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ABSTRACT

Photolithography and chemical etching were investigated as a potential means of
fabricating miniature piezoelectric devices. Among the acids studied, concentrated HCI
demonstrated the fastest etching of PZT-501A disks over a wide temperature range. This
rate is believed to be due to the fact that the acid is a grain-boundary specific etch ant so
that it dissolves the material around the grains, freeing rather than etching through
them. HCI also proved to be compatible with some commercially available photoresists
and so could be incorporated into a simple experimental procedure for delineating and
etching patterns in the ceramic.

Using this technique, several piezoelectric devices were manufactured from thin
(-0.2mm thick) ceramic wafers. Flexural mode resonators similar to tuning forks were
generated with fundamental resonances between 10 and 115 kHz. These same devices
were then used to provide simultaneous measurements of the density and viscosity of
liquids by monitoring the position of the resonance frequency and the width of the re-
sonant peak, respectively. Thickness extensional resonators with reduced planar
coupling were also fabricated by etching a thin spiral through the thickness of a ceramic
disk. This ability to selectively destroy lateral resonances could make high frequency (>2
MHz) PZT transducers for medical imaging systems feasible. Finally, folded ultrasonic
delay lines were fabricated by etching PZT disks into planar spirals. These should prove
valuable as compact variable delay lines.

This processing technique is not materials specific, and so should be useful for pro-

cessing complex two-dimensional configurations from a variety of substrate materials.
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Chapter 1

INTRODUCTION

1.1 Objectives

The technology necessary for the production of miniaturized devices has been de-
veloped for and is universally exploited by the semiconductor industry in the production
of integrated circuitry. Although many other fields could benefit from the ability to rni-
crofabricate components, little work has been done to transfer the available knowledge to
other systems. Thus. the first objective of this study was to determine if the photolitho-
graphic process could be adapted to ceramic materials.

The second objective of this work was to use the technique to manufacture piezo-
electric devices which would be difficult or impossible to replicate by available meth-
ods. Ferroelectric lead zirconate titanate (PZT) was chosen as the substrate material
because miniature piezoelectric devices could be employed as resonators or sensors.

Practically. the first objective implied that a suitable chemical etch ant for PZT and
a compatible photoresist had to be found. Consequently, a survey of the etching rates of
the ceramic in various caustic liquids was undertaken with the intent that a commercial-
ly available photoresist would be chosen to match the most promising. Once such a sys-
tem had been determined, studies which would outline the range of device dimensions
obtainable using the processing technique were planned.

In pursuing the second objective it was decided that as many potential devices as
possible would be studied. This would demonstrate the flexibility of the technique while
simultaneously testing its limitations. Among the devices chosen for investigation were

flexural and thickness mode resonators and acoustic delay lines.



1.2 EabricatiQn PrQcess

1.2.1 MicrQfabricatiQn  Qf SilicQn

1.2.1.1 Microelectronics

The advent ot the microcomputer was presaged by the development of a tabrication
procedure which permitted the semiconductor industry to mass produce miniature elec-
tronlc devices. This technology, and hence the whole realm ot integrated circuit manu-
facture hinges on the ability to create very fine patterns on the surface of a silicon wafer
by selectively removing rninute quantities of material. In order to accomplish this, a
multi-step process is employed wherein a pattern masking portions of the wafer surface
is first delineated so that unprotected areas can later be etched away (1). The process,
pictured in Fig. 1, is thus largely analogous to the production of pictures by the printing
plate method. FQr many applications in microelectronics the photoresist is used only to
pattern a design in a thin layer of 8i02 grown Qnthe surface of the chip. This film then
serves as the resist for all subsequent etching steps.

Replication of a desired pattern, or lithography, by conventional methods necessi-
tates the use of an energy sensitive barrier, called a resist, and an activating light
source. Most commonly, the photoresist is applied by dropping a small amount of liquid
on to the wafer surface and then spinning the disk at very high speeds (3000 - 6000
rpm is typical (2)) to spread the fluid into a thin, even coating. Once this is done, the
coated disk is soft-baked to remove the solvent from the liquid film (3). Dried disks are
then exposed by projecting an intense light thrQugh a photomask patterned with the cir-
cuit design. This affects the photoresist in one of two fashions, depending on the type uti-
lized. Negative resists are polymeric compounds composed of a photosensitive material

and a synthetic-rubber component. Upon exposure to light, the photoresist undergoes
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Fig. 1: Photolithography process



a chemical reaction in which the photoactive material, bis-aryldiazide, cross-links the
rubber, rendering it insoluble in the developing solution. Consequently, on developing,

only the unexposed regions dissolve, and the desired pattern is produced (3). Positive
resists, on the other hand, contain three components, a photoactive compound, a resin,
and a solvent. During exposure to radiation, the photoactive compound, O - naphtha-
quinonediazide, hydrolizes and decomposes into carboxylic acid. Thus, when developed in
a basic solution, the exposed areas dissolve (See Fig. 2) (3). For the unexposed regions
the material acts as an inhibitor, preventing etching of the low molecular weight Novolak
resin.

Projection of light through the photomask can be accomplished in two distinct fash-
ions. In the first, contact printing, the mask transparency is laid directly on top of the
resist-coated wafer. While this technique eliminates many potential difficulties due to
slightly uneven wafer surfaces, itis used only rarely because it leads to rapid deteriora-
tion of the patterned mask. (Contact with the resist results in abrasion defects which are
then printed with all subsequent uses of the film.) The combination of these unavoidable
defects with diffraction effects limits the resolution of contact lithography to 2-7)J.m,
although 0.5)J.m linewidths have occasionally been achieved using deep UV radiation (1).

A technique which is more frequently encountered is projection printing, where a
high resolution lens is used to focus incident light through the mask onto the wafer (4).
As this process does not necessitate contact between the photomask and the wafer, accu-
mulated defects are not problematic. Resolution is, however, limited to sum by scatter-
ing of light through the lens, mechanical vibration, airborne contamination, imperfect
wafer surfaces, and diffraction effects (4).

Because diffraction limits resolution by a factor proportional to

numerical aperture
(5) to procure finer resolution it is necessary to utilize radiation with a wavelength

shorter than that of visible light. For this reason, both x-ray and charged-particle
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(Via ketene intermediate)

Fig. 2: Decomposition of the photoactive compound in a positive resist (3)



lithographies are essential in the production of densely packed chips. Using a poly
(methylmethacrylate)  resist which depolymerized on exposure to x-rays, Smith et. at.
(6) reported resolution of 0.5p.m. Similarly, patterns of remarkable clarity (resolu-

tion of o.t urn) are reported using electron beams (1). Finally, ion beam lithography,

the newest technique, possesses resolution comparable to the electron beam method, and

so it is useful both in direct wafer writing and in mask fabrication.

It should be noted that the extremely fine feature sizes cited here can be achieved
only under strict clean room conditions (7-9). Dust particles which adhere to the wafer
surface, for example, can seriously mar the photolithographic pattern. Consequently,
particles of only 10-30% of the desired linewidth can result in imperfections with ef-
fects as varied as "marginal changes in circuit parameters and a tendency towards de-
graded performance to outright catastrophic failure of the finished component" (7).

Once the pattern has been delineated in the resist, the design must somehow be
engraved into the substrate. Most frequently, this is accomplished using wet chemical
etching, but ion etching and reactive plasma etching are now utilized when either high
resolution or special microstructural features are demanded.

In order to implement chemical etching, itis necessary to find a reagent which
readily dissolves the substrate while leaving the patterned resist intact. Two distinct
types of etchants are utilized in the microfabrication of silicon wafers: isotropic etch-
ants which attack all crystallographic directions at the same rate and anisotropic etch-
ants for which the etching rate is a function of the Miller indices of the plane.

Due to their selectivity, anisotropic etchants are used to formulate the most precise
and demanding geometries. Because the morphology of the etch trenches is determined
the slowest etching face, sidewalls of features meet at well defined and highly reproduc-
ible angles (corresponding to the family of {111) planes for (100) silicon). Using a so-
lution of 4 mole % pyrocatechol, 46.4 mole % ethylene diamine, and 49.4 mole % water

as an anisotropic etch ant for silicon in the production of integrated circuitry, Bean (10)

by



effected packing densities of -6t UM and etching ratios of 650 to 1.

Although chemical etching is widely applied in the semiconductor industry, its use
is bounded by a tendency to bridge between closely spaced strips of photoresist, prohibit-
ting etching in that channel. Thus, to obtain very fine microstructures, either ion or re-
active plasma etching must be employed. The first of these, ion or sputter etching, en-
tails the use of energetic argon ions as a bombarding species active enough to dislodge Si
atoms from their lattice sites. Since most materials possess similar sputter yields,
however, ion milling will not be useful until a means is devised to deflect the beam pre-
cisely, forestalling the need for masks (1). Of more immediate practical concern then,
is reactive plasma etching. In this technique, the wafer is placed in a reactive gas am-
bient, but no high voltage acceleration of the ions is attempted. Instead, the substrate is
removed as a gaseous species absorbs, undergoes a chemical reaction, and desorbs as a
silicon containing gas.

l.e,

CF4 + C~ +2F

Si) + 4F *  SiF4q)
0
Si0y(st 4F e SiF4@g+ 2

Si N s 12F 3SiF ( St 2N2
Wang and Wong (11) have attained aspect ratios (depth of trench divided by the width of
the opening) ranging from 2:1 to 10:1 or greater in research on trench etching tech-
niques for dielectric isolation using this process. Plasma etching was also utilized by

Takahashi, Murai, and Kodera (12) to fabricate submicrometer gates for GaAs MESFET's.

1.2.1.2 Mijcromechanical = Devices

The same techniques exploited in the manufacture of integrated circuitry have also

been used to produce miniature mechanical devices from silicon wafers. This type of



micromachining has resulted in inkjet nozzles, multisocket electrical connectors, multi-
channel arrays and wave-guides, pressure sensors, valves, and gas chromatographs
(13.14) with feature sizes almost as small as those realized in microelectronics. In
addition to the tremendous size advantage devices of this kind exhibit over their full-
scale counterparts, the fact that their processing is compatible with the production of
microcircuits makes them particularly amenable to integrated packages.

Micromachining relies almost exclusively on the use of anisotropic etch ants to de-
fine the device geometry. Because the rate of attack varies widely along the different
crystallographic  planes of silicon (Bassous reports 50. 30, and 1J| m per hour for the
{100} {11 0}. and {111} planes respectively (14)) etched cavities grow until bound by
a combination of {111} and {110} walls. Consequently. with careful orientation of the
photolithographic  pattern on the substrate wafer, it is possible to assure trenches with
perpendicular or pyramidal sidewalls. Using this technique, Bassous fabricated nozzles
for inkjet printers. electrical connectors. and optical waveguides (14). Similar work at
the Integrated Circuits Laboratory at Stanford University and at IBM have produced
numerous other devices including pressure sensors, accelerometers. and heat sinks for
microchips (13). Among the most elaborate of the microprocessed devices fabricated

thus far is the gas chromatograph pictured in Fig. 3.

1.2.2 Microfabrication of Ceramics

1.2.2.1 Quartz pjezoelectrjcs

One of the few instances in which photolithography and chemical etching have been

applied to non-semiconducting materials is in the production of quartz devices for fre-

quency control. Many quartz wristwatches, for example, rely on miniature tuning forks

made in this way (15.16). The technique is particularly suited to device fabrication of
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retention time in the column. AS each gas arrives in turn at the end of the column, it
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tivity detector is mounted. Sample gases have a lower thermal conductivity than the
helium carrier gas has and cause vonage peaks in the detector output. The volume of each
gas is determined from the area under the voltage peak it creates."

Fig. 3: Miniature gas chromatograph (13)
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this type because it permits inexpensive mass-production of precision components. This
same reasoning is operant in the use of photolithography and etching for the manufacture
of surface acoustic wave (SAW) resonators. In this case, an array of fine grooves is
etched on each side of two interdigital transducers (See Fig. 4) to reflect surface waves

for a range of frequencies. Again, the substrate is SiO,.

1.2.2.2 perovskite Ferroelectrics

The only application of micromachining to ferroelectric ceramics found in the lit-
erature was the work by Shiosaki and his co-workers on laser enhanced chemical etching
of PZT and PbTiO3 (17,18). In their experiments, an Ar+ laser focussed on the surface
of a ceramic disk immersed in a 10 moll, KOH, water solution was used to etch both
trenches and holes. The initial etching rate 01>100.um per second is exceedingly high,
but it dropped off rapidly (Fig. 5) due to disruptions in the laser power transmission
through the KOH layer and defocussing of the laser at increased etch depths. At this etch-
ant concentration etching is reported to ooeur intergranularly rather than by melting and
refreezing of the surface.

Aside from this work, little has been reported even on the etching rates of the
ferroelectrics in various liquids. Consequently, Solubilities of Inorganic and Organic_
Compounds  (19) lists no data on any zirconates or titanates. The richest source of
information on the etching of perovskites, then, was papers by microscopists interested
in delineating either grain or domain boundaries by chemical etching. A compilation of
the compositions utilized is given in Table 1.

In almost all cases these constituted light etches of the ceramics with etching times
of only one to ten minutes. It was expected that use of such chemical etch ants for the

micromachining of PZT would require longer times and harsher etching conditions.



QUARTZ
SUBSTRATE

INTEROIGITAI
TRANSDUCER ~ VEO ARRAY
GROO R
REFLECTO
0-
- -20
LAV RESO~A\([
5 IOT RESPO'ISE
~ =40
- GRAT~~. BAND
Jo 1 .
#60 [f' - | : -;:-;R~£~F:!:|~E§‘1"""""35,""’3,115’5"’
345 —  3i9
W pRpQUHy | (Mil..
Fig. 4. SAW resonator (15)
ISO
u_ 0 1.Ow
- + 06w
~ 100 * 0.2wW

930

u
]

) 50 60
10IRRADYADIATIDRO TIMEY sec )

Fig. 5: Laser enhanced etching of PZT (18)



Table 1: Compositions used in the etching of perovskites

Perovskite

BaTiO3
BaTiOg
BaTiOg
BaTi0g
BaTiOg
BaTi03

BaTiO3

SI’Ti03

PZT

PZT

PL2T

Etchant

HCI

1 drop HF in Sec water

cold concentrated HCI

0.5% HF and HNOg

HCI, room temperature
orthophosphoric  acid 130-150°C
BaCl, and NaOH salt solutions at
high temperature

HF:2HNO3: 2H50

hot concentrated H3P0y4
0.50.9.20Ml;  HNOg, 0.03-3.00MOl;
fluoride ion, balance H»O

5% HCI with 7 drops 35% HF

12

Reference

(20)
(20)
(1)
(22)
(23)
(24)

(24)

(25)

(26)

(27)

(28)
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1.3 Microprocessed  Ferroelectric = Devices

1.3.1 Flexural Mode Resonator

1.3.1.1 Geometrv and Electrode Pallern

A bar of any material can be made to flex if one side is forced to expand while the
opposite contracts. (See Fig. 6) When this motion is made periodic, the bar vibrates at
some natural frequency determined both by its dimensions and by the speed with which an
acoustic wave travels through the medium. For a long, thin bar clamped on one end, this

frequency is given by the Euler beam formula:

(29,30) where f, is the resonant frequency, w is the cantilever width, |the cantilever
length, E the elastic modulus, p the density and 132 depends on the order of the resonance
and the ratio wi* Thus, for a thin beam, 13; = 1.875, 13, =4.694, and li; = 7.855.

Similar resonators can be made out of piezoelectric ceramics if some electrode
pattern which induces flexure in the bars is used. Both quartz (16) and PbTi0z (29)
tuning forks have been made using the configurations shown in Fig. 7.

In this study, a slightly different geometry for the resonating element was chosen.
Four cantilevers arranged around a center bar so that the whole looked like a capital" H"
(See Fig. 8) would be etched out of a sheet of PZT poled in the thickness direction. With
one face electroded as demonstrated in Fig. 9 and the other completely metallized and
allowed to act as a floating electrode, an electric field like that of Fig. 10 would be estab-
lished. Due to the converse piezoelectric effect €i = dijEj (31), a strain field arises in

which one half of the leg expands and the other contracts. This fulfills the condition for

flexure, and the cantilevers wag in the horizontal plane. By utilizing four cantilevers
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Fig. 6: Flexure of a bar (32)
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Fig. 9: Electrode pattern for flexural mode resonator
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arranged so that they are symmetric about the center bar, the root of each cantilever is
effectively clamped by the motion of the others. This then permits each of the cantilevers

to act as though fixed on one end.

1.3.1.2 Tyning fork

Use of a device like that described in section 1.3.1.1 as a tuning fork is fairly
straightforward. ~ When the electric field is applied at the resonance frequency of the
cantilevers, the device vibrates with maximum amplitude. The characteristics of the
resulting resonance can be determined by monitoring its electrical properties: capaci-
tance, impedance, conductance, etc., as the exciting field is passed through resonance
(33).

The shape of the resonance is most frequently described by Qm' the mechanical

quality factor, where

Q = __ T ey ey eeengee
m width of peak at half height

(34). Materials with a high mechanical quality factor, e.g. quartz, possess resonance
peaks which are very narrow; lower Q materials demonstrate much broader peaks. (See
Fig. 10) Since PZT 501 A has a Qm= 80, (35) it is expected that the resonance curve
should be moderately sharp.

Tuning forks are generally designed to vibrate with a very specific, reproducible
frequency. One instance where this is mandated, for example, is when the period of
oscillation is used as a measure of time. Quartz oscillators are now used as in this way as
secondary timing standards. Recently, similar resonators have been incorporated into

wristwatches.
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1.3.1.3 Density Meter

Whenever a transducer is excited in a fluid medium, an effective mass is forced into
oscillatory motion. This quantity includes contributions from the transducer itseif, i.e.
the piezoelectric and the electrode, and an additional term known as the radiation mass
due to the displaced fluid surrounding the ceramic. For vibrations in air, this radiation
mass is very small, and so in many circumstances is considered negligible. In the case of
a transducer vibrating in a liquid, however, the weight of the disturbed fluid cannot be
neglected and so the effective mass is far higher.

As an approximate treatment of the effect of the mass-spring damping on the sys-
tem, consider the resonance of the transducer in air to be undamped (a valid assumption

for a high am transducer) so that it follows the equation

ml-)-é + SX=0
dt

(34),(36) where m is mass, x is position, tis time, and s the spring stiffness constant.

Solution of this equation gives the resonant frequency in terms of sand m:

= 30

(34). For vibrations in air, m includes only the mass of the transducer and the reso-

nance can be expressed as
|
|
SAVER v :

cerarruc
for B = constant and Pceramic = density of the ceramic. When the osciilator is immersed
in a liquid, however, the mass of the transducer is augmented by that of the displaced

fluid, ml' so that

P10 -
Y (e m,
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Since ml = A x Pligand m = Bx Pceramic for A and B constant, the equation can be

expressed as

(= 1 S
r

2t Ap'llq * cheramié
Z—C[Al Plig * BIPceramic]

f

r

when A, the wavelength of the vibration in the fluid, is much greater than the size of the
transducer (A, B' and C are constants). (If this last condition is not fulfilled, the trans-
ducer is no longer considered a point source of radiation, and m; becomes frequency
dependent.) For cases in which the equation does hold, however, it is clear that a plot of
f-2 versus Plig should yield a straight line.

From this treatment it would be expected that a flexural mode resonator would
undergo shifts in the resonant frequency when oscillated in liquids of different densities.

By calibrating this change, the device could be useful as a density meter.

1.3.1.4 Viscometer

In addition to the effect of fluid on the value of the resonant frequency, the nature of
the surroundings also influences the shape of the resonance peak, and hence am' This in-
teraction is due to the fact that during transmission of acoustic waves, some media absorb
the energy more rapidly, dissipating itas heat. To derive the effect of the viscosity of the

liquid on am' consider the wave equation

(37) where P =density, u = displacement, t =time, q = real elastic constant, and T\ =

coefficient of viscosity defined as



where y' = volume coefficient of viscosity and v" = shear viscosity. This can be

rewritte n as

For harmonic oscillations:
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Substitution into the wave equation gives
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Rewriting the elastic constant as a complex quantity gives
q" =q +jq° =q(l+jE)
q
Since this is alternatively defined as

"=g(l+jtan8)=q(l+j_1
q a( ] ) = a( JQ;)

(38) it is clear that

nin =_1
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This final equation suggests that a piezoelectric resonator should make an accurate
viscometer. Thus, with correct calibration, analysis of the resonance behavior (peak
position and peak width) of an oscillator vibrating in a fluid should simultaneously pro-

vide measurements of the liquid density (section 1.3.1.3) and viscosity.

1.3.2 Thickness Mode Resonators

1.3.2.1 Disk Transducers

Thin, circular disks of piezoelectric ceramics are used in many applications to
generate acoustic waves (39-42). For a plate poled in the thickness [3] direction and
electroded on the faces, several resonance modes can be stimulated by applying an
alternating voltage. The most commonly employed mode of resonance is the thickness
extensional vibration in which the disk undergoes a strain corresponding to

"3 = dg3E;
(31) where "3 and Eg correspond to the strain and electric field components in the
thickness  direction and dg3 is the converse piezoelectric coefficient. ~ For this type of

motion in an infinite plate the resonance frequencies are given approximately by

for fn = nth order resonance frequency, n = integer, v = velocity of an acoustic wave,
and t = thickness (43). It has been shown that in the case of a piezoelectric disk, the
higher harmonics are not integral multiples of the fundamental (44-45).
Because many poled ceramics such as PZT exhibit an appreciable dgq component of
the converse piezoelectric coefficient matrix, application of an electric field aiong the

[3] axis results in a strain along the plane of the disk also given by

"= dg By
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These coupled strains cause lateral, or in the case of a circular disk, radial mode viora-
tions. The resonance frequencies at which these breathing modes appear are given by

008 3 [00q]
v Ov

=1-aP
J1[~a]

where 00; angular resonant frequency, a; radius of disk, V; acoustic velocity, crP;
planar Poisson's ratio, and Jo and Jlare Bessel functions of the first kind of the zero and
first orders respectively (46). Full equations for the resulting dispiacements are given
by Gazis and Mindiin (47).

In many cases these radial modes are considered undesirable because they introduce
additional resonances near the desired thickness resonance (48-50). Such spurious vi-
bration modes iead to inferior device performance for several reasons. In medical imag-
ing systems transducers with high planar coupiing coefficients demonstrate extended ring
down times so that single pulses become undesirably long. This in turn lowers the range
resolution of a pulse-echo imaging system (48), (50,51). Similarly, lateral vibra-
tions are detrimental to the operation of acoustic microscopes as they lead to acoustic
noise (52).

Several schemes to sidestep this problem have been investigated, including manu-
facture of 1-3 PZT/polymer composites (33), (53,54) and the introduction of low pla-
nar coupiing ceramics iike PbTiO3 (39), (48-50), (52). Inthe case of the 1-3 com-
posite, the PZT is diced into small pillars and backfiled with a polymer. As the polymer
interrupts the integrity of the PZT, it reduces the lateral coupling. This works well so
iong as wit> the ratio of the width of the PZT pillar to its thickness, is less than unity.
Problems do arise, however, when transducers of this type are operated at higher
frequencies (i.e. >5MHz) because the microstructure is then no longer sufficiently fine

(Wit> 1) to prevent lateral running modes from interfering with the thickness reso-
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nance (53). (55, 56). Due to limitations in cutting and dicing, this 5MHz limit for
operation appears fixed.

The second approach to eliminating lateral resonances has been the introduction of
materials with low planar coupling coefficients, such as the modified lead titanates and
lead zirconates. Compositions in which the thickness coupling coefficient is an order of
magnitude larger than the planar coupling have been achieved in both systems (39).
(48-50), (52) leading to replacement of PZT ceramics with these newer materials.
Although these materials do diminish the restrictions on the high frequency operation of
medical imaging systems (Wit can be >1), implementation of such transducers is accom-
panied by some difficulties. The most important of these are that the modified ceramics
demonstrate  smaller dielectric constants, thickness coupling coefficients, and piezo-
electric constants than members of the PZT family (48,49), (52,53). Consequently,
they are neither as efficient in the conversion of electrical to mechanical energy nor as

compatible with the driving and receiving electronics (53).

1.3.2.2 Modified Disk Transducers

In an attempt to produce a resonator from PZT with reduced radial coupling, a modi-
fied disk transducer was designed. The intent of the alteration was to destroy the symme-
try of the circular wafer and so prevent the appearance of selected vibration modes.
Photolithography and chemical etching are particularly suited to this task because
irregular geometries are easy to obtain by this method. Cutting of the desired shape, on
the other hand, is appropriate primarily for rectilinear configurations and so reduces
the latitude of potential designs.

The pattern chosen to test this hypothesis was a disk transducer etched completely
through the thickness with a thin spiral extending from the center to O.77a (See Fig.

12). As in the case of an unmodified disk it would be poled in the thickness direction and



O.77a

Fig. 12: Design of modified disk transducer
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completely electroded on both faces. It was hoped that this would result in the elimina-

tion of the first radial mode of the disk.
1.3.3 Delay Line Devices

Delay line devices involve a very straightforward application of piezoelectricity.
The idea centers on pulsing an electric signal into a piezoelectric transducer coupled to
some solid medium. As the ceramic is ferroelectric, the electrical pulse is converted to
an acoustic wave which propagates down the bar until at the other end a second transducer
reconverts the signal to electrical energy. Because it takes a finite time for the sound
wave to reach the far end of the ceramic, the electrical signal is delayed (57, 58).

The speed with which the acoustic wave moves through any medium is determined by

the elastic constants. For a solid bar, the rate is given by

ol

(43) where v = acoustic velocity, E = Young's modulus, and p = density.

If one were to consider manufacturing a delay line solely from the ferroelectric
PZT, the acoustic velocity would be v= 2881 m/s (59). Unfortunately, in the case of
PZT, delays of 64).1.s,a figure common in television circuits (58), would then require a
length of 18.4 cm. As itwould clearly be impractical to incorporate such an unwieldy
(and fragile) component into most sets, adoption of a straight piezoelectric delay line can
be discounted. Through the use of a microfabrication process, however, the possibility of
etching a folded delay line from a thin sheet of ceramic becomes feasible. The design cho-
sen to test the possibility of a compact piezoelectric delay line is pictured in Fig. 13. In
this configuration, a thin PZT disk poled in the thickness [3) direction is patterned with
a spiral and etched. With both faces of one end electroded, a voltage can be pulsed into the
bar. Due to the non-zero dgzz component of the ceramic, this results in a strain parailei

to the applied voltage corresponding to "3 =d33E3 (31). Since PZT also demonstrates



Fig. 13: Piezoelectric delay line
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an appreciable dgq' a strain wave also propagates down the length of the bar, perpendi-
cular to the applied field via e:l =dgq Eg. Itis this wave which underlies the delay line
behavior as after circling the length of the spiral, the dgq induced strain can be recon-
verted to an electrical pulse by a matching set of electrodes on the far end.

This configuration is especially useful for several reasons. Like SAW devices, it is
fabricated from a single material and hence there is no discontinuity between the exciting
and receiving transducers and the medium carrying the acoustic wave. Consequently, the
device can be made into a variable delay line by placing several taps along the propagation
length. Secondly, PZT has a high electromechanical coupling coefficient and so should
demonstrate a large bandwidth, a feature which is difficult to attain in SAW devices (58).

The one serious drawback to a continuous PZT delay line is that the ceramic is not
temperature compensated. This difficulty might be overcome in practice by manufac-
turing a similar device out of a temperature independent material. To demonstrate the

feasibility of such a device, however, PZT was utilized.
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Chapter 2

EXPERIMENTAL PROCEDURE

2.1 DevelQpment Qf PrQcedure

2.1.1 Etching Rate DeterminatiQn

In order to employ the rnicrotabricatlon procedure, it was necessary tc find a chem-
ical etchant capable ot dissolving PZT. A. P. Honess reports that almost any mineral can
be etched using a cornblnatton ot HCI, HNO3, H»S04, HF, NaOH, KOH, or a fused mixture
ot potasslurn bisulfate and powdered ftuorspar (60). As many of the commercially
available photoresists are developed in alkaline solutions (3), the hydroxides would
probably strip off the polymer, making basic etch ants incompatible with the palterning
process. Consequently, a preliminary study on the efficacy of various acids in dissolving
the ceramic was conducted.

Samples for etching studies were prepared by layering 30 2.8 mil tape cast sheets
(prepared by TAM Ceramics Inc. from a PZT 501 powder) carrier side down and lami-
nating in a warm press at 65°C and 15,000 psi for one minute. Following a five-day
binder burnout at 500°C, the samples were fired in a lead-rich atmosphere with a four-
hour ramp to 12850C and a one-hour soak. Any roughened or irregular edges were then
smoothed by polishing with a coarse powder.

The resultant ceramic pellets were weighed to +0.0002g using a Meltler AC1 00
balance and sized approximately (within +0.2mm) with a ruler. Each piece was then
immersed in a beaker of concentrated acid maintained at temperature to within +30C
with a water bath and hot plate. After a specified time the sample was removed, rinsed,
cleaned ultrasonically, rinsed again, dried under a flow of air, and reweighed (61-63).

This process was repeated on a single disk until a constant slope of cumulative mass
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loss per surface area per time was achieved. (See Fig. 14) The slope of the linear por-
tion of the curve was then taken as the etching rate. Results of the preliminary investi-
gation are given in Tabie 2.

A modified procedure was utilized for more accurate determinations of etching rates
in the most promising acids. In this case, each sample was immersed in concentrated HCI
at 45°C for five minutes both to clean the surfaces and to remove damaged areas (63).
This in turn eliminated the non-linear portion of the etching curve usually attributed to
either polished or defective surfaces (62), (64,65). Sample dimensions were deter-
mined with micrometers for calculations of nominal surface areas and densities.

The etching process was then carried out by holding the specimen in an acid bath
maintained within +0.50C of a stated temperature for 60 seconds. After the allotted
time had elapsed, the sample was washed immediately to remove any remaining acid, and
then cleaned, dried, and weighed as previously. In all cases the surface area occluded by
the tweezers was considered negligible. Results of this work are displayed in Table 3.

Etching of the ceramic with HCI was invariably accompanied by the formation of a
whitish powder on the surface of the PIT, so that thorough ultrasonic cleaning was nec-
essary to remove it from small crevices. X-ray diffraction identified this powder as
pure PIT, suggesting that HCI etches by dissolving around the grains, rather than etching
through them. Further support for this hypothesis is given in SEM micrographs of disks
etched in HCI (Figs. 15,16) which display angular surfaces composed of whole grains
and negligible rounding of individual grain apices.

Glassy, PbO-rich grain boundaries have previously been reported for certain PZT
compositions  (66). Consequently, it seems likely that the high etching rate of PIT in HCI
is due to a preferential attack of the acid along the grain boundaries.

This mechanism has some important effects on the etching of the ceramic. In the
first place, it leads to a rapid increase in the surface roughness of a disk which in turn

can seed the formation of deep pits with prolonged etching. As this would be problematic
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Fig. 14: Etching of PZT in H3P04 at three different temperatures
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Table 2: Preliminary data on the etching rate of PZT in various acids

Acid

HgP04
HgP04
HgP04
HgP04
H3P04

HNO3

HCI
HCI

HySOy4

0.5HCI-  0.5H3P0,4

O.25HCI - 0.75H3P0y4

Temperature (0C)

Room Temp.
45-48
61-65
68-73
82-88

43-45

42-48
48-51

42-48

49-50

49-51

4.5
2 X

10-4

10-4

10-4
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Table 3: Etching of PZT in HCI and aqua regia

Acid

HCI
HCI
HCI

0.75HCI -0.25HNO3

0.75HCI - 0.25HNO3
0.75HCI " 0.25HNO3

Temperature (0C)

30 +0.5
45 +0.5
60 +0.5

45 +0.5

60 +0.5
70 +0.5

o]
Etching rate( cm? . min )

2.1 x10.3
3.4 x 10.3
4.6 x 10-3

9.7 x 10-4

2.0 x 10-3
3.6 x 10,3



Fig. 15: Scanning electron micrograph of an unetched disk

Fig. 16: Scanning electron micrograph of an etched PZT surface
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during micromachining, it was avoided both by using thin samples and by maintaining a
constant flow of acid over the surface of the wafer. Secondly, grain boundary etching
should minimize the dependence of etching rate on the polarization direction noted by
many authors in work on perovskites (20,21), (23). Thus, although all of the work in

this study was performed on unpoled samples, it is expected to be applicable to poled

specimens as well.

2.1.2 Photoresist

With this information it was then possible to find a compatible photoresist. Only
two were tried, a G. C. Electronics Negative resist for circuitboards (G. C. Electronics,
Rockford lllinois, 61101 USA) and Shipley S1400-27 Microposit positive resist
(Shipley Company Inc., Newton Massachusetts, USA). The latter was chosen for further
work both because it was designed to resist the attack of the most promising etchant, HCI
(which the negative resist did not), and because it could be applied more reproducibly,
leading to more accurate patterns. This choice did, however, impose some limitations on
the etchant as HNO5; and H,S0, did cause the resist to peel up from surfaces. Consequent-
ly, the selection of this resist confirmed the use of warm concentrated HCI as the etch ant.

As explained in section 1.2.1.1, positive resists contain a photoactive compound, a
resin, and a solvent system. Although the exact composition of the Shipley resist utilized
is proprietary, the company lists 2-ethoxyethyl acetate, butyl acetate, and xylene as the
solvent base for their S1400 series resists (2).

In order to apply the resist, the ceramic was first cleaned with water and acetone,
spun at high speed to remove dust, and then spun again after two-thirds of the surface had
been covered with resist. This produced a very thin, even coating of the resist on the
surface. Following coating, wafer and resist were pre-baked at BOaC for 20 minutes to

remove the solvent.
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Patterning of the resist was accomplished by exposing selected areas of the surface
to intense white light. Using a rectangular array of four 300 to 375 watt bulbs, each
approximately 27" from the sample, exposures of most designs could be made In 25 min-
utes. For very fine lines or for thicker resist coatings, however, exposure could take up
to 40 minutes. Patterns were then developed by immersing the sample In a 1:1 solution
of Microposit Developer CD-30 and deionized water and agitating lightly for 90 seconds.
This stripped the resist from exposed areas. To further harden the resist after develop-
ing, patterned wafers were post-baked for a minimum of 20 minutes at 80°C.

The exact conditions of the patterning--spin speed, length of exposure, and baking
times and temperatures--depended on both the device geometry and the severity of the
etching conditions. It was found that a spin speed of 2000 rpm and a moderate post-bake
(800C for 50 minutes) produced a resist capable of withstanding HCI attack at 50°C for

over an hour, but which dissolved readily in an acetone bath after etching.

2.1.3 Photo masks

The photomasks used in this paper were 35mm film negatives prepared by photo-
graphing computer generated enlargements of the design. To attain the highest contrast
between light and dark areas, both high contrast film and developer were employed.

(Kodak Technipan film and 0-19 developer) These photo masks were then placed on the
resist coated wafer and held in place with a glass flat during exposure.

In those cases where both sides of a PZT wafer were to be patterned, an envelope of
two photomasks was created by taping the negatives together. Alignment of the patterns

was done by eye.
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2.2 Optimized Processing = Prgcedure

Wafers used in device manufacture were prepared from pellets made either by
laminating tapes or pressing blanks. Slurries for tape-casting consisted of 35 weight
percent Cerbind CB 73140 binder (Tam Ceramics Inc.e San Marcos California. USA) and
commercially prepared PZT 501 powder. This mixture was ball milled in a plastic jar
for 16-17 hours with Zr0, media both to achieve homogeneity and to break up soft
powder agglomerates. Before the mixture resettled. itwas cast onto clean glass plates
and air dried. (A schematic of the casting system is given in Fig. 17) Finished tapes
were peeled away from the glass flats. punched into 1" square sections and laminated at
70°C. 7000 psi for three minutes. Binder was removed during a five-day binder burn-
out cycle.

PZT powders for pressing pellets. on the other hand. were mixed with a 20 weight
percent polyvinyl alcohol binder (7 grams binder to 100 grams PZT) dried. and ground
until they passed through an 80 mesh sieve. Pellets were formed in a Carver press by
pressing to 10.000 psi in steel dies. Once formed. these blanks underwent a binder
burnout cycle consisting of a half-hour hold at 300°C. a half-hour ramp to 550°C. and
then a one and a half hour hold at that temperature (67).

In both cases. burned out parts were loaded on to platinum sheets and fired with a
PbO source using a five-hour ramp to 12850C. a one-hour hold. and then slow cooling
(67). Once sintered, samples were poled in a silicone oil bath at 110°C by subjecting
them to a field intensity of 20 kV/cm for 12 minutes. This done. they were then polished
to the desired thickness using a series of Al,03 powders. Because the clarity of the pho-
tolithographic pattern was enhanced by smooth wafer surfaces. the final polishing was
done with 3 11mgrit.

Prior to applying the photoresist. the samples were spun for 20 seconds at 2000

rpom to remove dust. Then. working under yellow lights to prevent premature resist
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exposure, enough resist was placed on the surface to cover 2/3 of the disk and the spin
cycle was repeated. The second face was coated in a similar fashion. All samples were
then placed in a light tight container and baked for 20 minutes at BOoC. The dried photo-
resist was exposed under an array of white light bulbs for approximately 25 minutes
using a photomask to delineate the pattern.

After exposure, the wafers were developed in a dilute Shipley Microposit Developer
for 1.5 minutes to remove exposed areas. They were then post-baked, usually for 50
minutes at BOoC to further harden the remaining resist.

Following patterning, the disks were placed in a bath of warm concentrated HCI for
etching. In order to remove reaction products from the surface and so present fresh acid
to the cavities (1), it was necessary to agitate the liquid. An arrangement which proved
adequate is pictured in Fig. IB. Once the pattern was completely etched, the piece was
rinsed in distilled water and the resist was removed with a spray of acetone.

Electrodes were hand-painted on to device surfaces using an air-dry silver paint;
any necessary electrical connections were then made by gluing silver wires to the sil-
vered surface with a conducting epoxy.

It should be noted that the choice of a grain boundary specific etch ant does impose
some limitations on the device geometries which can be obtained with this technique.
Trenches with openings only a few grain diameters wide would be difficult to etch and
would probably be inhomogeneous (l.e. the sidewalls would not be smooth and straight but
instead would follow grain contours). Given the fact that the devices in this study were on
a much larger scale than the grain size (grain diameters of -1-10).11T1 were observed in
the scanning electron microscope), this microscopic heterogeneity was disregarded.

In the event that this technique were later to be applied to more miniature size
scales, the rapid etching rate of HCI would not be as critical, and an etch ant which was not
specific to grain boundaries could be employed. The development of an anisotropic

etchant for PZT similar to those used in silicon seems unlikely, however, as at present
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attempts to grow single crystal PZT have been unsuccessful. Consequently. any chemical
etchant chosen for use with small features would have to be isotropic and so would be
constrained in turn to cavities twice as wide as they were deep (1). The more attractive

alternative in this case would then be plasma or reactive ion etching.
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Chapter 3

FLEXURAL MODE RESONATORS

3.1 Measurement Technigyes

Resonance frequency data, including capacitance, conductance and impedance values,
were collected using a Hewlett Packard 4192A LF Impedance Analyzer interfaced to a
personal computer. Flexure mode "H" cantilever devices were suspended from the sam-
ple holder by wires affixed to the center bar so that they hung freely in air. These same
wires also served as electrical connections, establishing the potentials illustrated in Fig.

10, page 17. In order to minimize hysteritic effects caused by subjecting a ferroelectric
to large alternating fields, oscillation voltages of 0.1 Volts were utilized throughout these
experiments.

Several flexural mode transducers are pictured in Fig. 19.

3.2 Resonance Characteristics

3.2.1 Fundamental Flexural Resonance

Representative examples of the first flexural resonance of "H" cantilever devices in
air are given in Figs. 20-22. In general they demonstrate clean, sharp peaks with a Om
of approximately 80-100 (highest value obtained was -170), near the intrinsic value
of PZT-5 (35). Occasionally, though, the resonance is split so that either distinct peaks
(Fig. 23) or a shoulder (Fig. 24) appear. This occurence can be attributed to either
slightly mismatched cantilevers (i.e. a gouge in one of the "H" legs) inhomogeneous elec-
trode patterns, or similar imperfections. Details on the sizes of the resonators are given

in Table 4.



Fig. 19: Etched flexural mode transducers
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The frequency range over which fundamental flexural resonances were generated was 10
to 115 kHz. as determined by the sample geometry. In general, those cantilevers which
were long in comparison to the width generated low frequencies; shorter or wider bars
were responsible for the upper end of the frequency spectrum. Although the Euler beam
formula did approximate the placement of the resonances, it proved increasingly inaccu-
rate at the higher frequencies where the cantilevers could no longer be properly treated
as thin bars (See Table 4). The resultant shear and torsion terms dropped the resonance
frequency below the predicted value.

The exact placement of the resonance frequency for a single sample varied somewhat
with the quantity of paint and epoxy used. Consequently, on re-electroding a transducer
with a fundamental resonance at approximately 30 kHz. the absolute location could vary
by up to a few kHz. However, once an oscillator was electroded, its resonance character-
istics were stable over time. Thus, it should be possible to trim the electrodes on these
resonators to precisely tune the resonance frequency. as is done for quartz tuning forks.

As expected from PZT. the transducers have temperature dependent properties.
From measurements on a resonator mounted in a heated chamber, it was apparent that in
addition to a slight shift in the resonance frequency, there was a significant broadening of
the peaks as the temperature increased. This would be important in implementing these
devices as density or viscosity meters and could require separate calibrations of the

transducer for different temperature regimes.

3.2.2 Additional Resonances

To further characterize the properties of "H" transducers, scans of conductance
versus frequency were made for frequencies above the fundamental flexural resonance.
For reference, data were taken for a transducer of identical dimensions which had been

completely electroded on both faces to eliminate the flexural response. The first length
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resonance, for example, would be calculated from

with n = 1 (68) using the combined lengths of two collinear cantilevers and the center
bar for 1. Higher order length modes are given as integral multiples of the fundamental
in Table 5.

The scans for atransducer with split electrodes were then compared to the fully
electroded counterpart (See Figs. 25-29). As expected, the flexural resonances domi-
nate the trace at low frequencies. At somewhat higher frequencies, the length vibrations
correspond moderately well to the predicted values, though they are greatiy reduced in
amplitude.

All of these results for higher frequency resonances are somewhat dependent on the

precision of the electroding.

3.3 Density Meter

3.3.1 Experimental Procedure

A listing of the liquids used in density and viscosity measurements is given in Table
6. Nominal densities of these liquids were determined by weighing a known voiume of
each. Restrictions on their compositions imposed by the experiment precluded the use of
either conducting liquids (as these would short-circuit the device) or liquids like acetone
which dissolved the silver paint. Plastic vessels were used throughout to minimize re-
flection of acoustic waves from container walls as those might detrimentally affect the
experiment.  Although initially all measurements were made on 5Cml quantities of the
liquids, some questions concerning fulfillment of assumptions in the theory (see section

3.3.3 ) prompted use of quart containers.



Table 5: Theoretical and experimental values lor the length resonances 0la

lully electroded "H" transducer.

Calculated Experimental
19=167 kHz 160 kHz
1,=335 kHz 330 kHz
420 kHz
13=503 kHz 540 kHz
14=670 kHz 590 kHz
15=838 kHz 835 kHz

1g= 1005 kHz 1000 kHz
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Table 6. Liquids employed

Al Cass Valve Oil

Corn Ol

Deionized water
Glycerin

Hydraulic Jack Oil
Roche Thomas Valve OIl

SAE 30 Motor Oil

in density and viscosity measurements

Automatic Transmission
DC 200 Silicone Ol
Extra Heavy Mineral Oil
Hydraulic Fluid

Light Mineral OiIl

SAE 20 Motor Oil

Fluid

S7
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For density and viscosity measurements, samples were mounted in a holder,
immersed in the liquid, and driven through the resonant frequency. After the data had
been collected, the resonator was removed from the bath, rinsed in dishwashing detergent
to remove excess oil, sprayed with deionized water, and dried. When the resonance in air
had settled back to a given frequency, the next oil was examined. It was found that a thin
coating of oil on the transducer improved the wettability of the device, preventing en-
trapment of air bubbles on the ceramic surface. Such bubbles would otherwise detract
from the reliabilty of measurements as they create a region of effective low density and
low viscosity on the transducer face.

During measurement, the "H" was completely submerged and held vertically near
the center of the oil-filled beaker. Since the peak shift also depended on the depth of the
transducer when it was located too near the\ surface, efforts were made to insure approx-

imately a centimeter of liquid between the PZT and the air-oil interface.
3.3.2 Relation Between Peak Shift and Density

As predicted by the theory (section 1.3.1.3) vibrating an "H" transducer in liquids
of disparate densities caused marked changes in the resonant frequency. Fig. 30, for ex-
ample illustrates the appearance of the conductance versus frequency curves resultant
when one transducer was vibrated in, from right to left, air (p - O 9/cmy3)., Al Cass
valve Oil ( p= 0.1 9/¢p3), corn oil (p = 0.91 Yy3), and extra heavy mineral oil
(p =0.88-0.89 9/cpy3). From this it is apparent that as the density of the liquid in-
creased, so did the shift of the resonance frequency from the value in air. This trend is
further illuminated in Figs. 31-33, where Ir'2 is plotted as a function of the density.
Error bars given for the y axis data points arise from the fact that peak broadening (see
section 3.4.2) obscured the exact resonance frequency. Within these limits, however,

the data points were reproducible.
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The graphs in Figs. 31 and 32 illustrate a good fit to the predicted linear correlation
between fr'2 and the density. It should be noted. however. that the least squares fits to
the lines (given immediately above the graphs) do not extrapolate to the resonant fre-
quency of the device in air. implying that the meter would be applicable only above some
lower density limit. Itwas also found that measurements taken with -18.8 and -37 kHz
transducers were more accurate than those derived from transducers oscillating at 10
kHz.

Despite the adherence of most of the points to the prediction. it is also clear that
some of the data. particularly that taken at 10kHz. deviate significantly from the line.
Potential causes for this behavior are numerous. For example. moderate electrical con-
ductivity caused peaks to shift too far below the readings in air. while high conductivity
caused peaks to shift rapidly and erratically with time. This problem could easily be
eliminated by coating the transducer with a thin layer of compliant plastic to electrically
insulate it. Attempts of this kind were made. but it was difficult to attain a truly imper-
meable layer of Eccogel-O. Waterproofing of parts is. however. common industrially and
would probably not constitute a major obstacle. A second problem which could prove
more insidious results from the fact that the theory assumes that the transducer is a
point source radiating into an infinite medium. This imposes several restraints on the
sizes of both transducer and container and is considered more thoroughly in section
3.3.3.

Another possibility which was not explored. but which could prove interesting. is
the behavior of the transducer in a solids- loaded liquid. If it could accurately measure
the density of the mixture. and particularly if it simultaneously determined the viscosity

(section 3.4). the device could find widespread use in the characterization of slurries.
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3.3.3 Potential Geometric Limitations

The theory which predicts a linear change in fr'2 as a function of density is derived
for a point acoustic source radiating into an infinite medium. Practically, this implies
1) the resonator size should be much smaller than the wavelength of sound in the me-
dium: size«  15l...

2) the resonator should be surrounded with 2-3 wavelengths of liquid on all sides.

It is the first restriction which makes thickness mode transducers unlikely candi-
dates tor density meters as for a 1 MHz transducer vibrating in a liquid with v = 1500
mis' the maximum permitted dimension would be 0.25mm. Similarly, low frequency
oscillators are eliminated due to the secondary requirement; aone kHz transducer oper-
ating in the same liquid as above would require 380 m3 of that liquid for an accurate
measurement.

Unfortunately, it also proved difficult to simultaneously satisfy both conditions in
the case of flexural mode resonators. Although the 10kHz transducer with cantilever di-
mensions of 7.5mm x 1.5mm did just fulfill the size requirement, the quantities of liquid
used in measurement were far too small, particularly in those cases where v approached
2000 mys' This could account for the fact that better data was obtained for transducers
with higher frequencies.

There are two potential means of sidestepping this problem. The first is to manu-
facture a transducer which approximately fulfills the requirements for a wide range of
acoustic velocities (900-2000 myg)' This would probably require a transducer with an
intermediate frequency (l.a, 40-50 kHz) which had a maximum dimension near 4.5mm.
Preliminary attempts were made to fabricate a resonator with these specifications, but
the bars were too thin to permit painting the split electrodes by hand. A second method by
which these conflicting restraints could be circumvented is to utilize a series of trans-

ducers, each of which fulfils both requirements for a limited range of acoustic velocities.
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3.4 Viscometer

3.4.1 Experimental Procedure

The experimental procedure for viscosity measurements was identical to that de-
tailed in section 3.3.1. To monitor the peak width as a function of viscosity, plots of ca-
pacitance versus frequency were examined and frequencies fq and Ia' the maximum and
minimum capacitance values respectively, were determined to the nearest 0.01 kHz. The
difference f, - fywas then used as the peak width at half height. Reference viscosities,
used as "true" viscosity vaiues for each liquid were determined using a Brookfield model

LVF Viscometer.
3.4.2 Relation Between Viscosity and Peak Width

Fig. 30, page 59, illustrates the variations in peak shape when a transducer is ex-
cited in media of different viscosities. From right to left, the scans representing air (11
- 0 cp)(69), Al Cass Valve Oil (11- 1cp), corn oil (11- 77 cp), and extra heavy min-
erai oil (11- 148 cp) demonstrate the expected increase in peak width as a function of
viscosity. This observation is reaffrmed by the data in Figs. 34 and 35 which show the
two to be proportional. It is interesting to note that for Fig. 34, the least squares fit to
the line does not extrapolate correctly to the value obtained for t.f in air (t.f = 0.036
kHz in air) Consequently, since a knee in the curve must appear at some viscosity, it is
not surprising that values for 11 - 1-2 cp (black diamonds) do not fit the curve. Above
this cut-off, however, the device seems to be at least as reproducible as the Brookfield
viscometer. Again, data taken at -18.8 and -37 kHz was more accurate than that derived

from a 10kHz transducer. (See Fig. 36.)
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In order to evaluate the potential applications for this type of viscometer, a more
complete characterization of its properties should be undertaken. One of the most im-
portant of these would be the effect of container size on the accuracy of the measure-
ments. If the "H" type transducer could operate effectively in a few drops of solution, it
might find widespread use in areas like thick film ink manufacture where the liquids are
both very expensive and available only in small quantities.

Another area in which piezoelectric viscometers could prove useful is in monitoring
the shear rate dependence of viscosity. Utilizing a combination of flexural mode and other
higher frequency shear wave oscillators, it would be possible to plot the percentage
change in Om as a function of the resonant frequency. The behavior of the resulting curve

might indicate transitions between relaxation mechanisms.
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Chapter 4

THICKNESS MODE RESONATORS

4.1 Experimental procedyre

The equipment used to analyze the resonance behavior of thickness mode transducers
is analogous to that described in section 3.1 for flexural devices. In this case, samples
were thin (0.2 mm) disks of PZT with a diameter of -1.6 cm; both faces were completely
electroded with an air-dry silver paint. Electrical connections were made by lightly
clamping the alligator jaws of HP test fixture 16407 A on the center of the disk. Again,
an oscillating voltage of 0.1 V was used for excitation to circumvent appearance of hys-
teritic effects. In order to measure planar coupling coefficients, resonant, fy and anti-
resonant, fa' frequencies were determined by locating the maxima in the conductance and

resistance versus frequency curves respectively.

4.2 Relation Belween Etching of Djsks and Frequency Spectra

As explained in section 1.3.2, thickness extensional disk transducers with good
planar coupling undergo radial resonances in addition to the thickness vibration when
excited by an alternating voltage applied across the faces. The first five of these radial
resonances appear in Fig. 37 as strong peaks in scans of conductance versus frequency.
These resonances contrast strongly with the data of of Fig. 38 which shows the same fre-
quency range for a transducer of identical dimensions which had been etched with a spiral
extending from the center to O.77r (See Fig. 39). Here itis seen that the first radial
resonance, the one which had appeared at -140kHz, has been completely destroyed.

Similarly, the great disparity in scales for the two plots demonstrates that remaining
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Fig. 39: Photograph of an etched disk transducer
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resonances have also been drastically reduced in amplitude. Thus itis clear that the
patterning effectively disrupted several of the primary radial resonances.
As a result of the etching, the planar coupling coefficient for the disk decreased to

0.06, where kp was calculated from

(49) since the modified transducer did not possess a simple geometry. Unfortunately,
there were no isolated peaks due to lateral vibration modes, so it was necessary to use
peaks separated by only 14 kHz for the calculation. Although this implies that the abso-
lute value obtained for kp is not accurate, itdoes illustrate a marked reduction in planar
coupling from the reported value if 0.63 (35).

This ability to selectively destroy unwanted resonances could have a significant
impact on transducer fabrication. Elimination of radial resonances in a disk transducer,
for example, would forestall the need for replacement of PZT parts with PbTiO3 per-
mitting retention of the higher thickness coupling coefficients found in PZT. The result
would be an acoustic imaging system of the same resolution with more efficient conver-
slon of electrical to mechanical energy. In addition, the higher dielectric constant of PZT
ceramics leads to better compatibility with the electrical impedance of the accompanying
electronics (53). It is also interesting to note that the processing technique is better
suited to thin disks because progressively narrower linewidths can be etched as the
etched depth decreases. Thus, unlike the case of the PZT/pclymer 1-3 composites (See
section 1.3.2.1), these transducers would probably be easier to manufacture as the res-
onance frequency of the disk increased. Consequently, the two resonator types could
serve in complementary frequency regimes with the transition between the two occur-

ring at - 1-5 MHz.
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Chapter 5

DELAY LINE DEVICES

5.1 Experimental = Procedure

Measurements of the time required for acoustic waves to propagate down the length
of a PZT spiral involved comparing a reference pulse to signals taken from various points
along the sample as shown in Fig. 40. Each shaded area shown was mirrored on the con-
verse side by an identical electrode; wires were attached to both faces so that one surface
could be grounded and the other linked to the input of an oscilloscope. Ten- to thirty-volt
signals from an HP 2148 Pulse Generator were then simultaneously pulsed into channel
A of a Tektronix, Inc., Type 545 Oscilloscope and the center electrode on the spiral at a
frequency of 1kHz. Unamplified delayed waves were detected as voltage pulses on the

second channel of the oscilloscope.

5.2 Results

Fig. 41 pictures two ceramic spirals produced by chemically etching PZT. Parti-
cularly in the case of the smaller of the two, the fine features were more easily obtained
by patterning both sides of the disk and permitting etching through both faces. In this
way, overetching of the thin PZT bars did not occur.

Photographs of typical delayed signals are given in Figs. 42-44 where the top scan
represents the input pulse and the bottom the response from the piezoelectric. In all
cases, the output was clearly visible with the oscilloscope set to register 0.05 volts per
cm division. Data on the delay times achieved to date appear in Table 7. These values

prove that a compact piezoelectric delay line is possible.



Fig. 40: Sample for delay line measurements
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Fig. 41: Etched piezoelectric delay lines (numbered divisions

in cm)
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Fig. 42: Ten lis delay (x axis = 10IIS per div., y axis = 0.05V per div.)

Fig. 43: Eighteen IS delay (x axis = 10IIS per div., for top scan y axis = 20V per div.,

bottom scan y axis = 0.05V per div.)
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Fig. 44: Thirty us delay (x axis = lous per div., for top scan, y axis = 20V per div.,

bottom scan, y axis = O.05V per div.)
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Table 7: Experimentally determined delay times from PZT spiral

Delay time Input Signal Output Signal
10,USs 20V 0.02v
18,Us 20V 0.0125V

30,Us 20V 0.01v
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The absolute shape of such a delay line would probably be tailored to minimize
distortion of the pulse, and might not be a spiral as shown here. In conjunction with this,
it would probably be necessary to hot press the ceramic disks to prevent reflections from
pores from interfering with the signal.

It should also be noted that these samples would be very difficult to fabricate by any
other processing method. Consequently, it seems clear that this technique could broaden

the range of available devices by expanding the spectrum of accessible sample geometries.
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Chapter 6

CONCLUSIONS

6.1 DiscyssjQn

This thesis has proved that photollthography and chemical etching can be applied
successfully to the production ot piezoelectric devices. The degree by which it will be
adopted industrially is dependent both on the avolution ot new device types which would
be difficult to reproduce by other methods and the extent to which it eases fabrication of
existing ones.

As there is no fundamentallimitatiQn  on the length and width dimensions of the pi-
ezoelectric sheet to be patterned, this technique should be well suited to the production of
device arrays. Unlike the dicing methods commonly employed today, it would require
neither the individual devices nor the array itself to be rectilinear or regular. In the
third dirnenslon, the thickness is limited by the time required to etch cavities of the de-
sired depth. Most ot the devices investigated in this work, for example, were completed
after one to one and a half hours of etching in concentrated HCI. Although this time could
probably be decreased by addition of fluoride ions to the etch ant, it wouid still remain a
significant portion of the processing time for thick specimens. Consequently, it is likely
that the technique would be applied primarily to thin (<< 1mm) samples.

An additional problem imposed by thick samples is the constraints subsequently
imposed on the lateral dimensions of any device. Because many of the ferroelectrics with
good properties, most notably those located near morphotropic phase boundaries in
multi-component  systems, cannot be grown as single crystals, micromachining is
limited to the use of isotropic or grain-boundary etchants. This in turn implies that any

etched cavity will be twice as wide as it is deep. Thus, Brodie and Muray (1) suggest that
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the minimum feature size patterned on a film which is to be etched completely through
should be three times the film thickness.

This last restriction can, however, be relieved somewhat by a number of methods.
For example. it is possible, as was done in this thesis, to pattern both sides of the sub-
strate and etch through both faces into the middle. Itis also believed that aspect ratios of
slightly better than 1:2 were achieved using a grain-boundary specific etch ant, perhaps
because the agitation was more efficient in removing grains from the bottom than the
sidewalls of a trench. This effect could be exploited by spraying the acid at the substrate
during etching to dislodge grains as they were loosened.

Even with these improvements though. it is clear that the processing procedure is
more appropriate for thin samples and small feature sizes. Indeed, it is the extremely
fine device sizes that can be produced which sets photolithography apart from other
techniques. Resolution of < 2)J.m is common today in microelectronics.  Although this
investigation was confined to macroscopic devices. it would be interesting to see com-
parable size scaies appear in ceramic substrates perhaps through the use of a dry etching
process like sputter or reactive ion etching.

Another significant advantage this technique displays over more conventional meth-
ods is the fact that the processing is comparable to that used in integrated circuit manu-
facture. Consequently, it appears that these devices wouid be amenable to integration
with semiconductor electronics. This in turn could make production of miniature piezo-

electric devices and sensors feasible.

6.2 Summary

This work has demonstrated that the coupling of photolithography with chemical

etching is a viable processing technique for ceramic materials. The method is readily



adapted to a variety of two-dimensional patterns and is particularly suited to small
feature sizes.

For a PZT 501 substrate, warm, concentrated hydrochloric acid was found to be a
grain-boundary specific etchant with a comparatively rapid etching rate. As several
commercial photoresists, notably Shipley S1400-27, were able to withstand the attack
of the acid for periods of greater than one hour, it was chosen for all micromachining
studies.

PZT disks fabricated by conventional techniques were prepared for patterning by
polishing with SUM grit and spin-coating the photoresist onto the wafer. After soft-
baking to remove the solvent, the resist was exposed through a high contrast 35mm film
negative patterned with the negative image of the final device. Wafers were then devei-
oped, post-baked, and etched to transfer the design to the PZT.

Using this technique, several small piezoelectric devices were prepared from thin
(-0.2mm thick) ceramic disks. Among these were flexural resonators, thickness exten-
sional resonators, and acoustic delay lines.

The flexural mode transducers consisted of four cantilevers arranged around a cen-
ter bar so that the device looked like a capital "H." By varying the geometry, fundamental
resonances between 10 and 115 kHz could be generated. The electronic properties of
these devices were measured to analyze both the fundamental and higher order reso-
nances.

An "H" transducer was then used as a density meter by tracking the change in the
resonant frequency during vibrations in different liquids. Plots of fr-2 versus p were
linear for the density range of -0.78 - 1.3 9/;y3. Nevertheless. there are some out-
standing questions concerning the sizes of the resonator and the fluid bath required for
the most accurate operation of the meter.

Measurement of the viscosity of the fluid medium could also be made with an "H"

transducer. It was found that due to the attenuation of sound radiated into the liquid, the
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peak width decreased in direct proportion to the viscosity. The device appeared to be
similar in accuracy to the Brookfield viscometer used for calibration. If this accuracy is
retained in particle-loaded liquids, such a transducer could be valuable in the character-
ization in slurries and thick film inks.

Micromachining was also used to destroy the symmetry of thickness extensional disk
transducers in order to reduce coupling to the lateral resonances. By etching a thin spi-
ral through the thickness of the disk, the planar coupling coefficient was reduced to
-0.06 for a PZT specimen. This could make manufacture of high frequency (>2MHz)

PZT transducers for medical imaging systems possible.

The last device explored was an ultrasonic delay line. In this case, a planar spiral
etched from a PZT wafer was used both to convert pulsed signals between electrical and
mechanical energy and to propagate the acoustic wave. As several taps could be spaced
along the length of the spiral, this configuration could serve as a variable delay line. For
commercial application of this device, it would be necessary to design the system to
minimize pulse distortion.

It can be concluded from this work that micromachining of miniature piezoelectric
devices is possible using photolithography and chemical etching. Several devices were
produced which would be difficult to replicate using other processing methods, suggesting
that the techniqgue should expand the types of geometries available to device designers.
Moreover, as the process is not materials specific, it can be applied to a wide range of

substrate wafers.
6.3 Eyture Work
Although it is known that a bound exists on the minimum device size which can be

obtained using a grain boundary specific etchant, no attempt was made to determine it in

the etching of PZT with Hel. Both this and an estimation of the aspect ratio, (depth of
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trench)/(width  of opening), which can be attained would be crucial in delimiting the size
scaie on which piezoelectric devices could be made.

Further characterization of the devices described in this thesis should also be un-
dertaken. Both the density and the viscosity meters, for example, would be most useful if
they operated accurately in solids-loaded liquids. Consequently, the determination of the
transducer's behavior in such liquids could be essential to their implementation in in-
dustry. It would also be interesting to check the validity of the assumption that the vis-
cosity of the fluid does not alter the peak position by repeating the experiment with a
tuning fork with higher aMm.

Investigations on the reduction of the planar coupling coefficients for modified disk
transducers were conducted only on the resonator itself. To fully evaluate the properties
of such a transducer and its value to medical imaging then, it would be necessary to add
backing and impedance matching layers so that it could be incorporated into a working
system. In this way, studies of the interference of lateral modes with the thickness re-
sonance could pinpoint the optimum etching pattern.

The etching of thickness mode disk transducers could also be extremely useful in the
production of annular ring transducers. These systems require a number of concentric
rings of equal area and are desirable because they permit focussing in 2 directions, a
significant advantage over conventional transducers. Unfortunately they are also diffi-
cult to fabricate. Using the process described in this thesis, however, production of such
resonators could be comparatively easy. One path which could be pursued would involve
embedding a PZT disk in epoxy and polishing one face until the ceramic was exposed. This
could then be patterned and etched in the usual fashion with the epoxy preventing etching
on the opposite face. The trenches could then be backfilled with a polymer, and the back
face of the transducer polished to reveal the etched regions. Electroding of the faces could

then be accomplished using the usual techniques.
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Another area which would be interesting to explore is the production of miniature
bimorphs from a ceramic wafer bonded to a metal shim. This would permit flexure to
occur perpendicular to the plane of the device. Such a configuration would be extremely
useful as a pressure sensor or accelerometer. Preliminary experiments along this vein
suggest that two etching steps would be necessary because of the disparity in etching
rates between the ceramic and the metal plate. Thus, the metal would probably be etched
first in dilute acid and then completely covered with a resist during etching of the
ceramic. Without this additional step, etching of the metal is so rapid that the resist
peels off.

Either a bimorph or an "H" transducer could then be mounted flush to the side of an
object immersed in a fiuid undergoing turbulent flow. Pressure induced flexure of the
cantilevers would result in the appearance of a voltage in the piezoelectric which could be
monitored. If an array of very fine elements were used in this wayan accurate measure-

ment of the pressures involved in near field turbulence can be made.
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