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ABSTRACT

The primary aim of this research project was to depesit thick-
film (Yow-frequency) s-mode CdS pi=zoelectric transducers directly onto
copper or aluminiun rods which formed part of the welding-clectrode of
a spot-welding machine. These transducers were to replace the discrete
transdicers used in a set-up for the “"on-machine" evziuation of spot-
welds. A secondary aim was to deposit very thin CdS films on glass
slides for use as microwave resonators. The dcpendence of film adhesion
on film thickness, and crystallograpiiic orientation changes with thickness
imposed an upper limit on the thickness of transducers with adequate
properties for applications. The final goal, establishad through experience
on the project, was to determine hcow thick piezoelectric films could te
deposited to make useful transducerys.

Highly stoichiometric (deviations from stoichiomeiiy »f the order

]3) and highly resistive (> 10]0 Q.m.), and Highly ortented

of 1 part in 10
films up to 100 um thick have been successfully deposited on AR rcd
substrates. Two deposition techniques were used : CdS/S electron beam
bombardment evaporation and Cd/S 1sotherﬁa1 ceils. Péévided that the
temperature of the vapour molecules was less than 400°C and that the
pumping speed could be increased at will, then, the faster the deposition
rate, the sharper tne obliqué c-ax1s preferred orientation, and the better
the piescelectric performance of the films. The pumping speed limited
the deposition rate to 10 pm.h-1.

Appreciable thermal stresses in theé films gave rise to large
~ forces which induced the thick-films to flake off or disintégrate.
The dependence of film adhesion on Tilm thickness is explained in
terms of the inequality between the foices which bind the film to the
substrate (independent of thickness) and the forces which induce the

film to flake off (proportional to thickness). Thick CdS films were

made to adhere to the substrate by making the substrate surface rougher



so that the films "keyed-in".

No appreciable temperature gradients existed in the CdS +1ims
during growth, either across their thicknesses or along their surfaces.
No1chang¢s in temperature gradients occurred in the films due to changes

in film orientation, and vice versa.

Up to a certain critical thickness, the c-axes of most CdS film

crystailites aligned themselves with the direction of the vapour beam.
When the thickness of the film exceeded the critical thickness, the

growth ot oblique crysta]]i{es was stifled ancd the film's c-axis tilted
towards the substrate-normal and eventually became paralilel tc it. This
was confirmed by etching-back a thick CdS film which was deposiied at
ob]idue vapour incidence. A model is presented for tﬁe "stifiing process”
Which gives the relation between the critical thickness, the grain size
and the deposition angle of the film. For a given deposition environment,
the stifling process imposed an upper limit on the thickness of an s-mode
transducer.

The use of COppek substrates, and of COpper parts insidé the
deposition chambér, was abandoned because of the corrosive action of
sulphur on copper. Cu/CdS junctions weré nearly ohmié; and the anomdious
behaviour of these junctions 1s explained in terms of the reaction betwéen

Cu and S to form CUZS.

CdS s-mode transducers with untuned two-way insertion loss of

35 dB i1 a 50 ohm system have been successfully deposited on glass

slides for operation at frequencies down to 20 Miz. The stress in Cd

films on glass slides was much less than that on A2 rods. It is possibie

| that the higher stress in films on At rods weakened tiieir piezoelectris

performance.
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I started working o'n this project in October 1967 after graduating
from University Colleqe, Cardiff. All of the work reported here 1s
entirely my ewn unless otherwise credited in the text. So far as !
know, no thesis similar to this one has been submitted at any other
university. I have already published parts of this work (see Appendix

IIT), other parts will be submitted for publication in the near future.
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August 1971
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CHAPTER 1

Introduction

TN

The first aim of tnis prpject was to fabricate low-frequency
(down to 10 MHz) s-mode CdS transducers. The CdS transducers were
to be deposited directly onto welding-electrode-inserts (Fig. 1.1),
and be used instead of the discrete ceramic transducers which formed
part of the set-up for the fon—machine" uitrasonic inspection of
]

spot-welds devised by Crecraft and Warner '. In electrical resistance

spot-welding the two parts to be Jjoined, which are usually in the

form of sheet metal, are pressed together between two coppner electrodes.
A short pulsed electric current is passed through the electrodes and

the wofkpieces. The circuit resistance is largely confined to the
workpieces, so that sufficient heat develops to melt the metal over

a small areé. The region of fused metal is known as the weld "nugget",
and 1t forms at the junction of the metal sheets between thé tips of

the electrodes. The quality of the weld is mainly determined by the
quality of the weld nugget, and its position relative to the finished
thickness of the joined sheets. The ultrasonic inspection entails ¢
transmitting a short pulse of shear waves from a discrete transducer
mounted in the welding-electrode through the electrode tip and into
the nearest sheet being welded. Shear waves are used for two reasons.
Firstly, the molten weld nugget, being liquid, has no shear stiffness
and will not support shear waves, 1t therefore presents an almost
perfect acoustic impedance mismatch tc waves arriving at its boundary
from the parent metal and a good reflection results. Secondly, the
velocity 15 about half that of longitudinal waves and thus resuits

in a doubling of echo return times from, typically, 100 ns to 200 ns,

a great help to the electronic instrumentation. Some of the yltrsa-
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sound energy is reflected at the boundary between the electrode tip

and the sheet surface, due to the inevitable acoustic mismatch

between the electrode copper and the sheet metal. The echo 1s
returned to the transducer followed by the echo from the molten

weld nugget. Their time of separation is measureca continuously and

represents the depth of the weld below the surface. The main
limitation of this method is its iresolution. In practice the
shortest pulse shape of a received echo is a "chad" consisting

of 1.5 cycles and for electronic circuitry toc resclve the echoes
from the tip and the weld successfully, there must be at i:ast one
half cycle spacing. This means that when the weld has grown to
the largest size allowed, 70% penetration, say, its depth below
the surface must accommodate at .least two wavelengths. For a
typical example of 1 mm sheets, this leaves 0.3 mm of unmolten
material with a return path length of 0.6 mm, which is traversed

in about 0.2 us at 3 mm. us-]. For two cycles the frequency must

be 10 MHz. The resolution is limited somewhat further because the
ideal "chad" pulse shape car not be obtained. This 1s because
coupiing becomes more difficult as the frequency 15 raised due to
surface imperfections. In addition attenuation and dispersion
affect pulse propagation at frequencies above 10 MHz. It was hoped
that the use of CdS film transdﬁcers woulid improve coupling at

10 MHz, and provide a practical way of raising the frequency to

15 MHz to improve the resolution of the svstem. Thus, 1t seemed
advantageous to turn tc the vacuum-deposition of CdS films direct
onto welding-electrode-inserts., The electrode-inserts are designed
to screw inside the welding electrode (Fig. 1.1). Copper inserts
are used in oraer to eliminate acoustic mismatches betwecen the
insert and the electrode-tip copper. It was hoped to deposit CdS

films onto domed electrode-inserts (with 12 mm radius of curvature),

so that the ultrasonic beam would be focussed on the spot-weld.



This would increase the ultrasonic signal to noise ratio. Because
the electrode-inserts carry part of the welding current, the use
of more conventional delay-line materials, e.g. quartz, as inserts
was ruled out., The use of quartz would also have created transducer
to earth electrical coﬁtact problems, and would heave introduced
cracking and machining difficulties.

When this project started thin-film transducer technology was
in its infancy, and the realms of thick-film (low-frequency) transducers
were stil]l unexplored. However, it seemed likely that it would not be
too difficult to extend the thickness range of film transcucers. The
fields of depositing film transducers direct onto polycrystalline
metal rods, or ontc curved surfaces, were also new, Film transducers
offer the following advantages over discrete transducers. Firstly,
film transducers are deposited direct onto the propagation medium,
and, therefore, all the problems associated witn bonding a discrete
(fragile) transducer onto the propagation medium are eliminated.
Secondiy, the transducer insertion-loss is decreased by an amount

equivalent to the loss associated with the bonding layer. Thirdly,

the propagation medium. This is of particular advantage when s-mode
waves are to be launched since the problems associated with transmission
through a coupling medium are avoided. Fourthly, film transducer
materials e.g. cadmium sulphide and zinc oxide, have much Tower
permittivities than those of ceramic materials, and, therefore,

for a given thickness, the film transducers are much easier to drive .
electrically in view of their lower capacitance. This is of great
advantage when good transient performance is required, since a short

rise-time pulse 1s then used to drive the transducer. Finally, with

thin-film techniques 1t may be possible to deposit transducers direct

onto curved surfaces, in order to focus the ultrasonic beam. 150,




conventional methods of cutting slabs from a single crystal of a
piezoelectric material, and polishing them down to the desired
thickness, cannot be used to make slabs thinner than a few micro-
metres, because they become extremely difficult to handle. With
thin film vacuum-deposition techniques transducers can be made as
thin as 100 nm, and these transducers are as rugged as theh
substrates they are deposited on. Most of the work on thin-film
transcucers was concentrated on materials of binary compounds

e.g. cadmium sulphide (CdS), 2inc sulphnide (ZnS) and zinc oxide
(Zn0). The binary compound materiais CdS and ZnO have the highest
piezoelectric coupling coefficients, with the latter being better
than the former. In the present work, CdS was chosen for three
main reasons., Firstly, 1t was, and still]l 1s, the best known
material in this group. Secondly, it i1s much easier to deposit
stoichiometric films of CdS than of Zn0. Thirdly, for a given
frequency a Zn0 s-mode transducer has to be about 1.5 times thicker
than a CdS one. For example, 10 MHz CdS and Zn0 transducers have
to be 90 and 135 um thick.

If and when the fabrication of low-frequency s-mode CdS
transducers onto curved surfaces proved feasible, a continuous
curved CdS film would be deposited direct onto one side of a slot
milled into a wheel-electrode of the type used 1n seam-welding |
(Fig. 1.2). In seam-welding a line of overlapping weld nuggets 1is
produced in two or more thicknesses of metal by the passage of an
interrupted electric current between the periphery of two wheel
electrodes, which are continuously rotated and to which a pre-
determined load 1s applied. It was hoped that the CdS film
transducer in the wheel-electrode would enable the inspection of
seam-welds to be carried out in a manner essentially similar to

that of the spot-welds. The various ultrasonic techniques for
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the inspection of spot- and seam-welus have been recently reviewed ~.

Time permitting, it was also hoped, to deposit very thin CdS films on
glass slides for use as microwave resonaters.

SI units are used throughout the Thesis, except in Chapters 3%
and 5 where the torr is used as the unit of pressure because it is
still widely used in vacuum work. The SI unit of pressure is the
| N..m'2 and 1S given the name "pagca1” (Pa). The pascal is related

to the torr by the equation :

1 torr = 1 mm of mercury = 133 Pa.
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Piezoelectricity

2.1. Introduction

In this chapter the theory of piezoelectricity 1n single

1, 2

crystals > ~ 1s presented with particular reference to wurtzite

and sphalerite crystals to which cadmium sulphide belongs 1n 1ts
hexagonal class 6 mm form and cubic class 4 3 m form, respectively.
The conditions necessary for shear-mode generation in thin films of

3, 4, 5

wurtzite and sphalerite structures are presented after

discussing the conditions necessary for s-mode generation in single

1, 6,7 of the same structure. Piezoelactric multi-layers

crystals
and piezoelectric coupling coefficients S for various modes are

considered. A table of piezoelectric and other physical constants
is given for cadmium sulphide and other piezoelectric and ceramic

-transducer materials. The reader is referred to Chapter 7 for an

introduction to crystals and crystallography.
2.2. Piezoelectricity

Piezoelectricity (pressure-electricity) was first observed
by the Curie brothers in 1880 when they found that the application
of pressure to slabs of certain crystals resulted in electric
charges appearing across the slabs. Piezoelectricity may be defined

as the electric polarization (charge per unit area) produced by

mechanical strain in crystals belonging to certain classes, the
polarization being proportional to the strain, and changirg sign

with it. This 1s known as the direct piezoelectric effect. Closely
related to it is the converse effect, whereby a piezoelectric crystal

becomes strained, when an electric field is applied across it, by an



amount proportional to the field. The direct and converse piezoeiectric
effects are reversible and they are a manifestation of the same
fundamental property of the crystal : the lack of a centre of symmetry.
Out of the 32 crystal classes 20 ~lasses lack a centre of symmetry and

may exhibit piezoelectric properties.

2.2.1. The direct piezoelectric effect

When a stress 1s applied to certain crystals they develop an
electric moment whose magnitude is proportional to the applied stress.
For exampie if a uniaxial tensile stress o is applied along the c-axis
of cadmium sulphide crystal (hexagonal class 6 mm), the magriitude of
the electric moment per unit volume, or the polarization charge per

unit area is given by

P = do . (2.1)

where P 1s the polarization
d 1s the appropriate piezoelectric coefficient, and

o 1S the mechanical stress.

As implied by equation (2.1) a change from a tensile to a
compressive stress reverses the direction of the polarization.

In general a state of stress 1s specified by a second-rank

tensor with nine components, while the polarization of a crystal,
being a vector, is specified by three components. It is found that

when a general stress 03 ; acts on a piezoelectric crystal each

component of the resulting polarization Pi 1s linearly related to

all the components of %43 P -

d d

P, = d

15 4911971 T 912912 T 913913 T 9991907

two similar equations for P2 and P3.

Using the summation convention the equations become :-



.
il

I FTART
Py = d2jkojk' .......... (2.2)
3 = d3595k
It can be shown, from considerations of symmetry, that
955 = %ji and dijk = -dikj .......... (2.3)

In equation (2.2) the 27 coefficients d_ijk form a third rank tensor and
because of the symmetry element expressed in equation (2.3) cniy 18
independent coefficients exist. Writing the coefficients of equation

(2.2) in full we thus have :

Q11 Y412 9913 Db Dy2 913 d3yp d332 9343
(d127) dypp dyp3 (dppq) dypy dypg (d3yy) dapp dasg
(dy37)(dy39) dy33 (dy37)(dyg5) dy3s (d3aq)(d3qy) dggq

where the coefficients without brackets are independent coefficients.
Using matrix notation the representation of the eighteen independent
coefficients can be further simplified. The first suffix, of every
coefficient, remains the same as in the tenscr notation, but the
second and third suffixes are replaced by a single suffix running

~

from 1 to 2 as follows :

tensor notation . 11 22 33 23,32 31,13 12,21

matrix notation . ] 2 3 4 5 6

Thus in matrix notation the array Ofdij becomes :

d d d d d d

R 12 13 14 15 16
d)1 dyy  dyg  dyy  dye dog
ds dyg,  d33  dyy  dyy dgg



10,

2.2.2. The converse piezoelectric eifect

When an electric field is applied 1in a piezoeiectric crystal
the shape of the crystal changes slightly, and 1t 1s found that there
1S a linear relationship between the components of the vector Ei giving
the components of the electric field within the crystal and the components
of the strain tensor €43 which déscribe the change of shape. Moreover
the coefficients connecting the electric field and the mechanical strain
1n the converse effect are the same as those connecting the stress and
the polarization in the direct effect: when the direct effect is written
as Pi = dijkcjk’ then the converse effect is written as € 3k = dijk Ei'
Again since €k T Bk it follows that dijk 1s symmetrical in j and k.
The following scheme summarises the piezoelectric equations in

matrix notation. Read horizontally by rows it gives the direct effect,

and read vertically by columns 1t gives the converse effect :

€-| 62 €3 84 85 86

[—9 O’-I 02 | 03 04 0'5 06

E. Py d dn d o dy, de de (2.4)
s Py dyy dyy dy3 dy dyp dog
Es P dgp dyy dyg dg, dyg dgg

The choice of E and o as independent variables is arbitrary. A
separate pair of piezoelectric equations correspond to a different chcice
of independent variables. In the same way that the choice of £ and o as
independent variables gave rise to the "d" piezoelectric coefficients, the
choice of P and o as independent variables give rise to the "g" piezo-
electric coefficients, and that of ¢ and E as independent variables to

the "e" coefficients, and finally the choice of ¢ and P as independe¢nt

variables gives rise to the "h" piezoelectric coefiicients.




2.2.3. Piezoelectric coefficients for wurtzite and sphalerite crvstals

The wurtzite CdS structure is 1llustrated 1n Fig. 2.1. This

/, 9

Structure consists of two interpenetrating close-packed hexagonal

lattices, one composed of cadmium atoms and the other of sulphur atoms.

Each cadmium atom is at the centre of a tetrahedron whose corners are
occupied by sulphur atoms, and each sulphur atom is at the centre of

a tetrahedron of cadmium atoms. The lack of symmetry along the c-axis
1S apparent from Fig. 2.1. The sphalerite structure is illustrated in

/, 9 : L .
> 7 of two 1nterpenetrating tace-centred cubic

Fig. 2.2. It consists
lattices. The lattice of cadmium atoms is displaced with rospect to

the lattice of sulphur atoms by one quarter of the cube diagonal. The

basic building blocks of this lattice are again tetrahedra, with sulphur

atoms at the centre of a tetrahedron of cadmium atoms and vice versa.

Because of the high degree of symmetry in wurtzite and sphalerite

structures, many of the general piezoelectric coefficients of equation

(2.4) are equal to zero. (Of course a piezoelectric crystal must not
have a centre of symmetry, but it may have other forms of symmetry,
e.g. symmetry about a given axis or in a given plane).

For wurtzite crystals only d]5, d24, Aoy d32 and d33 have
non-zero values, and because of crystal symmetry d]5 = d24 and

d = Therefore, for wurtzite crystals the following matrix

31 32°
may be written to represent th> piezoelectric equations (2.4) above :

‘ €1 €5 € €4 2 €6
’____)" O-I 0'2 0'3 0'4 0'5 G6
Y o
> P 0 0 0 0 d 0
] | ’///// 15
€5 P2 0 0 0 d24 0 0
e3 Pg dgyy——dzp  dyy O 0 0
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axes
@ (1) and (d) various crystal planes( ) and directions[



or writing the converse piezoelectric effect in full :

H
{2,
y

i
!l

d,, E

€ 1 31 E3 5 €p = C3p B3 ©3 53 ©3
€q = d24 E2 , Ep = d-I5 E-I » €p T o e
where d]5 = d24 and d3] = d32

The suffixes 1, 2, 3 refer to compressional components of strain

and 4, 5, 6 refer to shear components.

The numerical values of d339 d3], and d]5 for cadmium sulphide
and other relevant materials are shown in Table 2.1 (at the end of
this chapter).

Similarly for sphalerite crystals the piezoelectric matrix may

be written as follows :

w0 e
0 0 0 0 0 \\\\\d
16

where dM- = d]5 = d16

The converse piezoelectric effect may be written as :
eq = Y4 By
€p = d25 E2 ...... SR
6 = Y3 E3

For the binary compounds of Group II - VI the piezoelectric

coefficients of the sphalerite phase are markedly lower than those

for the wurtzite phase ¢f the same compound ]5.

2.3. Conditions for shear-mode generation

The results obtained above are only valid provided that the
crystallographic axes b and c are related to the 1, 2 and 3 axes 1n

a certain manner 2. The 1, 2, and 3 axes, unlike the a, b, and ¢




axes are always mutuaily orthogonal. For hexagonai crystals the 3
ax1s 1s taken to be along the c axis, the 1 axis aiong the a axis
and the 2 axis is taken to be in the plane of the a, and b axes,
and at right angles to the 1 and 3 axes, sc that they form a right
handed set of axes, see.Fig. 2.1le. For cubic crystals the a, b,
and c axes are taken to be along the 1, 2, and 3 axes respectiveiy,
see Fi1g. 2.2d.

Equations (2.6) show that when an electric field is applied
along the positive direction of the ¢ axis (3 axis) no shear strains
will develop. However, compressional strains, €15 €55 and € 3 will
develop along the ¢ axis and along the 1, and 2 axes, the magnitude
of the strains being dependent on the values of the appropriate
piezoelectric coefficients and on the strength of the electric field.
Of these three compressional strains only € 15 piezoelectrically
active, because the other two are transverse to the applied field ¥ 7.
By active it is implied that an ultrasonic stress wave may propagate
in the material along the 3 axis. From equations (2.6) it can also

be seen that when an electric field has a component perpendicular to

the 3 axis, then, in general two types of shear strain will be

present : €q4 = d24 E2 and € d E], In general, then, two

15
shear-mode waves with different velocities : wiil propagate when the

electric field is in the basal plane. For generation of only one
shear-wave the electric field must be either along the 1 axis or along
the 2 axis.

For cubic (sphalerite) crystals equations (2.8) show that
unilateral electric fields parallel to a cube edge produce only
transverse shear strains and such strains are piezoelectrically
inactive I 7.

The effect of rotating the ¢ axis (or a cube-edge) away from

the 3 axis by an angle 8 will now be discussed since the results are

applicable to thin films whose c-axis (or cube-edge) is inclined at
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an angle to the substrate normal, as is the case with films for shear-

mode generation. The piezoelectric matrix (2.4) must be transformea

|

to take account of this change in axes. It can be shown ~ that the

new (transformed) components of tlie piezoslectric matrix may be, 1n
general, expressed in terms of the original coefficients by equations
of the form :

d 3 a 3

33 d33 cos™ 8 + (d31 + 2 d]5) cos 6 sin- 8 + d]] sin” @

+ Sin B8 cos © (d]3 + 2 d35) ..........

Where the prime indicates a transformed piezoelectric coefficient, ana

d d

332 G375 =--- etc are the or{gina1 coefficients of equations (2.4).

This transformed matrix can then be appliea to particular

crystal systems. Thus for wurtzite crystals the equations may be

reduced to 3, 45 3
d' = dl = cos3 8 + (2 dyo + doyy) sin2 0 cos 6

tc 33 33 15 31 -

} . y o _ '| . .
dtS = d35 = d]5 sin 8 cos 2 6 +-?(d33 d31) cos 8 sin 2 6

Where dtC is the compressional-thickness piezoelectric coefficient and
dtS is the shear-thickness piezoelectric coefficient. For sphalerite
, ,

crystals the transformed equations may again be derived ° from the general

equations, and will be of the form :

14

Z . 2
d]4 cos 8 - d25 sin B

d

d~- sin 8 cos 6

15 25

d

From equations (2.10) and equations (2.11) it can be seen that when the

c-axis (or a cube edge) 1is inclined a%t an angle 8 to the 3-axis, then,

il

in general, both shear-mode and compressional mode excitations a:o

possible when the electric field is applied along the 3-axis.




2.4, Piezoelectricity in thin films

The theory presented above applies to single crystals, and,
therefore, it can be readily applied to epitaxially deposited films
of cadmium sulphide and other materials of wurtzite or sphalerite

¢, 3, 4 aind sphalerite 1o, 17

Structure. Moreover, s%nce the wurtzite
single crystal structures have complete dielectric, piezoelectric and
elastic isotropy in the (001) and (111) planes, respectively, their
orientation can be sufficiently described by specifying the [001]
(c-axis) direction and the [111] direction respectively. Thus the

above thecry may also be applied to non-epitaxial films with preferred

orientation. (See Fig. 2.2 for illustrations of various lattice

planes and directions).

0, 18 1t 1s possible

Althougn with microwave cavity techniquos
to apply an electric field at an angle to the normal to the plane of
a deposited film, provided that it is deposited onto an insulating
substrate, in most applications a piezoelectric thin film is sandwiched
between two metallic films (electrodes) and the electric field is

Ll

applied between the two electrodies i.e. at right angles to the p]ane'
of the film (parallel to the 3-axis). In the following discussion only
the latter Case will be considered, where 1t will be assumed that the
electric field is always applied in the direction of the 3-axis.
For hexagonal cadmium sulphide films whose c-axis is inclined
at an angle, 8, to the substrate-normal 1t can be seen from equations
(2.10) that there will be no coupling to the c-mode when 6 = 38.50,
and 900, and no coupling to the shear-mode when 8 = 00, and 63.5° 3> 4, 5.
For sphalerite crystals when a cube edge is inclined at an
angle of 45° to the 3-ax1s, then compressional-mode excitation is
possible, and when the (110) plane is perpendicular to the 3-axis
/

shear-mode excitation 1s possible tor sphalerite films, ithen, the

condition necessary for compressional-mode 17 generation 1s that the




16.

(111) plane of the film be parallel to the substrate, and for shear-

mode generation the (110) plane must be paralilel to the substrate.

For deposited cadmium sulphide films to be suitable for shear-
mode generation, then, the c-axis of hexagonal films must be either

parallel to the plane of the film, or inclined at an angle of about

3, 4, 5

40° to the normal , or the (110) plane of a cubic film must

be parallel to the substrate. This is to be expected 1n view of the

/s 9

close relation which exists petween the wurtzite and sphalerite

structures when these two structures are viewed along the [001] and
[1][] directions respectively, they only differ by 60° rotation of

the tetrahedra.

19, 20

In the literature there 1s some controversy as to

whether a non-epitaxially grown cadmium sulphide film whose c-axis

1s normal to the substrate, may be excited for shear-mode generation

by applying the electric field at right-angles to the c-axis.

19 b 1S needed for such

DeKlerk maintains that an epitaxial film
excitation, whereas Foster <0 maintains that a non-epitaxial film
whose c-axis 1S normal to the substrate would be capable of producing

shear-mode waves but that the problem 1s hypothetical since, 1in

practice, no electric field could be applied parallel to the subctrate.

From the theory presented above 1t would seem that Foster 20 1S

correct when he states that such a film would be capable of generating
shear-mode waves. However, th= probiem is not hypothetical since 1t

is possible with microwave cavity techniques to apply the field at

an angle to the substrate normal, provided that the substrate is non-
metallic, and that there is no metallic electrode between the piezo-
electric film and the substrate. The experimental results of Weber I8
seem to confirm this for non-epitaxial films, and the results of

DeKlerk 0 for epitaxial fiims.

2.4.1. Coupling coefficient for piezoelectric transducers

In the piezoelectric conversion of electromagnetic into acoustic




radiation (or vice versa) it is not possible ¢l 6 satisfy simultaneously
both frequency and wave vector conservaticn, hence this process cannot
proceed in a uniform piezoelectric mediun. Piezoelectric transducers
rely on a variation of piezoeleciric coefficient with position either

by using a slab of finite thickness as is the case with conventional
piezoelectric transducers or a variation of piezoelectric constant

along a surface as 1is the case with surface-mode transducers. In the
case ot a piezoelectric slab, maximum efficiency of conversion of
ultrasonic energy to electrical energy (or vice versa) is achieved

1, 8

when the relevant dimension is equal to haif a wavelength

For thickness-mode transducers, for example, the thickness, t, 1s

equai to half a wavelength :
i, _ v : _ v ' 19
t _? . but _ )\ _.F . . f = 2t ---------- \2.]&.)

where v is the appropriate velocity of acoustic waves, and f is the
frequency.
The coupling coefficient of a piezoelectric transducer may be

defined as the square root of the conversion efficiency of the transducer,

or

> electrical energy out
k =

total mechanical energy 1in

The coupling coefficient, k, is a function of elastic, piezoelectric

and dielectric properties of the transducer material, and of boundary

3

conditions. For example, it can be shown = that :

A5

k33 - e T T R TSN R (2-]3)
/ ¥33 °33
where k33 is the static compressional-mode coupling coefficient {or a
pjezoelectric resonator whose piezoelectric coefficient along the 3-axis

is da, and whose elastic constant and dielectric permittivity along the




same axis are 533 and K39 respectively.

8

Also it may be shown ~ that :
d
31
k3] ST e (2.14)
€33 171
and )
K
~ 33
ktc = Nhyy —

where ktC is the coupling coefficient of a transducer operating in it
compressional-thickness-mode, and h and ¢ are piezoelectric and
elastic stiftfness coefficients respectively.

In dynamic systems the coupling ccefficients are dependent
upon the stress distribution and are, in general, less than the static
ones because not all the elastic (mechanical) energy is coupled.
Piezoelectric coupling factors characterize a piezoelectric material
better for power transduction than do the sets of elastic, dielectric
and piezoelectric constants and the bandwidth of.a transducer 1s also
dependent upon the appropriate coupling coefficient. Furthermore,
the coupling factors of piezoelectric materials with considerably
different values of permittivity arnd/or compliance may be direct]y
compared, and this 1s done in Table 2.1. |

The coupling coefficient 1s not a tensor and therefore does
not obey the tensor transformation formulae of the type given 1in
equations (2.9). Thus, when axis transformations are performed the
new (transformed) coupling coefficient is obtained by substituting
the new (transformed) elastic, dieiectric, and piezoeleciric constants
in the original equation, e.q.

n 22

~
|
—
™
—
&n
~——

33 _— T e s e e e s e e s
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where d33 1s the transformed piezoelectric coefficient given in

equation (2.10) and s

33 * 33

dielectric constants. Similarly the rotated thickness-shear ktS .
l

and thickness~compressional ktC coupling coefficients are given

are the transforincd electric and

by

! l K
B 33
kts - h35 —
“44

| \ K
~ 33
ktc B h33 e
“33

Since all these transformed constants are dépendent upon the
angle of rotation, then the coupling coefficient is also a function
of the angle. Gibson 3 and Foster ; have given a plot for the

thickness-mode coupling coefficient, k,, for compressional- and

t)
shear-mode excitation versus inclination of the c-axis to the normal

1%

for hexagonal CdS and ZnO (Figure 2.3).

2.4.2. Multi-layers

15

It has been shown that when the top layer of a cadmium-

sulphide single crystal consists of cadmium atoms, then negative
charge appears on the top face of the slab when a compressive stress

is applied 1n the direction of the c-axis. Conversely, when the

top layer consists of sulphur atoms, then positive charge appears on
the top face for the same stress. This phenomenum 1S known as crystal
inversion and is a consequence of the anisotropy along the c-axis, i.e.
if a fixed point on the c-axis is considered then the atoms above and
below it are at different distances. When the crystal is deformed by

a given stress then 1t will always deform in a manner that is biased

one way. This manifests itself in the piezoelectric polarity. Thus
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when a crystal is turned upside down, then, for the same stress,
positive electric charge will appear at the same face as when the
crystal was up-right, the only difference being that wnhat used to

be the top face is now the botton face. The eftect of piezoelectric

polarity on various multi-layers of a piezoelectric material will be

considered.

20..

When a voltage impulse 1s applieu to a piezoelectric transducer

bonded (or deposited) onto a propagation medium it can be shown e
that :
(a) the ultrasonic pulse generated at the front face of the

transducer 1s of the same shape and time-duration as the

voitage pulse,

(b) the ultrasonic pulse generated at the back face of the
transducer is also the same as the voltage pulse but has
a negative amplitude relative to that of the front face.
By the time this (back face) pulse reaches the front face
of the transducer i1t lags the front face pulse byng- seconds,
where t 1s the transducer thickness, and v is the ultra-

sonic wave velocity in the transducer material.

(¢c) the ultrasonic pulse generated in the propagation medium
(substrate) is the phasor sum of (a) and (b) above, and
is approximately one c;cle of a sine wave with a periodic
time, T, approximately equal to-gg* seconds.
The apparent frequency, f, of the ultrasonic wave 1i1s, therefore,
given by f =-%-=-§% s o o U ='?¥='%' vhere X 1s the wavelength
of the ultrasonic wave. Thus, as indicated in 2.4.1 (equation
(2.12)), resonance occurs when the transducer is half a wavelength
thick.
The polarity of the ultrasonic puise relative to that of

the voltage pulse 1s determined by the piczoelectric polarity of



the transducer material e.g. when materials of opposite polarity are
used the resulting ultrasonic puises have opposite polarity (180O
out of phase). Consider two-% piezoelectric layers arranged in such
away that the positi ve directions of the c-axes of the two layers
are opposite i.e. the two layers have opposite polarity (Fig. 2.4b).
When a vnltage impulse 1is applied to such an arrangement each layer
will generate in the propagation medium (substrate) an ultrasonic

Tmpulse whose shape 1s approximately a sine-wave and whose duration

A
2

opposite polarity the two ultrasonic pulses generated will have

1S approximately T seconds. However, because the two 5 layers have
opposite polarity 1.e. they will be 180° out of phase with each
other. The ultrasonic pulse generated by the top piezeelectric
layer has to traverse an extra distance equal to tne thickness of
the bottom layer before it reaches the substrate, i.e. the path
difference between the two pulse waves generated by the top and
bottom piezoelectric layers is-%. 'This-% path difference cancels
the effect of the opposing polarity of the two ultrasonic pulses,
i.e. constructive rather than destructive interference takes place,
3T

and an ultrasonic pulse is propagated whose duration (-§—-seconds)

is*longer than the pulse generated by a sing]e%—1ayer (T seconds).

When the electric field gradient is made to be tne same across a
A

single > layer or two %— layers of opposite polarity, 1.e. when
the amplitude of the voltage impulse in the latter case 1s made

to be twice that of the former, then the amplitude of the ultra-
sonic pulse generated by the latter will have twice the amplitude
of the former. Because the amplitude of the voltage applied across
3 thin film is limited by the breakdown voltage of the material of
the film (a few volts for a film whose thickness is of the order of
one micrometre), two-%- piezoelectric layers of opposite polarity

23

have been used to generate ultrasonic wave pulses at microwave

frequencies, so that the applied volioge across the film thickness
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may be doubled resulting in a doubling of the ultrasonic power output
of the transducer, and a halving of the capacitance of the film
making the transducer easier to drive.

Similarly, i1t can be argued that an ultrasonic pulse of

duration-%l-seconds 1S generated in the propogation medium (substrate),

when a voltage impulse is applied to a transducer consisting of a 5

2
passive layer sandwiched between two %—active layers of the same

21, 24 will have the same

advantages as those of a transducer consisting oftwo-%-active layers

polarity (Fig. 2.4c). Such a transducer

of opposite polarity with the disadvantage that for two such transducers
to give the same ultrasonic output power, the voltage impulse applied
to the former will have to be 1.5 times greater than that applied to

the latter (but the capacitance of the focrmer will be less than that

of the latter),
Consider now multi-layers of a piezoelectric material stacked
in such a manner that all layers have the same polarity (Fig. 2.4d).

In this case the'mu1ti-layer is equivalent to a single layer whose

thickness 1s the sum of the individual thickness of the layers, and
since there i1s no discontinuity in the piezoelectric constant along

the thickness of the multi-layer it may be regarded as a single

--%-transducer. In this case, howevei, the resonance frequency is

decreased, according to the formula given in equation (2.12), by the
proportional increase in thickness. Such multi-layers have been
fabricated 1in the present investigation (see Chapter &) and they

fall in two categories :

(a) layers of CdS films on CdS films up to 10 in number (about
100 um thick) have been fabricated, since, due to the
lTimitation on the size of the crucible in electron beam

bombardment evaporation,25 no single tontinuous thick film

could be deposited,



™)
D

(D) layers of CdS films about 10 um thick sandwiching a very tiiin
(1ess than 0.1 um) passive layer of quartz (SiOZ) were
deposited so that the change of orientation of cadmium
sulphide crystallites with film thickness may be studied
(Chapter 8). Sipce the tnickness of the 8102 passive
layer is very much less than that of the active cadmium
sulphide layer, and, therefore, much less than an acoustic
wavelength, this arrangement may be regarded as equivalent

to that of (a) above provided that the CdS layers have the

same pilezoelectric polarity.

The piezoelectric polarity of as-deposited cadmium sulphide
films was determined from their electrical response to a force
impulse of short duration (section 9.3.3). It was found that cadmium
sulphide films deposited on chromium films, copper films and quartz
films have the same polarity : a compressive stress produced negative
charge on the top face of the film. The response of as-deposited
films to a nanosecond voltage impulse was also studied (section 9.3.1)
Depending on the crystallograpnic orientation of the film it either
generated pure-shear mode ultrasonic pulse waves or pure compressional-
mode or both waves simultaneously, and the shape and duration of the
ultrasonic pulse was as that.predicted 22. The crystallographic
orientation inferred from these tests were confirmed by X-ray diffraction

techniques (Chapter 7).
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CHAPTER 3

A review of thin film transducer technology

3.1. Introduction

In this chapter a survey of the progress in thin- and thick-film
transducer technology is given. The various transducer deposition
methods are briefly discussed including the ones used in the present
work. Various piezoelectric materials are discussed in terms of their
siuitability for thin film transducers. The advantages of:thin film
transducers over discrete (conventional) transducers are outlined. A
summary of other thin film devices‘is given. It is stated that CdS
s-mode films have been deposited thicker than those hitherto reported

in the literature, and that c-mode transducers up to 100 um thick have

also been daposited.
3.2. Materials for piezoelectric transducers (PET's

Materials for piezoelectric transducers may be classified in

three groups as follows :

(a) S%ngle crystal materials : any insulating material which has a
crystal structure that is non-centrosymmetric may exhibit piezo-
electricity, e.g. quartz (510,) and cadmium sulphide (CdS)nl
Such materials are called piezoelectric materials.

(b) Polycrystalline materials that may be pecled by 2 strong electric
field, 1.e. ferroelectric materials. In their poled (permanent
polarization) form such materials are calfzd piezoelectric
ceramics 1n view of the similarity of the{r manufacturing process
to that of thermal insulation ceramics. Lead zirconate citarate
(PZT) and potassium sodium niobate (PSN) belong to this group of

materials.
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(c) Materials that may exist in either of the two torms above, 1.e.,

they are at once piezoelectric (when in single crystals), and
ferroelectric (when poled, 1f they are polycrystalline). Such
materials are exemplified by lithium niobate (LiNbOB) and
barium titanate (éaT103) and they are called ferroelectric-
piezoelectric materials. "Very often no distinction is made
between the last two groups of materials and they are both

referred to as piezoelectric ceramics.

The main advantages of ceramics over single crystal pieze-
electric materials are that they can be fabricated in almost any

1, 2

shape or size (not possible with single crystal piezoelectric

cuts, but may be possible with thin film techniques); and their
electrical and piezoelectric properties may be adjusted by varying 15253
the composition of their solid solutions. Also ceramics have a higher
piezoelectric coupling coefficient than other piezoelectric materials
(see Table 2.1, at the end of Chapter 2). The main disadvantages of
ceramic materials is their high relative dielectric permittivities,

< , which makes the static capacitance of a ceramic transducer much
higher than that of other piezoelectric materials (Tables 2.1 and 3.1).

"

This makes ceramic transducers much more difficult to drive, because
of electrical 1mpedance métching problems at high frequencies 4.

It 1s difficult to make a comparison between the properties of
ferroelectric-piezoelectric materials in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>