

— • AL - * — ~* — 
Center to center 

' ^ ^ IDT separation d 

OL 

Figure 6.2: Cross sectional view of the FPW device. Compared to the mask 
design, for a 380 firn thick wafer, the final suspended membrane will have the 
dimensions reduced by an amount of AL = 269 (Jan. SL represents the distance 
from the membrane edge to the middle of the transducer. 
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IDT length = 1975 pm 

400 pm IDT phase center 

period /~ = 100 pm 

contact pads 

tinger overlap 
length w 

/. = 100 pm 

\<c V Spol Magri 
10 0 kV A 0 29M 

Figure 6.3 (Top) Basic geometry and dimensions of an IDT. The phase center 
is exactly located in the middle of the transducer, between two fingers. Each 
finger has a constant width of25pm. The distance between two adjacent finger 
centers is XI2 = 50 firn. Maximal acoustic energy is concentrated in a region 
having the same width as the finger overlap length w. (Bottom) SEM picture 
of a IDT connected with Al wires bonds. The entire IDT area, including the 
two contact pads, is deposited over the PZT layer. 

89 



Lamb wave design and microfabrication technology 

Due to the finite width of the transducer aperture, the FPW beam radiated 

by the emitter will be subject to angular spreading. According to classical 

optics, the Fresnel parameter F for a radiating IDT is given by 16.12]: 

F - 4 (6.1) 
W 

where X. is the wavelength, d the acoustic path between the transducers, and w 

the finger overlap length. In our case we obtain F = 0.87 (calculated with 

X=IOO u.m, d = 5.45 mm and w = 0.79 mm). 

Low values (F< 1) correspond to a FPW radiation pattern roughly in the 

form of a parallel beam (i.e. in the near-field region approximation). This 

condition enables minimal distortion and maximal amplitude of the detected 

signal. 

Finally, to summarize some important parameters involved in the 

generation and the detection of Lamb waves, let us consider the following 

example. 

Realistically, with a FPW device having an acoustic path length of 5 mm 

and a group velocity of 400 m/s, the time delay for a single Dirac pulse is 12 

u.s. Generally we use a sine carrier waveform to produce bursts of several 

shots. If the IDT driving frequency is 3 MHz, a 20 shot burst has a length of 

6.67 [is and is extended over a distance of 2.67 mm along the acoustic path. 

Under these assumptions, the acoustic wave-front reaches the IDT receiver 

5.33 us before the last shot in the burst signal has been activated. 

In relation to our former choice of dimensions, for an aperture w = 1390 

u,m, a wavelength X = 100 ^m and the same acoustic path length d = 5 mm, we 

obtain F = 0.26. 
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6.2.2 IDT emitter and receiver configurations 

In a bidirectional IDT emitter, half of the acoustic energy is generated in 

the backward direction and represents a possible strong distortion of the 

transfer characteristics if no precaution has been taken. Multiple interferences 

of reflected waves with the main signal can severely affect the IDT 

performance. 

Because the intended use of the FPVV devices is mechanical and fluid 

translation, the devices are designed to make maximal use of acoustic energy. 

Therefore, rather than damp or dissipate spurious reflections from the edges, 

for instance, with absorbers at the membrane ends, and/or split IDTs, the 

majority of the FPW structures are designed to take constructive advantage of 

the reflections at the membrane clamps. Only a few FPW devices were 

designed with their IDTs split in order to study the waves reflection. 

Generally, in SAW applications, unidirectionality of an IDT is achieved 

by the use of split-electrode geometries [6.13], [6.14]. Unidirectional 

transduction can also be achieved by using two identical transducers separated 

by a distance (n+ 1)>J4 (n G N), [6.15], In this case, two separate generators 

drive the IDTs 90° out of phase. Figure 6.4 shows an optical view of a 

unidirectional Lamb wave actuator with two similar IDTs deposited on a 

0.3[Am thick PZT film. Each IDT has 20 finger pairs with a period of 100 p.m. 

The distance between both phase centers is 2075 urn, that is n = 82. This device 

belongs to the first FPW generation. 
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Figure 6.4 Optical view of a unidirectional FPW transducer. The two identical 
IDTs are separated by a distance of '2075 firn (n = 82). 

For FPWs, such unidirectionality can also be simply obtained by placing 

the midpoint of the transducer relative to the membrane edge, at a distance for 

which the reflected waves will constructively interfere with the main signal. 

In Figure 6.5 the back emission (2) is reflected (3) and superimposed on 

the main signal (1). Strictly speaking, the actuation of the IDT generates a 

progressive wave (1) superimposed on a standing wave (not represented in the 

picture) due to the membrane boundaries. A part of the emission (2) is 

absorbed at the edge while the other part is reflected, and a phase change 

occurs, depending on the transmission coefficient. The superposition of the two 

beams (1) and (3), having different amplitudes, therefore depends strongly on 

their interferences, that is on their phase difference. Relative to beam (1), 

beam (3) is affected by a first phase change Acp, due to the edge reflection and 

by a second phase change A(p2 due to the delay distance 2ÔL. In this case, a 

complete real physical description of the reflection, the absorption and 

subsequent superposition mechanisms for flexural wave beams in a piezo-

composite thin plate is a complex task. 
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Figure 6.5: Schematic view of the wave edge reflection and superposition at 
the IDT emitter. Maximal constructive interferences between reflected beam 
(3) and main signal (1) occurs when they are in phase. Owing to a 18(f phase 
shift by the reflection, the midpoint of the transducer is located at a distance 
OL from the edge which cancel the former phase shift. In the bottom zoom 
view, the distance b (125 \xm or 325 \an) between the bulk Si and each finger 
end, ensure destructive lateral interferences. 
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For simplicity, and without experimental results a priori, the amplitude of 

the reflected wave (3) is supposed to be equal to that of the incident wave (2), 

and out of phase by Acp,=180° relative to the incident wave, the angles of 

incidence and reflection being equal. Maximal constructive interference with 

beam (1) is then possible when the second phase change cancels the first, i.e. 

only if Aqp, + A<p2 = n2jr (n G Z). Under this condition, the delay distance 

2ÔL must be an odd multiple of X/2. 

Possible lateral interferences between the bulk trench and the extremities 

of each finger ends are suppressed by choosing a distance b corresponding to 

an odd multiple of X/2. Lateral reflections are neglected in this case. 

Figure 6.6 shows two IDT's configurations. Design (a) is symmetric with 

an acoustic path length d = 5450 ^m. Both have their midpoint located at a 

distance ôL = 1275 um from the border. The resulting odd multiple of k/2 

condition is given by n = 51. Design (b) is asymmetric, the right IDT midpoint 

being positioned at a distance ôL' = 2773 (xm. In that case, the odd multiple of 

X/2 is n = 110.92 s U l . For both designs, each transducer can be used as a 

transmitter-receiver. 
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Figure 6.6: Two IDT's configurations with some design parameters. 
(a) OL = 1275 (an, s = 300 firn, w = 790 (xm, d - 5450 (an, D = 3500 (xm. 
(b) OL' = 2773 fan,s' = 1800 (an, d' = 3953 (an, and D' = 2000 (an. 

A simple method to reduce edge reflections is to use slanted IDTs. Some 

FPW devices were designed with their IDTs inclined relative to the membrane 

clamps. In Figure 6.7, the slanting IDT provides an oblique reflection (3) of 

the incident beam (2). As the plane wavefront (width w) reaches the membrane 

edge, part of the wave is refracted (not on the picture) and part is reflected. 

Each border point between A and B acts as a partial emitter of a reconstructed 

wavefront AC. Phase matching along AB requires that the angle of incidence 

and reflection be equal (Snell's law). Therefore, beam (3) has the direction for 

which maximal reflected intensity occurs. If the angle 0 * 0 is correctly 

selected, the result will be a minimal perturbation of the main signal (1). 
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Figure 6.7: Wavefront geometry for reflection. The reflected wav'efront AC is 
formed of waves scattered by the border AB. Just as the first wavelet arrives at 
C from B, the source A emits, and the wavefront along AC is completed. For 
some values of 9, destructive interferences occur and beam (1) suffers less 
perturbation. 

With the condition of destructive interferences applied to wavelets emitted 

from A and B : 

fis-(2n+ 1 ) - ( n £ N ) (6.2) 

and with the relation 

fis = w tanG (6.3) 
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we find: 

tan9 = (2n + l ) — ( n £ N ) (6.4) 
2w 

As example, for our values X = 100 (i,m and w = 790 ^m, the first and 

second angles of destructive interferences are 0 (n = 0) - 3.62°, and 

0 (n = 1) = 10.75°, respectively. Of course, the cancellation will be 

somewhat more accurate at larger n values, but will necessitate a larger 

membrane. 

In our case, due to practical membrane size restrictions, only two values 

0 = 1 ° and 0 = 2° were selected. Figure 6.8 exhibits a unit cell of the mask 

design employed for the fabrication of FPW devices with a slanted angle 

Figure 6.8: Printout of a slanted device with two mask levels used in the Lamb 
wave delay line fabrication. The slanted angle is 2 . 
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In conclusion, as micromachined membranes have finite dimensions, the 

problem of parasitic reflections will always be present. Some techniques which 

are applicable for SAW devices to suppress or to re-absorb unavoided edge 

reflections have less effect when transferred to Lamb wave based delay lines. 

This is especially the case with the simplest method of using a wax absorber 

behind each IDT. Since the amplitude of SAW propagation is extremely small 

(a few angstroms), the acoustic signal will be almost completely absorbed by 

any soft layer present on the rear. For Lamb waves, the displacement 

amplitude can be of the order of a few hundred angstroms [6.16], making it 

more difficult to totally absorb the incoming wave. 

In this work, six different Lamb wave designs compose the second layout 

generation. Figure 6.9 shows three mask levels of the final design and the 

disposition of FPW devices over the entire wafer. 
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".ajar:::.:::: **&-

Figure 6.9: Printout of the mask set. Three levels are present (corresponding 
to different patterns): the membrane areas, the PZT layer and the IDT 
transducers. 
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6.3 Fabrication sequence 

Acoustic delay lines of the second generation were fabricated using the 

following fabrication sequence. Starting from a (100) silicon substrate, the 

composite acoustic membranes were fabricated by sequential deposition of one 

micron of low-pressure chemical-vapor deposited (LPCVD) low-stress silicon 

nitride (SixNy), a metal ground plane of tantalum/platinum (10 nm/150 nm), 

and a 750-nm-thick layer of sol-gel-derived PZT. The relatively thick PZT 

film was prepared by a sol-gel method and involved multiple deposition and 

annealing sequences. The complete details of the film-preparation process have 

been described in chapter 2. 

The PZT thin-film capacitor is then patterned by photolithography and 

wet chemical etching in an ammonium fluoride etchant (BHF) and 

hydrochloric acid (HCl) solution. This is necessary for contacting the ground 

electrode. 

Interdigitated electrodes (IDTs) of tantalum/platinum (10 nm/150 nm) 

were then patterned on the surface of the PZT by standard lift-off techniques. 

In this case, a surface-modification process was applied to obtain resist profiles 

having overhangs suitable for lift-off metallization [6.17]. 

The composite membranes were then released from the silicon substrate 

by anisotropically etching the backside of the silicon wafer in KOH, creating 

thus a V-groove frame supporting the freestanding acoustic delay line. During 

this step, a mechanical protection chuck was used to protect the PZT areas on 

the wafer top side. 

This process is outlined in Figure 6.10, while Figure 6.11 shows each 

processing step. 
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J ' Piezoelectric thin film (PZT sol-gel: 0.75 urn) 

lnterdigitated transducer IDT: Ta & Pt (0.16 urn) 

Figure 6.10: Fabrication sequence of the ultrasonic Lamb-wave actuator. 
(a) Patterning of the piezoelectric PZT thin film by a wet chemical etching. 
(b) Deposition of the top electrode (IDT) of TaIPt and structuring by lift-off 
technique, (c) Etching of the silicon wafer backside in KOH. (d) Cross-
sectional view of the device, (e) Enlarged view of the cross section of the thin 
composite membrane. 
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Figure 6.11: Main processing steps of the Lamb-wave fabrication. 
(1) Deposition of 1 firn LPCVD low stress silicon nitride SixNy. 
(2) Tantalum/platinum ground plane metallization. (3) Deposition of the sol-
gel derived piezoelectric PZT thin film. (4) Backside patterning: the silicon 
nitride is dry etched to form the windows for the KOH backside etching. 
(5) Wet chemical etching of the PZT layer. (6) Second metallization: the top 
IDTs electrodes are defined. (7) Membrane formation by anisotropic etching 
of the silicon. The silicon nitride provides an excellent etch stop. 
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It is to be noted, that the silicon nitride dry etch (step 4) can be done 

before or after the ground plane metallization and subsequent PZT deposition. 

Most of the wafers processed in this work have been directly metallized after 

the SixNydeposition and then prepared for the sol-gel process. 

Devices of the first generation were realized in the same way as for 

cantilever beams (cf. chapter 3), except the last step (top silicon dry etch, 

which is not necessary). 

6.4 Thin film deposition and structuring 

6.4.1 Low stress LPCVD silicon nitride thin film: the sandwich 
structure. 

One of the key issues in Lamb-wave processing concerns the membrane 

building materials, their compatibility and selectivity through each fabrication 

step, and their ability to guarantee a resulting acoustically thin unsupported 

composite membrane having high mechanical strength. Layers involved for 

this purpose must be low in stress to prevent film delamination and curling of 

the final device. PZT and platinum thin films are very tensile and must 

therefore be deposited over a supporting layer having minimal residual tensile 

stress and stress gradient. For instance, the residual tensile stresses of a 1 (xm 

thick PZT film deposited over a 0.1 ^m thick platinum electrode are 200 MPa 

and 800 MPa respectively [6.18]. 

Fundamentally, the supporting layer is expected to overcome five major 

requirements. 
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(1) To enable the sol-gel deposition without being affected by it 

(chemically or thermally). 

(2) To serve as a barrier layer against lead-silicon interdiffusion during 

the PZT formation. 

(3) To compensate the residual stress of PZT/Pt films. 

(4) To assure a mechanical stability of the entire membrane after having 

completely etched the underlying silicon. 

(5) To allow the propagation of ultrasonic signals with efficiency, since 

compressive membranes with many crumpled areas are not satisfactory, the 

acoustic waves being strongly perturbed. 

Plasma Enhanced Chemical Vapor Deposition (PECVD) is a very 

interesting alternative to deposit Si3N4 layers at low temperature, typically 

350 0C. Films deposited by this technique depend strongly upon the process 

parameters [6.19]. The deposition rate is about 130 Â/min and the density 

varies between 2.4 g/cm3 to 2.8g/cm3. Unfortunately, PECVD films do not 

support further high temperature treatment, such as rapid thermal annealing at 

650 0C involved during the PZT sol-gel processing. A series of Lamb-wave 

delay lines made with this supporting layer was strongly affected; most of the 

final suspended membranes were broken during the final silicon etching in 

KOH. 

A good candidate is the stoichiometric LPCVD Si3N4 silicon nitride which 

offers many attractive characteristics (passivation of devices, high specific 

resistivity and good mechanical strength, excellent mask for the silicon wet 

etching in KOH with a etch rate less than 5 Â/hour), but possesses a high 

residual tensile stress, about 1000 MPa [6.20]. Slightly tensile resulting stress 

can be obtained when deposited over an SiO2 thermal oxide layer having 

adequate thickness [6.21]. 
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Low stress LPCVD SixNy silicon-rich nitride is another very attractive 

solution [6.22], [6.23]. It is deposited in the same furnace as for standard 

LPCVD Si3N4 , but with a mixture of reactant gases SiH2Cl2 and NH3 whose 

ratio, deposition temperature and flow rate are varied during the process. It 

has been used in many applications [6.6], [6.7], [6.24], [6.25], and possesses a 

residual tensile stress ten times smaller than Si3N4 [6.26]. 

In this work, a silicon-rich nitride layer placed between two LPCVD 

Si3N4 thin films was selected [6.27]. First a 400 Â thick LPCVD Si3N4 film is 

deposited over the silicon substrate, followed by a 0.92 ^m thick silicon-rich 

nitride layer and a second 400 Â thick LPCVD Si3N4 film. The deposition rate 

is about 40 Â/min for Si3N4, and 70 À/min for SixNy. 

The use of a Si3N4 film before and after the SixN5, deposition is motivated 

by the fact that silicon-rich nitride films have some pinholes, while a 

homogeneous deposition of Si3N4 at a rate of 40 Â/min allows a resulting film 

practically free of pinholes. Such composite silicon nitride configuration 

referred to here as a sandwich structure, is thus completely symmetric, permits 

a reduction of the tensile stress and provides an excellent mask and etch stop 

when used during very long silicon etching in KOH [6.28], [6.29]. 

Patterning of the silicon-rich nitride films is made by Reactive Ion 

Etching RIE. The SixNy etch rate by RIE is about 450 Â/min. Like this, a 

relatively thick photoresist protection is required during the long etching time 

(about 22 min for 1 \im thick SixNy). Hence, a positive photoresist AZ 4562 is 

spun at 500 rpm and 3000 rpm during 3 s and 40 s respectively, to achieve a 

thickness of 7.5 jxm, and then patterned following standard photolithographic 

methods. It has to be noted, that a very precise alignment of the mask with 

respect to the wafer flat is required for this first photolithographic step, in 

order to minimize etching plane deviations during the KOH step (cf. 6.4.3). 
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During the RIE process, an organic deposition over the entire wafer area 

occurs and is difficult to remove, even with a standard cleaning using Caro's 

acid H2SO5 or "pirahna" procedure. 

In our case, a proper wafer cleaning was simply performed manually 

using a mechanical friction between the wafer and a "Q-tips" during a few 

minutes in a recipient filled with acetone. Final cleaning was done with 

isopropanol and deionized water followed by a drying under nitrogen flow. 

Attempts to remove the photoresist by plasma O2, KOH or formed procedures 

is possible only if no PZT layer is present on the wafer backside. PZT exhibits 

irreversible, severe deteriorations when submitted to these cleaning procedures 

without being correctly protected. 

As a test of reliability and for practical fluidic applications, the membrane 

bending strength under hydrostatic pressure was tested with a former 

supporting layer covered by a 2000 Â thick platinum electrode. This additional 

Pt film replaces the PZT layer and considerably increases the tensile stress. 

For this test a wafer has been completely processed, but without PZT. Figure 

12 depicts the experimental setup. One of the resulting membrane-based 

devices was placed over a Printed Circuit Board (PCB) support, the silicon 

recess being covered with a mechanical cap having an inlet and an outlet 

silicone tube. Water was slowly injected in the membrane cavity via a syringe 

and filled the outlet tube to generate a hydrostatic pressure. With this, it was 

possible to elevate the water level up to 1 m (0.1 bar) over the membrane 

without observing any damage. Such a simple experiment emphasizes the 

mechanical strength of micromachined membranes made from silicon-rich 

nitride layers. 
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Curved membrane 

Figure 6.12: Schematic view of a membrane under test. With a syringe, the 
silicon V-groove is water filled and the liquid pushed into the tube up to h=lm. 

6.4.2 Sol-gel PZT thin films structuring. 

Two different PZT thicknesses (0.75 [im and 1.4 \im) have been 

successfully used for Lamb-wave devices of the second design generation, and 

each sol-gel deposition was performed according to the same description 

presented in chapter 2. In both cases, the resulting film was of the 

morphotropic phase boundary composition (mixed rhombohedral/tetragonal) 

Pb(Zr053Ti047)O3. The PZT areas not destined to be etched were protected by a 

1.9 u,m thick positive photoresist (AZ 1518) after a standard photolithgraphy. 

Patterning of the PZT layers was done in a way similar as that used for the 

cantilever beams (cf. chapter 3), in a BHFiHChH2O solution of concentration 

1:2:9. 
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The etch time depends strongly on the PZT thickness. For a 0.7 |xm thick 

PZT, 135 s are necessary to completely remove the film over the platinum 

electrode, while this time increases to 185 s for the 1.4 jim thick PZT layer. 

Residual Pb films are eliminated by rinsing the wafer in deionized water for at 

least 15 minutes. A comparison of the etching results is shown in Figure 6.13. 

Films of 0.7 \im and 1.4 [im thickness are on the left and right parts 

respectively. The AZ 1518 mask protection still remains over the PZT areas in 

order to observe the under etch, and each picture is presented at the same 

magnification. The PZT film of 0.7 \xm thickness exhibits a small under etch 

of 2 or 3 \im width and a sharp profile, while the thicker film of 1.4 \im 

suffers a very large under etch with a poorly resolved profile. This is probably 

due to the fact that the three elements Pb, Zr and Ti of PZT etch at different 

rates [6.30], a long etch time thus increasing their relative effects. 

In a general manner, it has been observed that PZT thin films with 

thickness varying from 0.2 ^m to 0.8 (im present a better surface 

homogeneity, a more sharply define border and less roughness than other 

thicker films. An example of a very smooth film is shown in Figure 6.14 and 

Figure 6.15. 
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Figure 6.13: Optical views of PZT film areas obtained after a wet chemical 
etching in an ammonium fluoride etchant (BHF) and hydrochloric acid (HCl) 
solution. The mask protection (positive photoresist) is still present. Film of 
0.7 firn thickness (on the left part) shows negligible under etch and precise 
border after 135 s of etching. In contrast, the thicker film (on the right part) 
with 1.4 pan PZT suffers very large under etch and a worse profile resolution, 
after 185 s of etching. 
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Figure 6.14: AFM topography of a PZT sample deposited over a platinum 
electrode. The PZT film is 0.28 fim thick and is partially etched on the right 
part of the picture. The etch time was 40 s. Some small irregularities are 
visible on the platinum layer and are probably related to the PZT etching 
process. 
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Figure 6.15: AFM top view of the same partially etched PZT area. For such a 
thin film, a sharply defined edge was achieved with a width of less than 2 \xm. 

Details of the PZT surface topography are presented in Figure 6.16. The 

estimated average surface roughness is 5 nm. 
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Figure 6.16: AFM imaging of nanoscale PZT topology for a 0.28 /jm thick 
film. The microstructure is isotropic over a large scale and emphasize a 
polycrystalline state. The mean grain size of about 20 nm is observed. 
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6.5 Membrane single-sided processing by wet etching 

Wet chemical anisotropic etching with KOH is the most common method 

employed in silicon membrane-based device microstucturing. A one-sided 

etching technique allows the partial or complete selective removal of the 

backside silicon areas directly exposed to the etching solution, while the other 

side and the wafer edges are carefully protected in a mechanical O-ring chuck. 

The main differences between cantilevers and FPW membranes single-sided 

processing are the etch-stop and the considerable increased fabrication 

difficulty. 

In the case of cantilever structuring, the silicon was not completely 

etched, a residual silicon plate of about 15 \im thickness being preserved after 

an estimated average etch time (cf. chapter 3). With such a thickness, the 

probability of the plate cracking is negligible and the wafer can be easily 

removed from the chuck. Only a slight risk persists if the wafer presents some 

inherent defects (e.g. cracks) which will perhaps be a source of process failure. 

In other words, a KOH step is thus a practical way to simply thin selected 

backside areas, before the final patterning of cantilevers on the reverse side by 

a silicon reactive ion etching method. The dimensions of cantilever beams 

(width and length) depend therefore only on the photolithographic accuracy 

before RIE and not on the silicon thickness. 

For FPW membranes, in spite of a complete silicon etching which 

provides an excellent thickness uniformity over the entire wafer, problems 

arise due to the membrane thinness. Residual stress and pressure between the 

wafer and the protection chuck become an important origin of membrane 

rupture. Other difficulties concern the precision of anisotropic etching. It is 

well known that several effects limit the accuracy of KOH-etching and thus 

cause different membrane sizes [6.2]. In our case, considering the process and 

the wafer specifications, four of those effects are: the lithography precision 
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(± 2 urn), the thickness variation (± 7 \im) and taper (± 3 |xm), the 

misorientation of the surface and the misorientation of the flat. 

Preparation of the wafer before the long KOH step is essential and was 

done according to the following. A positive photoresist (AZ 1518) layer is 

spun over the entire sensitive PZT/platinum area and dried at 80 0C for 45 

min. This layer provides a soft contact between the wafer and the plexiglass 

cap and will allow a temporary reduction of KOH diffusion over the structures 

in the case of an eventual membrane break. The wafer is then placed in a 

home-built chuck protection providing a rubber O-ring seal on each side of the 

wafer and heated up to 60 0C in a convection oven. After a final tightening of 

the screws at this temperature (to minimize both thermally and mechanically 

induced stress gradients due to the applied pressure on the wafer), the chuck is 

immersed in the KOH etching solution. 

A natural final etch stop is provided by the silicon nitride Si3N4. Based on 

an average silicon etching rate of 16.5 ^m/hour of a (100) plane in a 40 % 

KOH solution at 60 0C, the total etch time is about 23 hours for a 380 urn thick 

wafer. A 30 minutes prolongation is often required to assure that each 

membrane area has been completely formed. This does not significantly affect 

the final shape of the structures, but removes possible silicon residues due to 

temperature inhomogeneities in the KOH solution. At last, the mechanical 

chuck is rinsed for a long time (30 min) in flowing water and carefully opened 

in a small water filled receptacle. 

Examples of the final KOH processed membranes are shown in Figure 

6.17. Detail of a membrane corner with an etch-stop over the silicon nitride 

layer is presented in Figure 6.18. 
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Figure 6.17: Four inch wafer-test with 64 suspended membranes processed 
after 23 hours in KOH. Each membrane is 1 mm wide and 8 mm long. 
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Figure 6.18: Magnified view of membrane corners after a final KOH etch stop 
over the silicon nitride film. 
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Several wafers processed like this suffered a membrane break just before 

the completion of the silicon etching. A quick chuck opening in flowing water 

permitted sometimes to limit the KOH penetration and to preserve almost 50 % 

of the devices. Much better results were obtained by stopping the etch earlier 

in order to keep a thin silicon plate a few ^m thick, typically 10 [im, and to 

allow a more safe wafer handling. After rinsing and drying, the wafer was 

then placed face down horizontally on a flat ring and each recess manually 

filled with KOH using a pipette. Based on an etching rate of 1.2 nm/h for a 

(100) plane in KOH at 20 0C, a total silicon etch is thus obtained after a few 

hours. Although this setup extends the fabrication, it enables one to guarantee a 

total silicon etch, without the risk of membrane rupture due to the presence of 

a mechanical chuck. This technique can be improved by using siloxane-based 

sealing rings [6.31], a kind of low-stress chuck etch setup which considerably 

reduces the stress on the wafer. Other possibility involves a mechanical chuck 

constructed with two teflon parts which allows a nitrogen flow to remove 

etchant penetration [6.32]. 

6.6 Processing of ultra thin plates with arbitrary geometric shapes 

In most applications involving membrane processing technology, the 

silicon areas on the wafer back side are chemically wet etched in a solution of 

potassium hydroxide (KOH). This relatively simple method allows the 

microfabrication of high quality residual membranes with well controlled 

thickness. However, three major disadvantages are encountered. First, many 

layers are not compatible with KOH and must be protected during this step. 

This is dramatically the case, when a ferroelectric thin film like lead zirconate 

titanate (PZT) is present on the top side of the wafer. A mechanical protection 

chuck is then required. Secondly, with the chuck protection, very thin 

membranes (less than two micrometers thick) having large areas are difficult 

116 



Chapter 6 

to fabricate, due to residual pressure between the membrane and the 

mechanical protection. In particular, multilayered membranes composed of 

layers subjected to in-plane tension such as silicon nitride, platinum and PZT 

thin films, are very sensitive to any small stress gradient between the chuck 

and the silicon frame. KOH contamination of all of the wafer surface due to 

one membrane breaking, increases the difficulty of this process. Thirdly, only 

simple geometrical shapes (squares or rectangles) are generally processed. 

Polygonal, elliptical or arbitrary shapes are not easy to prepare. 

During this work, the possibility of using Advanced Deep Reactive Ion 

Etching (ADRIE) technology from STS, to process very thin composite plates 

with large areas over a 400 u.m thick wafer has been tested [6.33]. A 0.45 u.m 

thick silicon dioxide (SiO2) layer is first thermally grown on both sides of the 

four inch wafer, followed by the plasma-enhanced chemical vapor deposition 

(PECVD) of a 0.6 firn thick low stress silicon nitride (Si„Ny) layer on one side. 

A Ta//Pt (10 nm/150 nm) metal ground plane is then evaporated over the SixN5 

layer. The membrane pattern is defined by a photolithographic step using an 8 

u.m thick positive resist. The silicon nitride is etched by dry etching while the 

silicon oxide is removed by wet chemical etching in a solution of buffered 

hydrofluoric acid (BHF). In our case, principally rectangular membranes were 

tested with two different sizes: 1x8mm and 2x8mm. Other small test structures 

having arbitrary shapes were performed. After 88 min mean time of silicon 

etching by the ADRIE technique, a selective etch stop is provided by the SiO2 

underlying layer which is then wet etched. Figure 6.19 shows final composite 

suspended membranes having only 0.76 u,m thickness. On the left part, two of 

them are broken. In Figure 6.20, a closer view of one broken membrane with 

right angle profile emphasizes the great potential of this technology. A close up 

view of a test structure having curled membrane edge is presented in Figure 

6.21. 
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Figure 6.19: Photograph of four multilayer membranes (silicon nitride and 
platinum). Overall dimensions are 1 or 2 mm by H mm. while the thickness is 
0.76 pm. 

Figure 6.20: SEM close up of the vertical walls. The depth of the cavity is 
400 pm. A remaining parts of a broken plate is visible on the bottom right. 
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Figure 6.21 : SEM details of a membrane edge with arbitrary shape. 

6.7 Wafer dicing, die attach on PCB substrate and electrical 
connections. 

Wafer sawing is a critical aspect of FPW device fabrication. In order to 

effectively protect each delay line during the silicon cutting, both sides of the 

wafer are covered with a thick photoresist layer. For this, the wafer is held 

vertically and fixed to a support using a teflon clip. Photoresist is then simply 

dispensed with a pipette and dried on this setup at room temperature during 24 

hours to minimize mismatched thermal expansions between the device and the 

package: it thus plays the role of a soft package while the wafer is handled and 

sawed. It also protects the membrane from dust and other solid particles. After 

dicing, each structure is released in acetone and carefully cleaned in different 

baths containing acetone, isopropanol and deionized water, respectively. 
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Figure 6.22: Optical views of final Lamb-wave devices. (Top): mounted over 
a PCB substrate. !Bottom): mounted over a standard DlL package. In both 
cases, aluminium wires are ultrasonically bonded to the contact pads of each 
IDTs transducers. 
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Most of the Lamb wave devices are individually mounted over a mother 

substrate, a commercial laminate material FR-4 (epoxy resin strengthened with 

glass fiber mats) with flat copper strips on the top side, by gluing the silicon 

frame structure on the PCB. Two glue points on the frame extremities enable a 

solid, stable device fixation (this is necessary for ultrasonic wire bonding) and 

a small residual compressive stress in the membrane. Attempts to completely 

glue the frame area generates large compressive stresses in the silicon and 

results in a buckled membrane. Figure 6.22 (top) shows a final FPW delay line 

mounted over a PCB with 35 urn thick copper lines. The outside strip is 

connected to the ground electrode. Figure 6.22 (bottom) shows a same device 

mounted over a standard DIL package. 

For a device mounted over a PCB, the access to the membrane backside is 

provided by a rectangular hole in the center of the substrate, and is presented 

in Figure 6.23. 

Figure 6.23: Optical view of the PCB backside. A rectangular hole enables to 
have a direct access to the membrane. 
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Connections between copper strips on PCB and transducer pads have been 

tried in three different ways: ultrasonic wire bonding, wire gluing and strip 

painting. Wire bonding is the most reliable method to contact electrically the 

IDTs. In the case of FPW devices, IDTs contact pads are directly placed on the 

PZT layer over the silicon bulk frame. It means that a short between bottom 

and IDT top electrodes can easily be done if the ultrasonic bonds are not 

properly performed. Precise settings (applied force, ultrasonic power and 

contact duration) of the bond apparatus is therefore required. Other difficulties 

can appear in the case of poor electrode adherence. 

Some of the devices suffered a bad adherence of the IDTs Ta/Pt over the 

PZT film, and necessitated to be electrically connected with glued wires. For 

each connection, a thin copper wire was first soldered to the substrate. Small 

glue bumps were deposited over the IDTs pad areas. The glue is an electrically 

conductive, silver filled epoxy paste with two components, (Epo-Tek E 4110 

from Epoxy Technology). Then, the extremity of each copper wire was 

carefully dipped in the glue bump, and the complete device cured at 100 0C for 

one hour in a convection oven. Figure 6.24 shows a structure connected with 

this method. 

Figure 6.24: Optical view of a FPW device having its electrical wire 
connections glued on the contact pads. 
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Strip painting is an easier and quicker way to connect the IDTs. Prior to 

the painting, a silicone rubber is locally applied over the ground electrode to 

avoid short circuits. Then the conductive strip is formed using a thin sharp 

syringe tip and the same former noted epoxy paste. Figure 6.25 exhibits such 

a contact. 

Figure 6.25: Optical view of a FPW device having its electrical wire 
connections painted on the silicone rubber. 
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7. Experimental results 

7.1 Introduction 

A very thin suspended membrane along which acoustic waves are 

generated and detected, surrounded by a solid thick silicon frame, is the key 

component of a so called Lamb-wave sensor and/or actuator. Any external 

perturbations that induce a variation of the synchronous frequency, can be 

investigated, e.g. temperature, pressure, added mass, electric field, shock, 

phase transition, etc., and an accurate device selectivity is therefore necessary. 

On the other hand, the acoustic power carried by progressive waves can be 

used to move solid particles or liquids in contact with the membrane. 

This duality of micromachined Lamb-wave devices allows many 

experiments to be performed. Furthermore, the device configuration enables 

access to either side of the suspended membrane. 

This chapter is essentially based on various experimental results that are 

presented in [7.1], [7.2] and [7.3], and highlights the great potential of 

ultrasonic Lamb-wave devices. 
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7.2 Piezoelectric thin film capacitor characterization 

7.2.1 Measurement of the relative dielectric permittivity er for 
various PZT films 

The potential electrostatic energy stored in a PZT thin film capacitor is 

given by: 

EP0,~\CV2 (7.1) 

where C is the PZT capacitance and V the potential. The capacitance of a 

parallel plate capacitor is: 

S S 
^ = £PZT "T = £r£o ~7 v ' •*•) 

a a 

where epzr is the dielectric permittivity of PZT, S the plate area, d the PZT 

film thickness, sr the relative dielectric permittivity of PZT, and E0 the 

permittivity in vacuum. 

For the generation of piezoelectric acoustic waves, the energy remaining 

E* , in the capacitor after emission of depolarization waves is [7.1]: 

2 ^ , = ( 1 " * 2 ) ^ (7 3) 

where K2 is the electromechanical coupling factor. Hence, the efficiency of the 

device to launch acoustic waves depends essentially on the K2 factor and on the 

stored energy, which is proportional to £PZr . (Other factors like the IDT 

geometry, mode conversion, are not considered here for simplicity). The 

128 



Chapter 7 

capacitor impedance, or more precisely its capacitive reactance Xc as a 

function of the circular frequency co has the form of: 

x--id (7-4> 

Hence, with formula (7.2) and (7.4), the capacitive reactance is given by: 

Xc = — — (7.5) 
£re0 O)S 

Practically, several capacitors having different areas were conceived and used 

as test structures (see Figure 7.1). The capacitive reactance Xc of each 

capacitor is measured at a frequency co of 10 kHz. Then the different 

capacitances C are calculated from formula (7.4) and reported as a function of 

the plate areas. According to formula (7.2), the linear dependence between the 

capacitance C and the area S enables the relative dielectric permittivity er of 

the PZT film to be extracted, as shown in Figure 7.2. 

Figure 7.1: Optical view of micromachined plate capacitors for the 
characterization of the piezoelectric PZT thin film. 
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Capacity from impedance measurements @ 10 kHz 
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Figure 7.2: Experimental determination of the relative dielectric permittivity 
£rfor various PZT thin films. 

7.2.2 Loss factor and IDT impedance-phase versus frequency 

measure 

For the generation of flexural waves, each comb of the IDT acts as a parallel 

plate capacitor filled with a PZT dielectric medium. Like every condenser, the 

PZT film capacitor is subject to a dielectric loss which represents the amount 

of energy absorbed in the medium due to the applied alternating voltage. The 

dielectric loss is defined by tana, ò being the difference in phase between 

current and potential [7.1]. Figure 7.3 illustrates the measured loss factor and 

the impedance magnitude for a single comb of an IDT. Up to the synchronous 

frequency (near 3 MHz), the loss factor is less than 5%, and we observe that 

the impedance magnitude of the comb is largely capacitive up to a frequency of 

10 MHz. 
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Figure 7.3: Measured impedance magnitude and loss factor of a single IDT 
comb. The PZT film thickness is 0.7 fjm. 

7.3 Measurement set-up and electrical connections 

A printed circuit board, patterned over a 10 cm by 7 cm, 1 mm thick 

commercial laminate PCB, is used to easily connect the Lamb wave device to 

the HP network analyzer. This circuit enables to couple the input and output 

HP coaxial cables to the small mother substrate over which the Lamb wave 

device is already mounted (cf. chapter 6, section 6.7). 

Generation of progressive waves in the membrane, with maximal efficiency, is 

achieved by applying a bipolar excitation to the IDT emitter. The emitter 

transducer is thus driven differentially with respect to the ground plane. 
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Hence, a balun transformer (power splitter/combiner, PSCJ-2-1 from Mini-

Circuit™) is placed between each IDT and its external coaxial connection. 

Figure 7.4 shows the design of the printed circuit. 

Figure 7.4: Schematic view of the double sided printed circuit board. 

Figures 7.5 and 7.6 illustrate the experimental setup and its connections to 

the HP network analyzer, respectively. 
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Figure 7.5: Optical view of the experimental setup. This configuration with 
two PCB levels, allow for stable device handling and minimal noise. An e.m. 
shield is placed between the contact lines of each balun, to suppress their direct 
capacitive coupling. 

HP Gain-Phase 
analyser 4194 A 

balun balun 

Figure 7.6: Schematic view of the setup used during frequency measurements. 
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7.4 Air-loaded FPW devices of the second generation 

This paragraph deals with measurements performed on several Lamb 

wave devices belonging to the second generation, i.e. each structure was 

processed according to the fabrication sequence previously described in section 

6.3. During the measurement, both sides of the membrane are in contact with 

air at atmospheric pressure. 

7.4.1 Frequency responses 

Propagating signals through the acoustic delay line are detected by 

observing the minimal insertion loss using the gain-phase analyzer. Figure 7.7 

shows the frequency response of a device up to 80 MHz. As predicted by the 

theory of acoustic waves in plates with small thickness-to-wavelength ratios, 

only two modes propagate: the antisymmetric a,, and symmetric s„ modes. The 

lowest order d^ (n=l) mode exhibits the highest detected signal. It is in 

accordance with the fact that flexural motions are predominantly generated 

when the IDT is driven at its fundamental synchronous frequency. At higher 

frequencies, the time constant of the IDT capacitor prevents a complete energy 

storage, and the electromechanical coupling constant K2 may differ from that 

of the lowest order. 
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Figure 7.7: Measured frequency response of a FPW device. Fundamentally, 
the antisymmetric a0 and symmetric S0 modes are the only two modes that can 
propagate in a plate with small thickness-to-wavelength ratio. Here, the a0 

mode is detected with its two lowest harmonics: the even (n-2) and the odd 
(n=3). The lowest symmetric mode S0 (n=l) appears at a frequency near 60 
MHz. 

In Figure 7.8, a narrowband frequency sweep emphasizes two main signals 

(approximately at 2.9 MHz and 3.1 MHz) with multiple peaks. These two main 

signals are due to destructive interferences between forward and backward 

emitted waves (bidirectionality of the IDT and edge reflection, cf. section 

7.4.8). The multiple peaks (jaggedness of the passband) are produced by cross 

talk and triple-transit-interferences (see section 7.4.18). Despite the fact that 

destructive interferences reduce the acoustic amplitude, a propagating wave is 

detected with a gain up to 30 dB, which should greatly increase in the case of 

pure constructive interferences with the waves reflected at the edge. 
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Figure 7.8: Narrow-band frequency sweep showing magnitude and phase 
around the passband of the a0 (n=l) mode. 

Instead of having only one main signal for the lowest order flexural 

mode a,, (n=l), the edge reflection acts as an acoustic beam splitter which 

produces two frequency-separated signals. This characteristic also appears in 

the two harmonic ao (n=2) and a„ (n=3) modes. In Figure 7.9, the weakly 

detected even harmonic (n=2) is visible with its two distinct beams, 

approximately at 8 MHz and 9.5 MHz. The odd harmonic (n=3) is slightly 

stronger than the even one, yielding two signals at 18.7 MHz and 19.7 MHz, 

respectively (cf. Figure 7.10). 

136 



Chapter 7 

I W3 
WS 

3 
C 
O 
t : 
O 
W 

B H H 

-49 

-50 

-51 

I i i . i i , , , , i i i i i 

] ) 

-_ ift 

AAI I I I 
Ai\\ i l \l 

A Ar ll V * 

sf* 
- r1^ 

f* 

- J ^ 
f*^ 

/Ir U 
A r*«Jlj ' 

: S^ 
i . . . . i . . . 

i , , i i i 

/ ^ ; 

y^ : 
• 

-
-
-
. 
_ 
• 

-

I I ! I I I 

8 9 10 
Frequency [MHz] 

11 

Figure 7.9: Narrow-band frequency response showing an even harmonic 
(n-2) oftheflexural a0 mode. 

18 20 22 
Frequency [MHz] | 
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In Figure 7.11, the symmetric mode S0 (n=l) presents only one beam at 

about 62 MHz. This suggests that the mode suffers less deterioration due to 

edge reflections. Possible reasons are that the backward beam might be 

completely absorbed at the membrane clamp, and (or) that symmetric wave 

patterns induced by the combination of two piezoelectric constants d31 and d33, 

allow constructive interferences between the main signal and the reflected 

beam. The symmetric mode propagates at a velocity of about 6200 m/s, which 

is much higher than ordinary SAWs velocity. 
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Figure 7.11: Narrow-band frequency response showing the symmetric S0 

(n=l) mode. 
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7.4.2 Influence of the bias voltage on the frequency response: 

polarization and depolarization 

In order to obtain an acceptably transmitted acoustic signal, it was found 

necessary to superpose a d.c. bias on the applied r.f. signal. The application of 

the d.c. bias along the direction of preferred polarization effectively "poled" 

the PZT film, causing a local anisotropy in the ceramic layer due to a 

reorientation of the ferroelectric domains [7.4], and increasing both the 

amplitude of the wave motion and the stress in the membrane. Maximal 

efficiency was therefore obtained by keeping the absolute voltage amplitude 

(d.c. bias added to the r.f. excitation) just below the PZT saturation. In this 

way, each voltage excitation cycle is translated to a higher value on the 

hysteresis loop. 

For acoustic purposes, as the ratio between the wavelength and 

ferroelectric domain size is of the order of 100 to 0.1, almost no wave 

scattering occurs due to unpoled PZT regions. Furthermore, due to a 

membrane thickness 50 times smaller than the acoustic wavelength, the IDT 

emitter, driven at the fundamental synchronous frequency, induces a flexural 

motion along the membrane with a periodicity of 100 urn. In comparison, 

SAW devices operating at several hundreds of megahertz have a wavelength of 

only a few micrometers and are, therefore, more sensitive to any physical 

variation of the substrate along the acoustic path. 

Figure 7.12 shows the influence of the poling due to 9 V d.c. bias. A 

resonance frequency shift of 50 kHz associated with 28 dB insertion loss 

variation is observed. The phase velocity raise by an amount of 5 m/s and is 

related to the increase of the tension in the membrane (cf. paragraph 4). This 

example highlights the strong dependence between the bias voltage and the 

acoustic wave amplitude in ferroelectric Lamb-wave based devices. 
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Figure 7.12: Influence of the poling due to 9 V d.c. bias. The resonance 
frequency shift is 50 kHz associated with a 28 dB increase of the insertion loss. 

In the following, the frequency-response variations induced by the 

application of increasing bias voltages, is presented for several modes. The d.c. 

bias are 2V and 4V with respect to the unpoled case Vbias = 0 V. 

Figure 7.13 exhibits the shape of standing waves near 1.4 MHz. The bias 

voltages increase the wave amplitude (9.466 dB for a bias of 4 V at a 

frequency very close to 1.4 MHz) but do not induce a significant frequency 

shift. 
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Figure 7.13: Standing waves emitted at frequencies between 1.35 MHz and 1.6 
MHz, for three d.c. bias voltages: OV, 2V and 4V. 

Figures 7.14; 7.15; 7.16 and 7.17 point out the shape variations for the 

propagating modes ao (n=l); U0 (n=2); a„ (n=3) and S0 (n=l), respectively. The 

a,, (n=l) insertion loss pattern is shifted to higher frequencies with a gain of 

16 dB, and a shift of 5 kHz for 4V bias. Harmonic modes a,, (n=2) and a«, 

(n=3) are less shifted than the fundamental mode. The even harmonic (n=2) 

undergoes a frequency decrease of 15 kHz while the odd harmonic mode 

(n=3) is slightly shifted (Af= 12.5 kHz) to higher frequencies. The frequency 

of the symmetric mode is almost insensitive to bias voltage. These results are 

summarized in Table 7.1. It is obvious that the electromechanical coupling 

constant K2 is much stronger for the lowest flexural a„ (n=l) mode than for 

every other propagating mode. 
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Figure 7.14: Frequency response for three d.c. bias voltages: OV, 2V and 4 V 
for the a0(n=l) mode. 
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Figure 7.15: Frequency response for three d.c. bias voltages: OV, 2V and 4V 
for the a0 (n=2) mode 
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Figure 7.16: Frequency response for three d.c. bias voltages: OV, 2V and 4 V 
for the a0 (n=3) mode 
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wave type 

standing waves 
tlexurai a„ (n=i) 
flexural a„ (n=2) 
tlexurai a„ In=JJ 
symmetric S0 (n=l) 

Resonance 
frequency 
without bias 
[MHz] 
1.38675 
2.805 
9.33 
19.1375 
60.6725 

frequency snut 
induced by 4V 
bias 
[kHz] 
0 

5 
-15 

Ai.5 
0 

Insertion Loss 
variation due to 
4 V bias 
[dB] 
9.46 j 
16 
0.49 J 
0.37 
0.08 I 

Table 7.1: Polarization: frequency shift and amplitude increase of acoustic 
waves under the influence of a 4 V d.c. bias. 

As soon as the d.c. bias is removed, the induced polarization decreases 

rapidly (depolarization) and the ferroelectric layer tends to approach a new 

state of equilibrium along its hysteresis curve. A remanent polarization is 

achieved after a few hours. In order to study this phenomenon with Lamb 

waves, a 9 V bias (saturation) was applied for a few minutes on a device at 

room temperature and then removed. The frequency response of this device 

was measured before the bias application and 12 hours after its suppression. 

Figures 7.18-21 show the insertion loss for each propagating mode, and Table 

7.2 the principal results. 
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Figure 7.18: Frequency response of the a0 (n=l) mode before and after the 
removal of a 9 V d.c. bias. 
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Figure 7.19: Frequency response of the a0 (n=2) mode before and after the 
removal of a 9 V d.c. bias. 

145 



Experimental results 

-43.5 

£-44.0 

g-44.5 

1 
CA 

C 

-45.0 I 

-45.5 

. - I I I I 

• " I 

A * / M 7 \ '"' ' Î 
rv / '\ 'J ' U • '> ' 1 ' ''. 

^ ^ y il i l r ! 
i 

- , . . . i 

i i 

t ; i : i 
;': •' '• ' ' A 

Ik// W : : î V 

i ! i i i : 

i •' *' 

/ \ / V ' J 

ao (n=3) 

, v / - x " : 

-

-

• 

19 20 
Frequency [MHz] 

Figure 7.20: Frequency response of the a0 (n=3) mode before and after the 
removal of a 9 V d.c. bias. 
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Figure 7.21: Frequency response of the s0 (n-1) mode before and after the 
removal of a 9 V d.c. bias. 
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Table 7.2: Depolarization: frequency shift and amplitude decrease of acoustic 
waves induced by the suppression of a 9 V d.c. bias. 

7.4.3 Lamb wave voltage sensor 

A SAW device can be used as a d.c. voltage sensor when the propagating 

path between the two IDTs has electrodes on both sides of the substrate [7.5], 

[7.6], [7.7]. Sensors based on SAW offer the possibility of high-voltage 

measurements from -10 kV to 8 kV with a resolution of 0.4 V [7.8]. In case of 

Lamb wave devices, the upper voltage value is limited by the breakdown 

strength (kV/cm) of the piezoelectric sample. For our 0.7 \im thick PZT film, 

experimental tests give an upper limit value varying from 60 kV/cm up to 200 

kV/cm. The breakdown strength depends on the ceramic composition and its 

processing. A 600 kV/cm strength was experimentally achieved on a 0.3 (im 

thick PZT layer, which corresponds to a bias voltage of 18 V. Hence, Lamb 

wave voltage sensors based on thin piezoelectric films are not foreseen as high-

voltage measurement. 
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As previously seen, for our Lamb wave devices, the lowest order flexural 

mode a„ (n=l) is much more sensitive than any other propagating mode, to a 

stress induced in the membrane. Here, the stress is produced by a biasing 

electric field under each IDT, and only the sensitivity of this fundamental a«, 

mode is highlighted. Moreover, the acoustic path between both IDTs is not 

covered by an electrode, that is, only the region under the transducers 

contributes to induce an additional stress in the membrane. A bias voltage is 

applied to the ground electrode, and the frequency response is recorded, 

between 0 and 12 volts. Due to the ferroelectric PZT layer, the device was not 

subjected to a previous bias, in order to avoid a remanent polarization. Figure 

7.22 shows 8 measured curves of insertion loss related to the flexural mode, t 

between 2.7 MHz and 2.85 MHz. At 0 volt bias, the highest amplitude 

corresponds to a frequency just below 2.77 MHz. 

i ^ I ' I ' I ' I ' r 

2.72 2.74 2.76 2.78 2.80 2.82 2.84 

Frequency [MHz] 

Figure 7.22: Influence of an increasing bias voltage (from 0 V, up to 7 V, with 
1 V steps) on the lowest order a0 (n-1) flexural mode. 
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The frequency and the insertion loss of this highest resonance peak are 

separately reported in Figure 7.23 as a function of the applied bias voltage. 

The synchronous frequency varies in accordance with a typical hysteresis loop 

in such ferroelectrics, with a saturated value near 9 volts bias. In the linear 

domain of piezoelectricity, between 4 V and 7 V, the frequency shift is 5 

kHz/V. From this measurement, the voltage resolution at an oscillation 

frequency of 2.78 MHz is 5kHz/V, which suggests that this kind of device 

should act as a very sensitive d.c. voltage sensor when used in a differential 

closed-loop configuration with thermal and humidity compensation. 
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Figure 7.23: Influence of the poling bias on the resonance frequency and the 
insertion loss for the a0 mode. 

In comparison, SAW devices have a resolution of 13.8 Hz/V for a 0.5 mm 

thick LiNbO3 substrate [7.9], or 60 Hz/V for a 1.8 \im thick ZnO layer on a Si 

substrate [7.10]. 
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K. Toda et a.l. [7.11], have investigated the sensitivity of the zeroth 

symmetrical Lamb-wave mode on a 0.18 mm thick piezoelectric ceramic plate, 

and have obtained a resolution of about 2.5 kHz/V. 

It is to be noted, that the sensitivity of our device can be greatly improved 

by placing a thin metallized electrode on top of the PZT film between the two 

IDTs. In that case, the propagating wave will be affected along its acoustic path 

and should therefore be extremely sensitive to any variation of the bias 

voltage. 

7.4.4 Behavior of the resonance frequency and the insertion loss 
with time under a constant bias voltage 

In this experiment, a constant biasing electric field is superimposed on the 

IDT alternating excitation provided by the HP gain-phase analyzer, and the 

IDT synchronous frequency of a Lamb wave device is observed as a function 

of time. More exactly, only the synchronous frequency of a given propagating 

mode is recorded during each frequency sweep. The resonant frequency 

corresponds to the flexural a„ (n=l) mode. For a better accuracy, the 

frequency span is limited to 3 kHz only, and an averaging time of "8" allows a 

slow frequency sweep (38 s for each measure). A metallic closed box in which 

the device is placed, prevents air flow and external electromagnetic 

perturbations, while the bias voltage remains constant with a stability better 

than 10" V. Figures 7.24, 7.25 illustrates the Lamb wave sensor responses 

corresponding to a 3 V and a 9 V bias, respectively. Each curve corresponds to 

approximately 26 frequency sweeps. In both cases, we observe that the 

resonance frequency and the gain increase with time. This variation is not 

related to a temperature rise induced by the bias voltage, because it has been 

reported, that the oscillator frequency of a Lamb wave device decreases 

linearly when the temperature increases [7.12]. 
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Figure 7.24: Stability of a Lamb wave sensor as a function of time. The 
excitation voltage is 90 mV and the fluctuation of the 3 V bias is less than 
10 " V. 
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Figure 7.25: Stability of a Lamb wave sensor as a function of time. The 
excitation voltage is 90 mV and the fluctuation of the 9 V bias is less than 
10 •" V. 
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Owing to the Lamb-wave voltage resolution (5 kHz/V), bias instabilities 

(< 10"4 V) allow only a frequency fluctuation of 0.5 Hz. This does not 

correspond to the observed frequency shifts of 120 Hz and 500 Hz after a time 

of 1000 s for a bias of 3V and 9V respectively. Voltage instabilities are 

therefore not involved. The reason for this variation is probably due to 

ferroelectric domain motions in the PZT film, which modify its stability, and 

increase its polarization with time [7.13]. Dynamic domain motion in terms of 

a minimal potential energy configuration could therefore be a reason for this 

peculiar behavior. 

By analogy to the aging process (cf. section 7.4.5) and despite the fact 

that our PZT sample was not initially poled, we observe that its physical 

properties, related here indirectly to frequency and gain shifts of a FPW 

acoustic a„ mode, change linearly with the logarithm of time when a constant 

bias voltage is applied. 

These results emphasize the important contribution of ferroelectric 

domain motions in PZT thin films, especially when a Lamb-wave device based 

on such piezoelectric layer has to be used in a closed-loop configuration under 

a constant bias field. If the ferroelectric sample is not previously correctly 

poled, the domain motion induced by the bias voltage will continuously shift 

the IDT synchronous frequency, causing an additional parametric variation to 

the aging process, and making the device less selective to a specific measurand. 

7.4.5 PZT fatigue, aging and fast depolarization 

For actuation purposes, the superposed d.c. bias and bipolar R.F. signal 

generates fatigue in the PZT thin film [7.14], [7.15]. With a 6-V d.c. bias and a 

6-Vpp bipolar excitation at 3 MHz, a significant decrease of the FPW 

performance was observed after only 30 min. This decrease of piezoelectric 

coefficient also depends on the metal used as the IDT top electrode, (e.g. 
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metallic diffusion from electrode, space charge effects, electrode interface, ...) 

[7.16]. Another mechanism involved is the aging rate [7.17]. The aging rate or 

duration stability of a piezoelectric ceramic refers to properties that change 

with time, after a poling of the ceramic layer with an appropriate poling field 

strength, temperature and time [7.18]. Such a piezoelectric degradation of the 

PZT thin film can be illustrated by the decay of the piezoelectric response 

under d.c. bias and after its removal. The measurement of the resonance 

frequency amplitude with time of micromachined piezoelectric cantilever 

beams after removal of the bias voltage, allowed to point out this 

phenomenon. Figure 7.26 shows the amplitude decay of a beam after removal 

of a 410-kV/cm d.c. bias, which was applied during a 20-min period at 

ambient temperature on a 0.3 um thick PZT film. This characteristic has been 

measured with an optical interferometer. A typical logarithmic decay has been 

obtained, with an initial fast component followed by a slow decrease. The 

measurement technique is explained in chapter 3. 

140 

e 130 
U 

S 

fl20 
< 

110 

I I I I I I I I 

~s r 

-

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 

Beam free end 

V0SC = 1 0 m V p p 

Resonance frequency:v = 15.685-

. , I , , , , ! , , , , ! , , -

10000 20000 
Time [s] 

30000 40000 

Figure 7.26: Interferometric measure of the amplitude decay of a 1 -mm-length 
piezoelectric cantilever beam at the resonance frequency n = 15.685 kHz, after 
removal of a 410-kV/cm d.c. bias. 
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7.4.6 Poling of the PZT thin film 

Due to the random orientation of the ferroelectric domains in the ceramic 

film, the PZT layer does not possess any piezoelectric properties before being 

poled. During the poling process, an external d.c. poling field 3 or 4 times 

larger than the coercive field (which decreases as the temperature increases) of 

the sample is applied to the layer and forces the ferroelectric domains to be 

globally reoriented. 

Depending on the time duration, the breakdown strength and the 

temperature of poling, a remanent polarization will occur after the poling 

process. This remanent polarization will then be influenced by aging and 

fatigue phenomena which decrease the remanent strain and allow a 

reorientation of the dipoles. Usually, most of the lead-system piezoelectric 

ceramics are poled under a field of 2.5 to 4.5 kV/cm at 100-170 0C during 10-

30 min [7.10]. 

Figure 7.27 exhibits a remaining polarization of a Lamb wave device, in 

term of insertion loss (LL.) variation with time. Practically, only the region 

under the IDTs was poled with a 6 V bias at 95 0C during one hour. The dotted 

curve on Figure 7.27 corresponds to the frequency response before poling, 

while the upper curve is obtained just after the poling process. Two other 

curves, respectively measured 3 and 48 hours later, emphasize a slight or small 

decrease of the remaining polarization. Due to this thermal poling process, the 

LL. decrease is only 2 dB after 48 hours. 
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Figure 7.27: Frequency responses of a Lamb wave device before and after 
poling. The dotted curve corresponds to the frequency response before poling. 
The three upper curves correspond to the device response directly after poling, 
3 hours and 48 hours later, respectively. 

7.4.7 Optical visualization of standing wave patterns 

It is possible to visualize standing Lamb waves by using a differential 

interference contrast (Nomarski) method [7.19]. Figure 7.28 shows the back 

side of the membrane with the two transducers located at the membrane ends 

in the opposite sides. When both IDTs are driven simultaneously, standing 

waves are produced in the membrane and allow useful observations. For 

instance, we see that the width of the standing wave channel between the two 

IDTs corresponds to the electrode aperture without major degradation along 

the acoustic path. In Figure 7.29 a detail of standing waves between the 

membrane extremity and one IDT is presented. 
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Figure 7.28: Micrograph of a FPW device illustrating standing Lamb waves 
when both transducers (left and right on the picture) are simultaneously 
excited at 2.87 MHz with 10 V bias added to a 1 Vpp r.f signal. 

Figure 729: Optical view of standing Lamb waves between one membrane 
extremity and a driven IDT, excited at 2.87 MHz with 10 V bias added to a 
1 Vpp r.f. signal. (A small bead and its reflected image is visible on the bottom 
right). 
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When the excitation voltage and the bias increase, a rather complicated 

standing wave pattern appears due to in-plane stress gradients and waves 

reflections, and nodal profiles suffer an important distortion. An example of 

these profiles is given in Figure 7.30. 

Figure 7.30: Standing Lamb waves pattern. The nodal line profiles are more 
complicated when both bias and excitation voltages increase. Here the bias is 
10 V with an excitation of 5 Vpp. 

Figure 7.31 shows the case when only one IDT is driven (the emitter is 

partially visible on the left of the picture). The propagating signal (not visible 

on the photograph) is strongly superposed on standing waves which build a 

rather complicated pattern. Vertical nodal holes (parallel to the IDT fingers) 

are coupled to horizontal standing waves (parallel to the top and the bottom of 

the picture) with various intensities. For some frequencies below the lowest-

order propagating flexural mode a,, (n=l), the IDT emitter generates pure 

standing waves. Figure 7.32 shows a pattern of such standing waves. The 

driven IDT is partially visible on the left. In this case, the IDT emitter was 

slanted. 

157 



Experimental results 

Figure 7.31: Nomarski view of standing Lamb waves when only one 
transducer (partially visible on the left) is excited. The driving frequency is 
2.8625 MHz and corresponds to the synchronous frequency of the propagating 
lowest order flexural mode a0. Multiple wave reflections occur at the edges of 
the suspended membrane. 

Figure 7.32: Nomarski picture of standing waves corresponding to a driving 
frequency of 1.92 MHz. The emitter (partially visible on the left) is slanted. 
No propagating signal occurs for this frequency. 
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7.4.8 Edge reflections 

As previously observed, reflections of the propagating acoustic signal on 

the membrane edges, represent the most important source of frequency 

response degradation. In SAW devices, spurious reflections are easily 

suppressed by using a soft layer behind each IDT at the extremities of the 

device, because the amplitude of these waves are only a few Angstroms. For 

Lamb-wave devices, it is also possible to use this simple method, although the 

wave amplitude is two or three orders of magnitude greater. Here, the edge 

extremities of the membrane were covered on both sides by a small amount of 

epoxy and soft photoresist materials. Figure 7.33 shows a detail of a suspended 

membrane where the angular edge profile is modified with the epoxy glue. 

The new profile is supposed to avoid destructive interferences between the 

forward and backward reflected waves. 

Figure 7.33: Optical view of a modified membrane edge profile. The soft 
epoxy glue allows to suppress spurious reflections. 
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The efficiency of this simple method is demonstrated in Figures 7.34-37. 

Figure 7.34, shows the frequency response of the device before using epoxy. 

The two main signals are clearly present. In Figure 7.35, only one main signal, 

with some ripples, is essentially present. 

This is also visible in the pictures (7.36 and 7.37) for the even and odd 

harmonics respectively. 
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Figure 7.34: Experimental study for the suppression of spurious Lamb-wave 
edge reflections. Here, the device has its two extremities not covered by an 
epoxy layer and shows therefore two main signals.. 
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Figure 7.35: Experimental study for the suppression of spurious Lamb wave 
edge reflections. Here, the same device exhibits only one main signal when the 
spurious edge reflections are partially absorbed. 
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Figure 7.36: Experimental study for the suppression of spurious Lamb wave 
edge reflections. The harmonic mode a0 {n-2) shows only one main signal. 
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Figure 7.37: Experimental study for the suppression of spurious Lamb wave 
edge reflections. The harmonic mode a0 (n=3) shows only one main signal. 

7.4.9 Experimental phase and group velocities of the lowest order 
(n=l) a0 and S0 modes 

Phase velocities Vp of each fundamental a„ and S0 (n=l) modes are 

obtained using the phase relationship: 

Vp = / 0 A (7.6) 

where f0 is the resonant frequency and À is the acoustic wavelength (100 ^m). 

f0 was determined by observing the frequency at which maximal transmission 

of the acoustic signal between the IDTs occurred. 
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Group velocities of the a0 mode are determined by pulsing the delay line 

with a bipolar burst of 10-20 cycles at the IDT synchronous frequency f0, and 

measuring on an oscilloscope the delay time required to propagate the r.f. 

signal from the transmitting IDT to the receiving IDT. Figure 7.38 shows a 

typical oscilloscope trace of the lowest order antisymmetric mode a„. The trace 

shows a rather complicated pattern of responses. The first burst in the trace is 

the radiative feedthrough which propagates at the velocity of light and marks 

the beginning of the r.f. burst t=0 s. The second burst is the transmitted lowest 

order antisymmetric Lamb wave and shows a delay time of 8.4 \xs. The 

remaining sets of bursts which follow the main signal, result from reflections 

of the acoustic energy from the ends of the suspended membrane and IDTs 

themselves. 

0.02 - l'i 

Figure 7.38: Oscilloscope trace of the lowest order a0 antisymmetric mode. 
Burst of 20 shots at a frequency f0 = 3.119 MHz and with Vbias =15 V and 
V • • = 1 4 V 

excitation PP 

Figure 7.39 shows another oscilloscope trace of the detected a,, mode 

when a 20-shot burst is applied to the emitter at a frequency of 2.86 MHz with 

an amplitude of 2 V peak-to-peak. Here the delay time is 9.35 \xs. 

163 



Experimental results 

40 60 
Time [|xs] 

Figure 7.39: Oscilloscope trace of the fundamental a0 antisymmetric mode. The 
time delay is 9.35 [is, corresponding to a group velocity of 374 m/s. The 
excitation voltage is 2 Vpp at a synchronous frequency of 2.86 MHz. 

Figures 7.40 and 7.41 illustrate two other impulse responses with a more 
complicated set of remaining bursts after the main signal. 

XlO"-

Figure 7.40: Example of a Lamb-wave impulse responses. The resonant 
frequency is 2.979 MHz with a bias of 15 V, an excitation of 5 Vpp and a burst 
of 20 shots. 
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XlO-

Figure 41: Example of a Lamb-wave impulse responses. The resonant 
frequency is 3.0025 MHz with a bias of 9 V, an excitation of 4 Vpp and a burst 
of 15 shots. 

The acoustic delay-lines of the second generation resulted in phase 

velocities between 286-312 m/s and group velocities between 374-454 m/s, for 

the thinnest membranes and for the lowest order (n=l) antisymmetric plate 

mode a0. The phase velocity is a very sensitive function of both the thickness 

and residual stress of the membrane. Variations in the velocities (dispersion) 

reflect small differences in the thickness of the composite membranes due to 

processing variations. The group velocity is approximately 1.31-154 times the 

phase velocity, indicating the anomalous dispersion of the antisymmetric 

flexural mode a„. 

For symmetric modes S0 , the phase velocities are situated between 6.1-6.2 

km/s and present almost no dispersion. Unfortunately, it was not possible to 

measure their group velocity, the burst pulsation of the HP function generator 

being limited to 5 MHz. Table 7.3 summarizes these experimental velocities. 
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wave type 

flexural a0 

flexural ^ 

bias 

voltage 

[V] 

15 

15 

flexural a0 ] 10 

flexural ao 

symmetric s0 

10 

10 

resonant i phase 

frequenc | velocity 

y [MHz] j Vp [m/s] 

3.119 i 311.9 

2.980 298 

2.950 J 295 

2.86Ü 

62 " 

286 

6200 

group 

velocity 

V8 [m/s] 

413.8 

448.3 

454.5 

374 
. . . . 

V /V 

ratio 

1.33 

1.50 

1.54 

1.31 

Table 7.3: Experimental Lamb-wave phase and group velocities of the lowest 
order (n=l) antisymmetric a0 and symmetric S0 modes. 

7.4.10 Comparison between measured and calculated phase and 
group velocities of the lowest order (n=l) a0 mode 

Exact calculation of Lamb wave velocities in a composite membrane are 

possible, using a numerical program [7.20]. Here, the phase and group 

velocities are calculated with the simple formula given in chapter 4, and 

compared with experimental results. Formally, it is more an estimation than a 

pure calculation, because several parameters (e.g. Poisson's ratio, Young's 

modulus and the density of low stress silicon nitride) are difficult to determine 

precisely. 
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According to formula (4.10), the phase velocity Vpa„ is obtained without 

taking into account the in-plane tension T. For this estimation, we use the 

following values: 

k = 100 um (IDT period) 

d = 1.9 um (membrane thickness) 

E = 0.5(EpZT + ESixNy) = 0.5(7.246-1010Nm"2 + 300-109 Nm2) 

= 1.862-10" Nm"2 

v = 0.5(uPZT + uSixNy) = 0.5(0.2949 + 0.22) = 0.2575 

p = 6.25-103 kgm'3 (calculated by summing the density values of each 

layer which compose the membrane) 

Poisson's ratio and Young's modulus for PZT and SixN1, are obtained 

from [7.10] and [7.21], respectively. We obtain: Vpag = 194.7 m/s, which is 

much lower than the experimental value given in Table 7.3 

If we do not neglect the in-plane residual tension T, the same procedure 

can be applied to formula (4.24). In that case, the resulting in-plane tension is 

estimated by: 

T = d(oPZT + aSixNy) = d(0.2-109Nm"2 + 0.1-109NnT2) = 570 NnV1 

and we obtain: Vpa,, = 293.1 m/s. In both previous calculations, the platinum 

layer was neglected. 

For the group velocity Vga„, we refer to formula (4.47) and use the three 

following experimental values: Vpag = 300 m/s, f, = 3 MHz, and f3 = 19 MHz, 

where Vpag is the phase velocity, f, the fundamental IDT synchronous 

frequency and f3 the resonant frequency of the odd harmonic n=3. 
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We obtain: VgO0 = 1.432 Vpa,, which is in good agreement with experimental 

results. Table 7.4 summarizes the former results. 

Table 7.4: Comparison between phase and group velocity estimations and 
experimental results. 

7.4.11 Calculation of the group velocity for the even harmonic 

(n=2) a0 mode 

With equation (4.50) it is possible to obtain the group velocity of the first 

even harmonic mode (n=2). As an example, we refer here to the experimental 

results presented in section 7.4.2. The synchronous frequency of the 

fundamental a<, mode is 2.81 MHz, and the even n=2 harmonic mode is located 

near 9.3 MHz when a 4 V bias is applied (cf. Figures 7.14 and 7.15). 

With k=100 ^m, Vpa„(n=2) = 465 m/s and Vpao(n=l) = 281 m/s, we find: 

Vgao(n=2) =1.212 Vpa„(n=2) = 563.4 m/s 

As a consequence, we observe that the dispersion of harmonic Lamb 

modes is smaller than that of the fundamental mode n=l. 

168 



Chapter 7 

7.4.12 Determination of the residual in-plane stress T of the 
membrane 

For thin microfabricated membranes, the in-plane residual tension is an 

important parameter and is difficult to quantify precisely. Methods based on 

the membrane deflection versus pressure have been reported [7.22]. Here the 

proposed method is very simple, because it requires only to determine the 

circular frequencies W1 and oo3 of the flexural a„ fundamental mode (n=l) and 

first odd harmonic (n=3), respectively. 

This can be rapidly done by observing the frequency response of the 

device. In chapter 4, section 4.8, an expression (4.43) was derived which 

relates the in-plane tension T to the former frequencies, the plate density and 

the plate thickness. For the calculation of T we use: 

p = 6.25-103 kgm"3 (plate density) 

d = 1.9 [Am (plate thickness) 

k = 2JC/X. 

À. = 100 (xm (IDT period) 

co, = 2jtf, = 2*; 2.81 M H Z 

CO3 = 2jtf3 = 2jt 19.13 MHz 

and we obtain: T = 451 N/m. 

If the bulk silicon frame does not generate additional perturbation, then 

the tensile stress in the 1.9 \nra thick composite membrane corresponds to 0.24 

GPa, which is in accordance with experimental data given in chapter 6, section 

6.4.1. 

169 



Experimental results 

This simple method can be applied to thin membranes coated with a 

superconducting film (e.g. Nb or high-rc Y,Ba2Cu307). The phase transition 

between normal and superconducting states generates ultrasound attenuations 

[7.23], which could be detected by measuring the IDT synchronous frequency 

shift induced by the tensile stress variation. 

SAW attenuation due to the electron-phonon interaction at the 

superconductive transition has been studied for high frequencies [7.24], [7.25]. 

In our case, despite the fact that the FPW synchronous frequency is very low, 

the high sensitivity of the a,, (n=l) mode offers a unique opportunity to find 

some acoustic signal connected with superconductivity. 

7.4.13 Acoustic attenuation measurement 

For a wave packet generated by the IDT emitter, and traveling along the 

membrane between the two transducers, there are many factors that influence 

the acoustic attenuation (spurious reflections, scattering, dissipation in the 

different layers, etc.) In our case, the amount of acoustic attenuation in terms 

of the voltage amplitude variation of a given burst signal, corresponding to one 

edge reflection and one acoustic path length, was extrapolated. Figure 7.42 

illustrates the measured amplitude voltage at the IDT receiver, as a function of 

the burst amplitude for 9 V poling bias and a 20-shot burst. The main signal, 

measured at the receiver before the first edge reflection, corresponds to the 

wave group that has crossed one acoustic path length between the centers of the 

two transducers. The first echo corresponds to a wave packet detected at the 

same IDT receiver, which has crossed the whole membrane length three times 

and has been reflected twice on the membrane edges. 
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Figure 7,42: Measured voltage amplitude at IDT receiver as a function of the 
burst amplitude. Poling bias is 9 V, synchronous IDT frequency is 2.83 MHz, 
and the excitation is provided by a 20-shot burst. The main signal corresponds 
to one acoustic path length, while the first echo corresponds to three acoustic 
path lengths and two edge reflections. The extrapolated acoustic attenuation 
corresponding to one membrane length and one edge reflection is 33% of the 
initial amplitude. 

It has been possible to extract the propagating wave packet loss by 

measuring the difference between the main signal and the first echo (see Fig. 

7.42). This measurement results in a 33% acoustic wave packet loss after one 

membrane path length and one edge reflection. 

Instead of varying the burst amplitude, it is possible to study the acoustic 

attenuation by varying the burst shots, as shown in Figure 7.43. In that case, 

we observe that the resulting acoustic attenuation is comparable to the previous 

one. 
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15 20 
Burst shots 

Figure 7.43: Measured amplitude voltage at IDT receiver as a function of the 
burst shots. Poling bias is 9 V, synchronous IDT frequency is 2.83 MHz. The 
main signal corresponds to one acoustic path length, while the first echo 
corresponds to three acoustic path lengths and two edge reflections. The 
extrapolated acoustic attenuation corresponding to one membrane length and 
one edge reflection is about 33% of the initial amplitude. 

For mechanical transport applications, the power carried by the reflected 

wave packet strongly affects the velocity of moving microparticles and fluids. 

7.4.14 Unipolar voltage excitation (IDT unbalanced) 

When one comb of the IDT emitter is not activated but simply connected 

to the ground potential, the other comb can be driven separately. With this 

configuration (IDT unbalanced), it is also possible to generate acoustic waves, 

but less efficiently. Figure 7.44-45 shows a comparison between two frequency 

responses obtained with the balanced and unbalanced configurations. In our 

case, one comb of the driven IDT is floating instead of being connected to the 
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ground, and for both measures, the acoustic signal is detected with a balanced 

IDT receiver. An insertion loss difference up to 10 dB is observed. 

3.0 
Frequency [MHz] 

Figure 7.44: Frequency response obtained with a balanced IDT emitter. The 
receiver transducer is balanced, and bias voltage is 0 V. 

3.0 
Frequency [MHz] 

Figure 7.45: Frequency response obtained with an unbalanced IDT (floating). 
The receiver transducer is balanced, and bias voltage is 0 V. 
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7.4.15 Electromagnetic feedthrough 

interferences (TTI) degradation 

and triple-transit-

As mentioned in chapter 5, section 5.5, electromagnetic feedthrough and 

TTI between the two IDTs generate periodic ripples across the passband of the 

transducer at frequencies fr = 1/x and fr = l/2x respectively, where x is the 

acoustic delay time between both IDTs. The delay time is given by: 

T = • (7.7) 

with d the acoustic path length and VPa0 the phase velocity of the considered 

propagating mode. On Figure 7.46, the jaggedness of the passband is 

principally due to these ripples, which occur at periodic frequency intervals 

Af. Figure 7.46 shows that: 20 kHz s Af s 35 kHz. 

2.8 3.0 
Frequency [MHz] 

Figure 7.46: Frequency response of a Lamb wave device showing periodic 
ripples. 
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For the device involved here, Vpa„ = 280 m/s and d = 5.45 mm. Hence, if 

we calculate the TTI frequency, we find fr = l/2x = 25 kHz, in good agreement 

with the experimental values. 

7.4.16 Noise measurement 

The frequency response of our FPW devices is characterized by an 

increase of Insertion Loss (IL) with frequency. This r.f. leakage arises due to 

mutual coupling between the external circuitry connected to the input and 

output IDTs, as well as due to the direct coupling between both transducers 

(electromagnetic feedthrough and TTI). 

The mutual coupling between the external circuitry only, can be measured 

without device under test, i.e. both IDTs are disconnected from the external 

circuitry, and this coupling is referred to here as "noise measurement". 

Figure 7.47 (a) shows such a measurement. The phase response is almost 

linear with frequency up to 100 MHz, the R.F. leakage being non dispersive in 

air. If the frequency is represented on a log scale (see Fig. 7.47 (b)), the 

previous LL. shows a linear dependence with frequency. Hence, by analogy 

with the behavior of a capacitance versus frequency (c.f. section 7.2.2), we 

observe that the increase of LL. with frequency is essentially due to a 

capacitive coupling between input and output connections to the IDTs. 
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Figure 7.47 (a): Frequency response without FPW device under test. A 
resulting 30 dB variation occurs with a linear phase response up to 100 MHz. 
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Figure 7.47 (b): Frequency response without FPW device under test.. The LL. 
behavior indicates a capacitive coupling between the external circuitry. 
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7.5 Air-loaded FPW devices of the first generation 

This paragraph deals with Lamb wave devices fabricated with the same 

process as for piezoelectric cantilever beams (cf. chapter 3). Due to pinholes 

in the PZT film, only a few devices have shown ability to launch Lamb waves. 

Figures 7.48 (a) and (b) presents one of the various configurations 

investigated. This design allows us to observe an interaction between several 

waves at various angles. Unfortunately, only one of the three sets of IDTs was 

not shorted to the ground level. Compared to Lamb wave structures of the 

second generation, the devices presented here have a passivation layer (0.9 (xm 

of Chemical-Vapor-Deposited silicon dioxide, CVD SiO2 at 350 0C) which 

covers the entire area. 

Figure 7.48 (a): Optical view of a Lamb wave device of the first generation. 
The suspended membrane is 4.74 mm width and 7.64 mm long. Three sets of 
two IDTs are differently oriented. Each IDT consists of IO apodized finger-
pairs with a period of 100 yam,. 
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Figure 7.48 (b): Detail of two slanted IDTs of the first generation 

7.5.1 Frequency response of a 16.4 firn thick plate device 

Figures 7.49 and 7.50 illustrate the frequency response of such a device. 

The plate thickness is 16.44 \im, i.e. consists of 14.3 \im Si, 0.7 \x,m SixNy, 0.1 

(im Ta/Pt, 0.44 u,m PZT, and a 0.9 \xm SiO2 passivation. In (a), the three noisy 

regions between IMHz and 14 MHz are associated with standing waves. The 

lowest order (n=l) flexural mode a„ is detected at a center frequency of 18 

MHz (bias = 8 V), while in (b), this mode appears at a center frequency near 

16.5 MHz when the bias is only 5.9 V. Spurious edge reflections are not 

present because the backward emitted waves are strongly deviated and can not 

interfere with the main signal. Therefore, the insertion loss of the aß mode is 

symmetric with respect to its synchronous frequency. The rapid increase of 

I.L. with frequency is due to strong capacitive coupling between the input and 

output IDTs external connections. 

178 



Chapter 7 

= -70-

10 15 
Frequency [MHz] 

Figure 7.49: Frequency responses of a 16.4 f/m thick Lamb wave device. On 
the left part, the detected signals up to 14 MHz correspond to standing waves. 
A flexural mode a0 (n=l) is generated at a frequency near 18 MHz. Bias 
voltage is 8 V. 
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Figure 7.50: Narrow view of the frequency responses of a 16.4 firn thick 
Lamb wave device. The synchronous frequency of the flexural mode is about 
16.5 MHz for a bias of 5.9 V. 
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7.5.2 Frequency response of a 2.2 fxm thick plate structure 

The structure involved presently, has a plate constituted of 0.6 [xm SixN5,, 

0.08 um Ta/Pt, 0.58 ^m PZT, and a 0.9 urn CVD SiO2 passivation, i.e. the 

total plate thickness is 2.16 [xm. Figure 7.51 shows the frequency response 

under a bias of 16 V. The ^0 (n=l) mode appears at 2.25 MHz, the a„ (n=3) 

harmonic approximately at 18 MHz, and the symmetric S0 (n=l) mode at about 

55 MHz. The even harmonic (n=2) is not clearly visible, due to noise. 
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Figure 7.51: Frequency response of a 2.2 fun thick Lamb wave device. 
Propagating modes are detected at: 2.25 MHz, 18 MHz and 55 MHz for a0 

(n=l), a0 (n-3) and s0 (n=J) modes respectively. 

The preceding frequencies permit us to calculate the group velocity V^a0 

according to formula (4.47). We find: 

Vgao= 1.78 Vpao = 396 m/s. 
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Using formula (4.43), we can calculate the residual in-plane tension T. 

First, the plate density p has to be estimated through the summation of each 

density of the plate constituents. From the literature, [7.1], [7.26], 

p(SixNy) = 3.1 g/cm3, p(Pt) = 21.45 g/cm3, p(PZT) = 7.4 g/cm3, 

P(SiO2) = 2.1 g/cm3, and we obtain p(plate) = 4.518 g/cm3. The plate 

thickness being 2.16 \im, the in-plane tension is T = 117 N/m, giving a residual 

tensile stress o = 54.2 MPa. 

This residual tensile stress is 4.4 times smaller than that calculated for 

membranes of the second generation, which are not passivated with a CVD 

SiO2 thin layer. It verifies the fact that CVD SiO2 is much less stressed than 

SixNy, and can be used to diminish the residual tensile stress of microbafricated 

membranes. Furthermore, with a small in-plane tension T of 117 N/m only, 

the group velocity Vga„ increased to 1.78 times the phase velocity Vpa„, 

approaching thus the limiting value for an unstressed membrane, given by: 

Vgag = 2 Vpag. This measurement confirms the fact that the absence of tension 

in the membrane decreases the phase velocity, while it increases the group 

velocity. Furthermore, despite the fact that the piezoelectric layer is coated 

with a 0.9 (xm thick CVD SiO2 passivation, previous results emphasize the 

possibility of Lamb wave generation. 

7.5.3 Influence of the bias voltage and wave reflection 

As mentioned in section 7.5.1, the IDT orientation with respect to the 

bulk silicon edges strongly attenuates spurious reflections. This is clearly 

visible in Figure 7.52. At O V bias, the flexural a„ frequency response closely 

resembles that of a characteristic sync function (cf. formula (5.9), chapter 5). 

When the bias is 16 V, a gain of 22 dB occurs without the emergence of two 

main signals as observed for Lamb wave devices of the second generation. The 

181 



Experimental results 

reflected acoustic beam does not interfere destructively with the signal that 

propagates in the space separating the IDTs. The jaggedness of the passband is 

due to high capacitive coupling between external connections. 
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Figure 7.52: Narrow view of the frequency response of a 2.2 fjm thick Lamb 
wave device. An oblique reflection of the backward emitted waves prevents 
destructive interferences with the forward emitted waves. 

7.6 Vacuum loaded FPW device 

Lamb waves are very sensitive to mass loading [7.27]. A small change in 

the characteristic of the acoustic path between the two transducers causes a 

change in the synchronous frequency. Figures 7.53 (a) and (b) illustrate this 

change for a device operating first in air (1 bar) and then in vacuum (0.02 

mb). 
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Figure 7.53 (a): Comparison between air loaded and vacuum loaded Lamb 
wave device. The presence of air on both membrane sides decreases the gain 
and shifts the entire frequency response to lower values, (b) Narrow view of 
the signal. 
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Figure 7.53 (b): Comparison between air loaded and vacuum loaded Lamb 
wave device. Narrow view of the signal. 
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During the measurement, both sides of the membrane are in contact with 

the gas, at the same pressure. Mass loading due to normal air pressure induces 

a 7.4 kHz frequency shift, and an increase of 3 dB of the insertion loss, 

compared to the same device operating in vacuum. Table 7.5 summarizes these 

results. 

Table 7.5: Comparison between air loaded and vacuum loaded Lamb wave 
device. 

In Figure 7.53 (b), for a device operating in vacuum, the frequency of 

maximal I.L. amplitude does not correspond to the frequency of zero round-

trip phase shift: a shift of 600 Hz arises. 

Physically, the frequency at which a zero round-trip phase shift occurs 

represents the frequency eigenvalue W0 of an undamped free oscillator. In case 

of damping, the mechanical resonant frequency cor is below the eigenvalue GU0. 

The ratio cor / O)0 can be expressed [7.28]: 

^= fi^X (7.8) 
œ0 i 2ß2 

where oor and ro0 are the former frequencies and Q the resonance quality 

factor. 

With values of Table 7.5 , the left part (a) of formula (7.8) divided by the 

right part (b) gives: a/b = 0.9998, indicating that our FPW delay line 

184 



Chapter 7 

operating in vacuum can be considered as a mechanically damped oscillator. 

The damping is due to residual mass loading and in-plane residual tension. A 

similar procedure can be applied to an air loaded device. 

7.7 Water loaded FPW devices 

The effects of fluid charge loading of such membranes with different 

liquids have been studied by many authors [7.29], [7.30], [7.31], [7.32], [7.33], 

[7.34], [7.35]. In the following, we restrict our attention to Lamb wave devices 

having only one membrane side in contact with water. 

7.7.1 Frequency responses and gravimetric sensitivity 

A typical frequency response is illustrated in Figure 7.54. We see that the 

antisymmetric a„ transmitted acoustic signal suffers very little attenuation 

(2.3 dB) when the back side of the silicon nitride membrane is in contact with 

a 15-mm high column of deionized water, and that the entire operating band of 

the transducer is shifted to lower frequencies. In our case, a decrease in 

frequency as large as 30 % of the initial air loaded resonance frequency is 

observed. 

Strictly speaking, the former 2.3 dB attenuation is mainly due to a decrease of 

capacitive-coupling noise between input and output IDTs connections. If we 

consider the amplitude variation of the highest signals in air and in water with 

respect to the noise variation, it indicates that the lowest order flexural mode a,, 

is almost not attenuated due to liquid loading with deionized water. 
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Figure 7.54: Frequency response of the FPW device loaded in air and in water. 
A frequency shift of 850 kHz and a very small insertion loss variation are 
observed when the back side of the membrane is in contact with a 15-mm high 
column of deionized water. Bias is 10 V. 

In Figures 7.55-58 several narrowband frequency responses of an air-loaded 

and water-loaded FPW device are compared, under a bias of 9 V. In 7.55, the 

entire lower-order propagating mode ao (n=l) is strongly shifted to lower 

frequencies with a small attenuation, while for some frequencies below 2 MHz, 

which correspond to standing waves, the presence of liquid only attenuates the 

signal amplitude. Triple-transit-interferences are significantly reduced in the 

presence of liquid on the membrane. In 7.56 and 7.57, the even (n=2) and odd 

(n=3) harmonic O0 modes are translated to lower frequencies and slightly 

attenuated, while in 7.58, the symmetric mode undergoes a small shift and a 

low attenuation. These results indicate that the a„ (n=l) mode is much more 

sensitive to liquid loading than any other mode [7.36]. Table 7.6 summarizes 

these results. 
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Figure 7.55: Frequency shift and amplitude attenuation for the a0 (n-1) mode 
due to liquid loading on one side of the membrane. 
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Figure 7.56: Frequency shift and amplitude attenuation for the a0 (n=2) mode 
due to liquid loading on one side of the membrane. 
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Figure 7.57: Frequency shift and amplitude attenuation for the a0 (n=3) mode 
due to liquid loading on one side of the membrane. 
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Figure 7.58: Frequency shift and amplitude attenuation for the s0 (n=l) mode 
due to liquid loading on one side of the membrane. 

188 



Chapter 7 

wave type 

ao;(n=l) 

a„(n=2) 

a„ (n=3) 

S0 (n=l) 

Air loaded 
device 
Synchronous 

frequency 

[MHz] 

2.8375 

"9.480 

19.515 

62.120 

Water loaded 
device 
Synchronous 

frequency 

[MHz] 

2.035 

7.375 

16.240 

:62-040 

Fractional 

frequency 

shift Af/f 

i 

0.28 ; 

0T22" 

0.17 

0.0013( 

Amplitude 
attenuation 
[dB] 

3.9 

1.22 

0.76 

0.23 

Table 7.6: Comparison between air-loaded and water-loaded Lamb wave 
device. 

If we neglect the tension effects, i.e. the variation of frequency with 

hydrostatic pressure (differential pressure), the fractional frequency shift Af/f 

due to the added mass per unit area Amnuid when a fluid is in contact with the 

membrane, is proportional to the gravimetric sensitivity (Sro)nuid, which can be 

expressed, according to [7.37], as 

{Sm)^={fi^t~r~ 2(M+P^) (7-9) 

where M is the mass per unit area of the composite membrane, pnuid the fluid 

density and ô the decay length of the evanescent acoustic field in liquid. For a 

wavelength of 100 (xm, this evanescent decay distance is 16 [xm in water 

[7.38]. 

For our FPW device, the theoretical value of the mass sensitivity is 

(SJf111K, = -179 cmVg (calculated with M=I 1.9- 10'3 kg/m2 and ô=16[xm). This 
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suggests that our FPW sensor operating at 3 MHz with a short-term instability 

less than 1 Hz is able to detect a minimum mass change 

A m f l u i d = f ^ Ì 7 ^ ^ - (7.10) 
fluid 

of the order of 1 ng/cm2. 

7.7.2 Impulse response 

In order to use the FPW device as an active component for microfluidic 

applications such as a micropump, the FPW impulse response was measured 

with the backside cavity of the membrane filled with a drop of water. 

Comparison between air-loaded and water-loaded impulse response are shown, 

respectively, in Figures 7.59-60. 

In air, the delay time is 9.03 [is, corresponding to a group velocity of 388 

m/s. In water, the delay time increases to 10.60 u,s, while the group velocity 

decreases to 330 m/s. This attenuation for the lowest-order flexural motion in 

the presence of a liquid on a very thin membrane, is considered to be 

dependent on the ratio between the fluid and the plate density [7.39]. In our 

case, this ratio is 0.16. For a propagating wave without any loss into the fluid, 

this ratio would be close to zero. These measurements confirm the possibility 

of operating FPW devices in liquids. 
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Figure 7.59: Air-loaded FPW impulse response. 
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Figure 7.60: Water-loaded FPW impulse response. 
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7.7.3 Real time frequency shift visualization due to liquid 

evaporation on the membrane 

When one side of the membrane is in contact with water, an important 

shift of the passband occurs. This property can be used to observe how the 

gradual evaporation of a thin liquid layer evolve with time. 

Figures 7.61-66 highlight this experiment. In (61), the form of the device 

passband for the flexural a,, (n=l) mode is given before and after contacting 

the liquid. As long as the thickness of the liquid layer on the membrane is 

greater than the evanescent decay length, nothing happens. In (62), the 

evaporation starts progressively. In (63), no liquid is present on the acoustic 

path between the two IDTs, but both transducers and the membrane edges are 

still covered by the liquid. 

It is interesting that the evaporation does not simply shift the passband, 

but first decreases the acoustic amplitude and only after, shifts the frequency 

response. These mechanics emphasize the fact that only a small layer thickness 

is involved to move the passband (i.e. the decay length). 

In (64) the liquid is removed everywhere, except along the edges due to 

surface tension. This residual liquid absorbs spurious reflections, and prevents 

destructive interferences. In (65), the liquid is progressively removed along 

the edges. Finally, in (66), evaporation is complete. 
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Figure 7.61: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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Figure 7.62: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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Figure 7.63: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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Figure 7.64: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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Figure 7.65: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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Figure 7.66: Evaporation of a thin liquid layer on the membrane. See text for 
details. 
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7.8 Mass transport and micropump 

7.8.1 Trapping of granular solids 

Figure 7.67 (a) shows the back side of the membrane with two IDTs not 

energized. A 75-u.m glass sphere is located between the two IDTs. A bias of 

10-V d.c. increases significantly the stress under every IDTs finger pair so that 

the transducers are clearly visible. In Figure 7.67 (b), the microsphere is 

trapped in a nodal region of the membrane. By slowly changing the frequency, 

the trapped bead can jump forward and backward into another "nodal hole" 

(see Figures 7.68 and 7.69). Optical observations also indicate that the trapped 

particle has a very fast rotary movement. 

Figure 7.67 (a): Optical views of the backside of the membrane using the 
Nornar ski method. Induced stress under the IDTs fingers due to 10 Vbias 

without r.f. excitation. 
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Figure 7.67 (b): Optical views of the backside of the membrane using the 
Nomarski method. A 75-yan glass sphere is trapped between the two 
transducers when they are activated. 
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Figure 7.68: Micrograph of standing Lamb waves. A 75-pun glass bead jumps 
forwards and backwards between two nodal lines. 
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Figure 7.69: Optical view of a 75-pm particle moving rapidly along a circular 
path on the membrane. 

7.8.2 Mechanical transport of granular solids 

The mass translational properties of the PZT acoustic delay line is investigated 

by observing the physical translation of glass microspheres (Duke Scientific) 

across the surface of the membrane. Figures 7.70 and 7.71 illustrate these 

observations. A sequence of five successive video frame captures is presented 

in Figure 7.70. The FPW actuator is placed IDT-side down under the 

recording setup. A small amount of granular solids of different sizes (10- and 

75-u,m) were placed on the membrane in the etched silicon well. At time t=0 s, 

the major part of the microspheres is located near the left end of the 

membrane. By activating continuously the left transducer (not visible on the 

picture), which has a bidirectional power flow, a set of microballs moves 

quickly to the right end of the acoustic channel, while the other particles are 

moving to the left. It was observed, that some particles cross the entire 

membrane length during a time shorter than the measuring interval of 0.040 s 
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between two frame captures, implying a microbead velocity greater than 20 

cm/s. 

Figure 7.70: Optical views of the mechanical transport of granular solids 
induced by the lowest an Lamb mode in the membrane. At time t = 0 s (top 
picture) the major part of the glass beads having different sizes is located in the 
left. The microspheres are moving from the left to the right. The membrane 
length is 8 mm. With a measuring interval of 0.040 s between each frame 
capture, it is found that the faster particles have a velocity greater than 20 
cm/s. 
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Figure 7.71: Sequence of four video frame captures showing the displacement 
of different sized particles (50 to 220 pm wide). In this case, the microspheres 
are moving from the right to the left. At time t = O s (top picture) the major 
part of the glass beads having different sizes is located in the right. The 
interval between each frame capture is 160 ms. 

7.8.3 Micropositioning of a single microsphere 

In order to have a better control of the particles motion, only one particle 

sphere was deposited on the piezoelectric layer. Figure 7.72 shows the 

movement of a single 75 \i\x\ glass sphere across the surface of the membrane 

between the two transducers. Each picture shows the displacement of the 

sphere after a burst of 1500 shots at 3.85 MHz with 7 V DC bias and 8 Vpp 

excitation. 
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Figure 7.72: Optical views of the mechanical microtransport of a single 75 pun 
glass sphere induced by the lowest a0 Lamb mode in the membrane. The 
excited transducer is located to the right. Each view shows the displacement of 
the particle after a burst of 1500 shots at 3.85 MHz with 7 Vhias and 8 Vpp 

excitation. A measuring displacement of WO fim after one burst indicates that 
the velocity of the sphere is 25 cm/s. 
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In this case, if we neglect inertial effects due to the mass, the average 

displacement after one burst is 100 |xm, indicating that the velocity of the 

sphere is 25 cm/s. By varying the burst rate and the burst length, it was 

possible to move the single particle in both directions and to achieve controlled 

small displacements with high accuracy and short time response. 

This kind of device provides a very useful method to manipulate and 

characterize single small particles of only a few microns size and should also 

be suitable for biological purposes like living cell trapping and cell 

manipulating applications. A FPW actuator is also suitable for injecting 

sequentially small quantities of particles in an on-line monitored device 

requiring fast time response and precise mass transfer control. 

7.8.4 FPW sensitive mass filter 

Separation of solid particles having different sizes (50 to 250 ^m wide) 

along the surface of the membrane was achieved by using the lowest-order 

flexural a„ mode (n=l) generated motion. Figure 7.73 exhibits a sequence of 

three video frame captures using a high-speed shutter. Two glass microspheres 

of different sizes were placed on the membrane. At time t=0 s, the particles are 

located near the right edge of the suspended membrane. The IDT (not visible) 

is on the backside of the membrane, just under the two glass beads. A 

continuous a.c. voltage excitation of 6 Vpi, applied to the IDT moves the 

particles from the right to the left. After 0.080 s, we observe that the two 

particles are completely separated. This occurs due to different inertia of the 

beads. 
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Figure 7.73: Sequence of three video frame captures, illustrating the separation 
of two different sized particles at the resonance frequency of 2.952 MHz. The 
driven IDT is on the right, on the backside of the membrane. After 0.080 s the 
two particles are completely separated. 

Figures 7.74 and 7.75 illustrate respectively the measured displacements 

of two different glass microspheres as a function of the burst length and the 

amplitude of the burst excitation at the resonance frequency. This points to the 

possibility of using Lamb-wave devices as a sensitive mass filter. 
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Figure 7.74: Displacement of two different sized glass beads actuated by a 
FPW actuator for several burst lengths at the resonance frequency of 2,952 
MHz. 

Figure 7.75: Displacement of tn>o different sized glass beads actuated by a 
FPW actuator for several burst amplitudes at the resonance frequency of 2.952 
MHz. 
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7.8.5 Liquid loading and pumping 

Fluidic transport of suspensions is a universal and extremely important 

part of fluidic control. Liquid suspensions of solid particles are used in 

chemical (bio)reactors, colloidal chemistry, drug delivery and microfluidic 

applications. 

In order to study the flow profiles and the liquid flow rates achieved with 

our FPW actuators, three configurations of the liquid in contact with the 

vibrating membrane were tested. First, the 380 u.m deep silicon flow channel 

was filled with deionized water that contained 3 urn polystyrene microspheres, 

and 10 and 75 UJTI glass spheres, without covering the liquid with a glass slide. 

Secondly, the liquid was confined near the membrane by using a transparent 

cover piece that filled the silicon well, except for the 40 u.m over the activated 

membrane. Finally, a cover piece was placed with an inlet and an outlet 

connected to silicone tubes. 

In the first case, a global rotatory movement is created in the moving 

liquid with a flow velocity depending on the depth in the channel. For 10 u.m 

spheres moving close to the membrane, the average velocity is 250 u.m/s. In 

this configuration, the creation of two or three narrow channels along the 

membrane length (see Figure 7.76) was also observed. For 10 [xm glass 

particles moving along these channels, a velocity higher than 1.6 cm/s was 

measured, which is much more than the predicted value of 600 um/s for the 

liquid only [7.40]. 

These intriguing narrow channels emphasize the fact that the flow profile 

across the FPW-driven plate is not uniform but suffers strong irregularities. 

On the other hand, for solid particles having a density higher than the moving 

liquid, one can expect that their velocity will differ from that of the fluid. 
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Figure 7.76: Optical view of liquid loading with solid particles. The driven 
transducer (not visible on the picture) is located to the left end of the 
membrane. Liquid moves from the left to the right. Four narrow channels are 
created where the measured velocity for IO /i/n glass spheres is higher than 1.6 
cm/s. 

In the two last cases, silicon wells having the same profiles as the FPW 

actuators but with 340 urn depth instead of 380 urn, were fabricated, and filled 

with UV cured epoxy with or without the two inlet and outlet apertures, 

depending on the use. After polymerization under UV light and N2 flow rate, 

these cover pieces were released from the silicon matrix and carefully 

deposited on FPW membranes (see Figure 7.78). In order to avoid pressure 

loss around the contact area, these structures were sealed with silicone glue. 

This method allows the fabrication of driven flow channels having a 

trapezoidal cross section and a well controlled thickness of only a few u,m. 

Figure 7.77 shows a schematic view of a first FPW micropump with inlet and 

outlet apertures that are perpendicular to the membrane and connected to 

silicone tubing having a 0.508 mm internal diameter. From a practical point of 

view, it was necessary to prove that such a planar driven flow channel over the 

flexural piezoelectric membrane, can induce an observable flow rate in the 

silicone tubes. 
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silicone liquid 
tube flow 

flow channel with trapezoidal 
section 

Figure 7.77: Schematic view of a FPW micropump having inlet and outlet 
apertures and a cover piece to confine the liquid close to the driven membrane. 
The flow channel has a well-controlled thickness of only a few micrometers in 
order to induce a flow rate in the silicone tubes. A flow rate of 0.25 pi min' 
was achieved with such a micropump prototype. 

Figure 7.78: Micrograph of the micromachined cover piece which confines the 
liquid close to the membrane in the FPW micropump. The inlet and outlet 
tubes allow connection to small bottles filled with water. 
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The silicone tubes having a length of 9 cm were entirely filled with a 

colored solution of water containing polymer microspheres of 3.2 u,m size, and 

their ends were then attached into small filled bottles. In this way, the liquid 

could flow into the tubes without being stopped by the surface tension that 

would appear between air and liquid, in the case of partially filled tubes. Both 

liquid levels in the two storage bottles were carefully adjusted to be equal. 

With this configuration, we have recorded fluid motion in the silicone tubes, 

that was only produced by the flexural wave, at a distance of 4 cm away from 

the driven membrane. 

The measured fluid flow velocity was 21 u.m/s giving an average flow 

rate of 0.25 u,l/min. By elevating a few mm one storage bottle, the flow rate 

was totally inverted in the tubes but not in the driven flow channel. Close to 

the membrane, the driven transducer was able to force the liquid to move in 

the initial direction, although an additional flow was created near the cover 

piece in the opposite direction due to gravity, at a distance of 40 u,m above the 

membrane. 

This superposition of two flow rates in opposite directions close to the 

membrane, confirms the fact that a flexural plate wave propagating in the 

membrane produces an evanescent disturbance in the fluid that will extend to a 

distance of only a few u,m. 

Therefore, it seems possible to obtain a better flow rate in the silicone 

tube with an useful pressure difference between inlet and outlet for practical 

applications, by using a liquid confinement closer to the membrane, that is at a 

maximal distance in the order of the evanescent decay length. 
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Chapter 8 

8. Conclusion 

In this work, studies of cantilever beams and ultrasonic Lamb-wave 

devices based on PZT thin films have been presented. The most important part 

concerns Flexural-Plate-Wave (FPW) devices, with related acoustic theory, 

their design, fabrication, characterization, and finally the experimental results. 

Concerning piezoelectric beams, interferometric displacement measurements, 

electrical measurements and finite element simulations have been done to 

determine some piezoelectric properties of these beams actuated by PZT sol-

gel thin films. 

In the linear domain of the piezoelectric film, experimental results 
-12 

yield a transverse coefficient d3l= -24.72-10 C/N for interferometric 
-12 

measurement and d3I = -22.34 10 C/N for electrical measurement which are 
-12 

close to the value <t3l = -21.4-10 C/N obtained from the finite element 

calculations. In the saturation domain the df/ value obtained is about 35 % of 

the reported value for bulk ceramics. 

From experimental data the initial stress of the beam induced an 

apparent poling voltage of 2.8 V. However simulations based on a thermal 

mismatch effect leads to a higher shifting value of 5.6 V, indicating that this 

virgin permanent polarization of the PZT film is due to another process 

dependent effect. 

Finally, the measured and calculated frequencies for different modes of the 

beam are in very good agreement. 
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Concerning ultrasonic Lamb waves, demonstration of the feasibility of 

fabricating Flexural-Plate-Wave acoustic transducers using PZT sol-gel thin 

film as the piezoelectric layer has been presented. The use of PZT provides a 

stronger piezoelectric coupling and generally produces higher acoustic powers 

than zinc oxide (ZnO) or aluminium nitride (AlN). However, for the PZT 

films, a d.c. bias is required to obtain maximum efficiency, and fatigue occurs 

with extended use. Further improvements of the PZT film are thus required. 

The acoustic delay line of air-loaded devices resulted in phase velocity 

between 286-312 m/s with a group velocity 1.31 to 1.54 times the phase 
2 

velocity. A theoretical gravimetric sensitivity (Sm)„uid = -179 cm /g was 

calculated for the device loaded with water, suggesting that the minimum 

measurable mass change Amflllid on the membrane is of the order of 1 ng/cm^. 

Various measurements (e.g. polarization, voltage sensor, optical wave 

pattern visualization, edge reflections, acoustic attenuation...) have been 

performed to emphasize the diversity of use of such acoustic waves. 

Comparison between theoretical predictions and measured values shows a good 

agreement. 

A method to determine the residual in-plane tension of composite 

suspended membranes by measuring only the frequency of propagating 

harmonic Lamb modes was presented and offers many interesting potential 

applications (e.g. to study the frequency shift related to the phase transition 

between normal and superconducting states of thin films deposited on the 

membrane). 

Mechanical transport of small quantities of granulai' solids with velocities 

greater than 20 cm/s has been observed. The microtransport and 

micropositioning of a single 75 \xm particle size having velocity up to 25 cm/s 
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was demonstrated, providing a very useful method to manipulate small 

particles of only a few microns size. The possibility of using Lamb waves to 

separate particles of different mass has been achieved and indicates the use of 

FPW devices as sensitive mass filters. 

Liquid loading with solid microspheres was achieved with an average 

velocity of 250 jxm/s. A velocity higher than 1.6 cm/s was also observed for 10 

^m glass spheres in the liquid along narrow channels. 

The possibility of using a FPW actuator for pumping liquid in silicone 

tubes with a flow rate up to 0.255 (il/min at a distance of 4 cm from the driven 

membrane has been demonstrated. Increase of this flow rate and of the 

pressure difference between inlet and outlet apertures, should be possible by 

confining the liquid closer to the membrane. 

These very promising results emphasize the great potential of Flexural-

Plate-Wave devices based on PZT sol-gel thin film in sensor, mass transport 

and fluid delivery systems. 
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