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I. INTRODUCTION

The requirement of detecting distorted or spatially nonuniform
waves is a problem encountered in manyiphysicai situations where
initially coherent signals are transmitted through an inhomogeneous
or turbulent medium. This problem has placed 1imits on many physical
measurements which are based upon the detection of a wave disturbance
over a finite receiver aperture. For example, in optical and radio
astronomy the determination of the angu]af size of many astronomical
sources has been limited by wave distortion introduced by the earth's
atmosphere and not by the diffraction 1imit imposed by the telescope's

1

aperture. To overcome these limitations, experimental techniques

such as intensity correlation2 (intensity interferometer), active
phase correction3 (rubber mirror) and intensity deconvo]ution4’5
(speckle interferometry) have been proposed and tested. In the field
of physical acoustics, researchers have long been aware of the problems
associated with making quantitative measurements in the presence of
wavefront distortion.ﬁ"g To minimize these problems, specimens were
necessarily limited to materials which possess uniform elastic
properties and which could be prepared flat and parallel. More recent

efforts to apply ultrasound to the areas of quantitative imaging]o

and materials character‘izationH

require a reevaluation of the problems
associated with detecting and making quantitative measurements upon
distorted wavefronts. Frequently, specimens of interest are by their
very nature inhomogeneous or irreqular in shape and thus wave distor-

tion is inevitable. In this thesis, we describe a method of ultrasonic



detection which is insensitive to measurement errors caused by wave-
front distortion. This detection technique allows quantitative
ultrasonic determinations to be made on inhomogeneous and irregular
materials using pulsed ultrasound. The technique also allows the
limitations of conventional phase sensitive receivers to be assessed
objectively.

The approach we invesfigate is based upon the nonlinear inter-
action of ultrasonic waves with the conduction electrons present
within a single crystal piezoelectric semiconductor. This interaction,
known as the acoustoelectric effect, makes it possible to produce large
aperture, phase insensitive receiving transducers which have broad

6 second),

ultrasonic frequency response, good response time (~10~
modest sensitivity (MO'6 watts/cmz), and most importantly are
insensitive to wavefront distortion.

In Chapter II we describe the physical principles underlying
the acoustoelectric effect. Using the linear or small signal theory
of the acoustoelectric effect we describe the effects of finite
conductivity upon the propagation of ultrasonic waves within a
piezoelectric semiconductor. We also investigate the nonlinear
interaction of piezoelectrically induced carrier waves with piezo-
electric fields.

In Chapter III we discuss the electrical properties of piezo-
electric semiconductors. The time and frequency dependence of both
the acoustoelectric and piezoelectric response of theSe materials to
various forms of ultrasonic excitations-is considered. Criteria are

presented for the optimization of the acoustoelectric signal generated



by a piezoelectric semiconductor in response to transient and continuous
wave ultrasonic radiation.

In Chaﬁter IV we discuss the response of finite aperture piezo-
eleétric and acoustoelectric receivers to non-uniform ultrasonic
illumination. We focus primarily upon the fundamental differences
in the detection properties associated with phase sensitive (piezo-
electric) and phase insensitive (acoustoelectric) receivers. A number
of experiments designed to illustrate these differences are proposed
and discussed. |

In Chapter V the experimental methods used to pfepare single
crystals of CdS as acoustoelectric receivers are presented. Various
electrical circuits designed to facilitate the observation and
utilization of the acoustoelectric effect are discussed. A number
of ultrasonic calibration schemes are compared as a means of determining
the absolute sensitivity (noise equivalent power) of a receiving
transducer based on the acoustoelectric. effect.

The results of electrical and ultrasonic measurements made upon
CdS are presented in Chapter.VI. Major emphasis is placed upon deter-
mination of the response time, ultrasonic bandwidth, and ultimate
sensitivity associated with the acoustoelectric response of CdS.
Application of the acoustoelectric effect as a phase insensitive
receiver in attenuation and scattering measurements as well as
tomographic imaging based on ultrasonic attenuation are demonstrated.

A brief summary of the entire project is found in Chapter VII.



II. THEORY OF THE ACOUSTOELECTRIC EFFECT

A. Introduction

The acoustoelectric effect provides the physical basis for a
phase insensitive ultrasonic transducer. In this chapter we present a
treatment of the theory of the acoustoelectric effect. The acousto-
electric effect refers to the interaction of electrons and phonons in
a material where there exists some mechanism which can couple the

]2’13 Classically,

electrical properties to the mechanical pr&perties.
the acoustoelectric effect can be described as a wave-particle drag
phenomenon. The waves involved are stress waves associated with the
propagation of ultrasonic energy and the particles are conduction
electrons which are free to move under the influence of an applied
force. |

The acoustoelectric effect can be.observed either as a change in
the steady state current flowing through a material brought about by
the presence of a propagating ultrasonic wave, or as a change in the
propagation parameters of the ultrasonic wave brought about by some
modifications in the electrical state of the material. Historically
the later of these manifestations of the acoustoelectric effect has
received the most attention because of the potential fof attaining
acoustic amplification (i.e., a negative ultrasonic attenuation coef-
fiCTGNt)-]4’]§ The former manifestation of the acoustoelectric effect,
has been receiving attention recently because it provides a
sensitive tool for studying the details of electron phonon inter-

19-22 and because of the potential app]icébi]ity in the area

23-29

actions

of phase insensitive ultrasonic detection.




In this chapter we first present a plausibility argument, based
upon the conservation of energy and momentum, by which we can derive
the functional form of the acoustoelectric effect (i.e., theWeinreich

| relation).30

This plausibility argument is completely general in that
it isvalid for any mechanism by which phonons and conduction electrons
can interact. In the second part of this chapter we investigate the
details of a particularly efficient coupling mechanism, the piezo-
electric effect. We pfesent a small signal (i.e., linearized) theory
describing the acoustoelectric effect in piezoelectric semiconductors.

Finally we discuss the nonlinear interaction of piezoelectrically

induced carrier waves with piezoelectric fields.

B. Plausibility of the Acoustoelectric Effect

The acoustoelectric effect results in the production of an
electric current by an acoustic wave. To be more specific, as an
ultrasonic wave propagates througha material in which conduction
electrons are present,a dc current can be generated along the
direction of propagation of the acoustic wave.

The.effect can be made plausible by considering a'system of
phonons (acoustic waves) incident hponand interacting with a system
of electrons. As the electrons and the phonons interact, the
electrons can either drain energy and momentum from the acoustic
wave or supply energy and momentum to the acoustic wave. This
interaction causes a change in the net momentum of the system of
electrons in the direction of the wave propagation, thereby causing

a detectable current.



Let us assume that the acoustic wave carries an energy density

which may be expressed as w==vsps, where v_ and pg are the velocity

s
and momentum density associated with the sound wave. Also assume
that.the spatial dependence of the energy density of the acoustic
wave is describable in terms of an attenuation coefficient ap SO that
!.‘J(x)==l~lo’e'2°‘Ex where W_ is the original energy density. The spatial
rate of change of the energy density is then

dp, dp
= S = ———s S -
= VS W T ZuEw (II.])

oo,
S

and can simply be interpreted as a net force exerted by the acoustic
wave upon the conduction electrons. Conservation of momentum requires

that

dp dp
S e _ .
T T 0 (11.2)

where Pe is the momentum density of the electron system. Therefore
the net force acting upon the system of conduction electrons is
dpe

i ZaEW . ) (11.3)

We can recast this force in terms of an effective electric field which
we will call the acoustoelectric field EAE' In terms of this effective
field, '

e . = ' (11.4)
o -nq EAE = ZQEW . .



where n is the number density of electrons and q is the electronic

chdﬁge. The current caused by this effective field can be found using

Ohm's Law (JAE = UEAE),
M ,
= 9 =

where u is the electron mobility. Let us further speficy that the acoustic
wave can be described as a plane wave. In this case W = <I>/vS where ¢
is the intensity of the plane wave and

%

.JAE = -2y Vs-cp . (11.6)

Here we see that the presence of an acoustic.wave of intensity ¢ in the
material results in a net forée on the conduction electrons present
which in turn gives rise to an electrical current. |

This model of the acoustoelectric effect is helpful for getting
an overall view of the interaction of acoustic waves with conduction
electrons but gives us no insight into the details of the interaction.
The physics of the acoustoelectric effect is tied up with the wave
propagation parameters Vs and - To gain any'further knowledge

about the size or functional form of these parameters, a specific

coupling mechanism must be proposed.

C. Acoustic Waves in Piezoelectric Semiconductors: Small Signal Theory

The piezoelectric effect has provided a strong coupling mechanism
for studying the interaction of electron and phonons in semiconductors.
A number of piezoelectric semiconductors are known. Some of these

piezoelectric semiconductors are photosensitive and have made it



possible to easily study the conductivity dependence of the acousto-

electric effect. Cadmium sulfide has been the most common of the
piezoelectric photoconductors studied for three reasons: 1) the
piezoelectric effect is strong (CdS has a higher electromechanical

31-33 ii) the conductivity of CdS can be varied

coupling than quartz),
over many orders of magnitude by exposing it to light (CdS is an
" insulator in the dark), and iii) large single crystal samples of
CdS can be grown convenient]y.34’35

A general treatment of wave propagation in piezoelectric
materials can be developed using a coupled wave theory. The fact
that mechanical deformations produce electrical polarization within
a piezoelectric material make it necessary to find simu]tanéous

solutions of Newton's force law and Maxwell's field equations in

. order to describe wave propagation. A formal treatment of acoustic
wave propagation in piezoelectrics of finite conductivity was first

6 and his results are summarized in Appendix A.

presented by Kyame3
Kyame showed that the effect of piezoelectric coupling and finite
conductivity on the acoustic waves was small aqd could effectively
be handled with a slight modification of the elastic constants. A
further reduction in complexity of the acoustic problem can be gained
because for certain modes of wave propagation the interaction between
piezoelectricity and the charge carriers can be effectively discussed
in terms of a one-dimensional model. (See Appendix A for details).
Assuming that é one dimensional model of acoustic wave propaga-

tion is adequate for discussing the essential features of the acousto-

electric interaction in cadmium sulfide, let us consider the propagation ‘”?



of a longitudinal acoustic plane wave parallel to the "c" crystalline
axis. The z components of the mechanical variables of interest, stress
T3, strain 53, and particle displacement 53, are defined as follows
I Ty, 9%,
S. =

3° 37 and 57 - P 3t2 ’ (11.7)

where p is the mass density. A1l of these mechanical variables are
implicitly functions of time and position within the crystal. In

our one dimensional plane wave model we assume a harmonic space

and time dependence exp[i(kz-wt)] for these variables. The equations
of state needed to derive a wave equation, are the piezoelectric
constitutive relations. These relations provide the coupling between
the mechanical fields (stress T and strain S) and the electrical field
electric field E, and displacement D). The particular form of these

relations we use is

E

T3 = C335; - €333
D, = e3.E. + e..S (11.8)
3 = €33E3 * e335; :

where cg3 is the mechanical stiffness measured at constant field,
e§3 is the dielectric constant of the material measured at constant |
strain, €33 is the piezoelectric coupling constant. Once again, we
are assuming harmonic space and time dependence for all of the field

variables.

The semiconducting properties of the material can be modeled

with the following three electrical equations
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i) Ohm's Law

J3 = 033E§ (11.9)
ii) Gauss' Law
803
35 = - (11.10)

iii) Continuity of Charge

9 _ . on
§E'J3 = Q3¢ (I1.11)

V= Mg 0
where J3 is the current density. The crystal conductivity 033 is
defined to be the product of the carrier mobility u, the electronic
change q, and the total number of charge carriers per unit volume Ny
The electric field Ej is the total electric field experienced by the
crystal and may be composed of an external bias field EO and internally
generated piezoelectric field E3. In this small signal or linear
theory of the acoustoelectric effect we will assume that the pumber
density of charge carrier§ can be described as having a large dc
component o and a small ac component n caused by the inf]ueﬁce of
piezoelectrically induced electric fields. By ignoring terms which
are of second order in small quantities, these three'electrical
constraints [Eqs. (II.9)-(II.11)] can be reduced to a single equation
describing the electric field,

KD, = —I—F . . (11.12)
R
0

~




1

Equations (II.7), (II.8), and (II.12) now provide us with four-
linear equations in the four unknown field parameters: D3, E3, S3,
and T3. A solution to this system of equation exists if the

determinant of the coefficients is equal to zero,

o

ik % g 0
(% + EH
1 e e 0=0. (I1.13)
0 e -C 1
0 0 —puw? K2

This condition leads us to the following secular equation

( g \
E uk\(,2 2 . 2
CilE FRE U2 R

One trivial root to this secular equation is (k/w)=0. This root
corresponds to a mode of excitation of the system which does not
propagate. The remaining equation is cubic in k/w and describes

three modes of excitation which do propagate but are not independent

of one‘another. Some physical insight into the solution of the coupled
wave problem can be gained by examining the secular equation in the
absence of the piezoelectric effect. In that case the secular

equation becomes

eE k. 2 '
1+ 0 ciolfk _p} g . (11.15)
w 2
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In this 1imit, the secular determinant factors (i.e., the three modes S

of excitation uncouple) and is easily solved:

2 [ =, /C

Ka i“’i/: - Y5 \/p_

ke = - 2 - i T~ . (11.16)
E qu equ

Two modes of propagation, k; and k;, correspond to.acoustic waves
propagating in the positive and negative direction with the velocity
of sound Ve The third mode of propagation corresponds to the
propagation of the bunched electrons in a direction opposite that of
- the applied bias field Eo with a velocity equal to the drift velocity
vD=-pEo. This wave of bunched electrons is damped out at a rate which
is proportional to the conductivity relaxation frequency (o/e) of the
material. ﬁm%
Some physical insight into behavior of the coupled wave system |
can be gained if we look at the cubic sécular equation in the limit
of weak piezoelectric coupling. We would l1ike to investigate the
effect of piezoelectric coupling upon the acou§tic propagation modes.

In order to do this, we can expand the acoustic root k;ﬂn about its

uncoupled value I/VS,

K 4
Al i+ . (11.17)
w VS _

Here A and B represent small correction terms to our original uncoupled
solution. By substituting this equation into the original cubic secular
equation and ignoring terms which are quadratic in correction terms A Am%

and B we are able to reduce the problem to a simultaneous set of two
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equations in the two correction terms. We find that the weakly coupled

wavevector kz has the following components

2
1
vy <1+
s 2ce wc/“ 2
]+U-(v/v)j
D' s
[ %k
W v :
w e s
a. = 2 (11.18)
E v32ce (I-V—DZ+(3°—)2
Vg w
where w_ is the conductivity relaxation frequency. The imaginary part

c
of the wavevectof aE is the electronic attenuation coefficient and

describes the rate at which electrons and phonons exchange energy.

These results are essentially those first derived by Hutson and white§7

We have made the simplifying assumption that the electromechanical
coupling coefficient k% is small compared to unity. This coupling
coefficient is an index of the strength of the piezoelectric effect

in a particular material. The dielectric constants measured under free
and clamped conditions (eT and es, respective]y) are related to the
mechanical stiffness constants measured under open and short circuit
E)/CD

= (eT-eS)/eT = k%. For weakly coupled materials such as cadmium sulfide,

conditions (cE and cD, respectively) in the following way:(cD-c

we are justified in assuming that

2

2
e = 2 - 2 -~

ce
In Figure I1.1 the velocity of sound and the electronic attenuation

coefficient are plotted as a function of the drift velocity Vo for a

fixed crystal conductivity o. For no bias field applied (VD==0) we see
\
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- Figure II.1. Velocity and attenuation coeffiéient versus drift velocity
in a weakly coupled piezoelectric semiconductor. The drift
velocity has been normalized by the velocity of sound in .
the material. The small signal theory of the acoustoelectric
effect [Eq. (II.18)] was evaluated using the electrical

and mechanical properties of cadmium sulfide found in

Table I; mc/w was assumed to be 0.5.
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that there is a finite amount of energy lost by the acoustic wave to
the system of conduction electrons and that the velocity-of the acoustic
wave approaches the piezoelectrically stiffened limit. As the drift
velocity of conduction electrons goes to the velocity of sound we see
that the velocity of the acoustic wave'approaches its unstiffened limit
and that the attenuation coefficient goes to zero. This behavior is
plausible because from the frame of reference of the conduction electrons
the doppler shifted acoustic frequency has gone to zero. As the drift

field is increased even further (drift velocity greater than the

~ velocity of sound) we see that the velocity of sound returns to the

piezoelectrically stiffened 1imit and that the electronic attenuation
coefficient goes negative. In this 1imit, the conduction electrons

are pumping energy coherently into the acoustic waves. This behavior

 of the attenuation coefficient with drift field provides the basis for

acoustic amp]ification.]4']9

In Figure II.2 we show the conductivity dependence of o and v
with no drift field applied (vD==0). in the Tow conductivity
(insulator) 1imit, we see that the velocity of sound approaches the
piezoelectrically stiffened 1imit and that very little attenuation
of the sound by conduction electrons takes place. There are very
few conduction electronsavailable to participate in any-interaction.
In the high conductivity (metal) limit we find that the velocity of
sound approaches the unstiffened 1imit and that the electronic
attenuation coefficient approaches zero. In this limit, the conduc-
tions electrons are able to move.rapidly enough within the crystal
to effectively "short out" the electric fields which accompany the

acoustic disturbance. For some intermediate range of crystal
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Figure 11.2. Velocity and attenuation coefficient versus conductivity
in a weakly coupled piezoelectric semiconductor. The
crystal conductivity relaxation frequency has been
normalized by the ultrasonic frequency. The small signal
theory of the acoustoelectric effect [Eq. (II.18)] was
evaluated using the electrical and mechanical properties
of cadmium sulfide found in Table I; the drift velocity,

‘vD=-uE°, was chosen to be zero.

V= m4q W B | | a
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coﬁductivities we find that there is a peak in the electronic attenua-
tion coefficient. The physical basis of the attenuation maximum is that
the piezoelectric fields are trying to "bunch" conduction electrons on
about the same time scale as the electrons are trying to "unbunch" due
to Coulomb repulsion. This process for transfer of energy~between the
electrical system and the mechanical system is a classical relaxation
process. (Another relaxation process based upon diffusion also exists
in piezoelectric semiconductors. Diffusion effects have been omitted
for the development as presented here because they are only effective
at coupling energy out of the ultrasonic system at frequencies in the
109 Hz range.) The "sinusoidal" electric fields accompanying the ;“gcwiﬂ'
acoustic wave cause a "sinusoidal" electron bunching. Because of the
finite conductivity of CdS, the spatial distribution of electric fields
and bunched electrons is phase shifted relative to the elastic deforma-
tions. This phase lag results in the irreversible transfer of energy
between the acoustic and electronic systeﬁs.

The exact phase relationship between the buhched carrier wave n,
the piezoelectric field E3,and the elastic strgins Ss,can be obtained
by going back to the original set of Egs. (II.7),(II;8L and (II.12) and
solving for the field parameters explicitly. After some algebra we find

that

ew S '
e — - .2 . (11.19)
Vs D|.. % EAR D
1-—1+i —= 1 -—
Vg w
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We are now in a position to'evaluate the validity of this small
signal theory. The major assumption made so far has been that the
effects of the ac conductivity, or bunched electrons n, upon the
propégation of an acoustic wave is small compared to the effects of

the dc conductivity or static electron distribution. In other words

«< 1 . - (11.20)

Evaluating this ratio at maximum attenuation (wC/w = 1) and zero drift
field (vD==O) Teads us to the condition

Y2 v.e
<< S

S3 : e

(I1.21)

Plugging in physical parameters typical of CdS we find that the
strain amplitude must be much less than 3><10'5 for the small signal

theory to be valid. This corresponds to acoustic intensities present

, . within the crystal less than approximately 16 watts/cmz. A Timit of

approximately 1 watt/cm2 was not exceeded for the measurements reported

later in this thesis.

D. Acoustic Waves in Piezoelectric Semiconductors: Higher OrderEffects

In the previous section we found that for Tow acoustic energy
densities, we are justified in ignoring the effect of the ac conductivity
(i.e., bunched electrons) upon the wave propagation parameters
(k= uvvs + iaE) within a piezoelectric semiconductor. This is not to
say, however, that effect of the bunched electrons is negligible. The

interaction of the bunched electrons with the piezoelectric fields
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associated with the traveling acoustic waves is the origin of the

acoustoelectric signal.

1. Acoustoelectric Current

. The nonlinear term in the current density E3 can be
calculated to lowest order using the results of the linear theory of
the prevfous section. In general, n and E3 represent quantities which
vary harmonically in space and time. Let us call the average of the
nonlinear current density the acoustoelectric current JAE’
Jpg = <QunEg> = qu 3 Re(neE}) . (11.22)

From Eq. (I1.19) we see the Jpp s proportional to the square of
the strain associated with the acoustic wave. Upon substitution of
Egs. (II1.19) into (I1.22) and by making use of Eq. (II.18) we find
that |

@ .
Jop = -ZuaEw = -ZuaE V;' . (11.23)

"The current generated by the nonlinear interaction of the piezoelectric

field with the bunched electrons distribution gives rise to a
current which is directly proportional to the rate of energy exchange
from the acoustic wave to the electron distribution, s and the
instantaneous acoustic intensity ¢. This result is identical with
that first obtained by Weinreich.30

The theoretical value for the wave propagation parameters .o and
v now allow us to estimate the order of magnitude of the acoustoelectric

current. Using values for the material properties of CdS found in
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Table I and assuming an incident ultrasonic intensity of 1 watt/cm2 and
a cross sectional area of 1 cm2 we estimate IAE at five megahertz to be
on the order of 500 microamps. This current is sufficiently large to

be observable and provides the basis for the application of the acousto-

electric effect as an ultrasonic receiving transducer.

2. Strongly Coupled Piezoelectric Semiconductors

So far we have limited our discussion to the interaction of
free charges and acoustic waves in weakly coupled piezoelectric semi-
conductors,i.e., materials such as cadmium sulfide in which 82/CE we Ty
In this 1imit, the effect of piezoelectricity upon the wavenumber kA is
small and we are able to determine the magnitude of the effect upon
wave propagation by using the simple approximation discussed in Section
C. It is conceivable however, that more strong1y coupled piezoelectric
materials might become available in which this approximation is no
longer valid. At present no single material with both semiconducting
and strong piezoelectric coupling is available. However, based on the
work of Fisch]er38 and others,39_4] it does seem possible to develop a
composite device, consisting of a Tayered structure of separate piezo-
electric material and semiconducting material, which would exhibit the
desired piezoelectric and semiconducting properties.

Let us examine a hypothetical material which is strongly coupled
and semiconducting and investigate its ultrasonic properties in the
small signal limit. The secular equation [Eq. (II.14)].is still valid.

However, we are now forced to solved exactiy the cubic dispersion relation
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Table I

Properties

of CdS

Physical Parameter

Value

velocity of sound, Vs

electrochemical coupling
coefficient k$= ez/ce

electron mobility, u

4.4x10° cm/sec

0.02

300 cm2/volt-sec
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woltf o8] ) b <
VW S
(11.24)

in order to evaluate the effects of conductivity and drift velocity
vD on the acoustic modes. Although an analytical solution to the
above equation may be possible, for purpose of illustration it was
decided to evaluate this dispersion relation numerically. A numerical
method for finding the complex roots of a polynomial with complex
coefficients was imp]emented.42 For purposes of demonstration, the
material and piezoelectric properties of a piezoelectric ceramic
(PZT-5H) and the semiconducting properties of cadmium sulfide were used.

In Figure II.3a we show the velocity of sound versus drift
velocity and in Figure I1.3b the attenuation versus drift velocity
as calculated numerically from the abdve dispersion relation. The
predictions of tﬁe weakly coupled [Eq..(II.18)] theory are also shown
(dashed curves). The complete so]ution'for the strongly coupled
material is similar to the weakly coupled solution. However a strong
degree of asymmetry about the Vp= Vs has been introduced. (It should

be noted that we have not taken into account the static strain

| dependence of the material stiffness, c. For strongly coupled
ﬁateria]s, the static strain caused by application of a large drift
field could be large. To take these effects into account, the third
order elastic constants of the material must be known.)

In Figure 1I.4 we show the ;e]ocity of sound and attenuation

versus material conductivity at zero drift velocity for the strongly
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coupled material. Once again the prédictions of the weakly coupled
material are plotted for comparison. Qualitative agreement between

the two theories is apparent. However, the magnitude of the attenuation
and velocity dispersion as predicted by the complete solution is

somewhat smaller than expected from the weakly coupled solution.
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Ve]ocity and attenuation.coefficient versus drift velocity
in a strongly coupled piezoelectric semiconductor. The
drift velocity has been normalized by the velocity of
sound in the material. The cubic secular equation [Eq.
(11.25)] was evaluated numerically for a material with
the piezoelectric properties of'PZT-SH(ez/ce = 0.5) and
the semiconducting properties of CdS (p = 300 cmZ/V-sec);
wc/m was assumed to be 0.5. For comparison the predic-
tions of the weak counling theory [Eq. (II.18)] areshown
by the dashed lines.
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Velocity and attenuation coefficient versus conductivity
in a strongly coupled piézoe]ectric semiconductor. The
crystal conductivity relaxation frequency has been '
normalized by the ultrasonic frequency.
equation [Eq. (II.25)] was evaluated numerically for a.
material with the piezoelectric properties of PZT-5H
(e2/cs==0.5) and the semiconducting properties of CdS
(p = 300 cmZ/V-sec); the drift velocity was chosen to
be zero. For comparison the predictions of the weak
coupling theory [Eq. (I1.18)] are shown by dashed lines.

The cubic secular
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IT1. PIEZOELECTRIC SEMICONDUCTORS AS ELECTRICAL SIGNAL SOURCES

A. Introduction

We have seen how the interaction of elastic strains with bunched
conduction electrons in a piezoelectric semiconductor resulted in the
flow of a macroscopic current: the acoustoelectric current. This is
not the only electrical signal, and indeed may not be the dominant
electrical signal, generated when a piezoelectric semiconductor is
exposed to ultrasound. A major component of the total electrical
signal arises from the direct piezoelectric effect. In this chapter
we examine the magnitude and frequency components associated with
both the acoustoelectric and piezoelectric signals generated by
piezoelectric semiconductors. The ultrasonic bandwidth of the
piezoelectric and acoustoelectric responses o% the crystal will be
discussed both in terms of useful range of operating frequency and
in terms of the various forms for pulsed ultrasonic energy which can
be used. We conclude this chapter with a discussion of electrical
noise, i.e., extraneous electrical signals which fall into the electrical

bandwidth associated with the acoustoelectric effect.

B. Piezoelectric Response of CdS

In 1960, cadmium sulfide was demonstrated to be more strongly piezo-

electric than quartz.m’32

Theories developed previously to account
for the electrical response of piezoelectric resonators and of thick
piezoelectric plateswere therefore available for describing the piezo-
electric properties of CdS. Some features of these theories are

presented here for two casesof pulsed u]trasonic.excitation: i) short
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pulses and ii) long ultrasonic pulses. By short ultrasonic pulses we
mean pulses with temporal extent comparable to or less than the transit
time through the piezoelectric plate. By long pulses we mean pulses
with temporal extent much greater than the acoustic transit time, i.e.,
essentially continuous waves.

When describing the electrical properties of a piezoelectric
material it is important to chose a formalism which allows such
properties as finite propagation speed and reflection properties to

be modeled. A transmission line formalism is suitable for this purpose.

1. Open Circuit Response of Piezoelectric Insulator

Let us consider the continuous wave response of a plate of
cadmium sulfide as it is excited by a plane longitudinal wave of
ultrasound. For the time being, we will consider the case of insulating
CdS (we >>o). Consider the situation illustrated in Figure III.1 where
we can see an ultrasonic wave with displacement amplitude A impinging
upon a piezoelectric plate of length £ and characteristic acoustic
jmpedance Z which is bounded on each side by nonpiezoelectric material
with characteristic acoustic impedances Z] and_Zz, respectively. A
wave of (complex) amplitude B is reflected from‘the piezoelectric
material and a wave of amplitude E is transmitted through the material.
In addition, two waves of amplitude Cand D propagate in ppposite
directions within the material. We assume that the incident wave A has
been present for a suffic%ent long period of time so that steady state
conditions have been achieved. The propagation constant g is of the
form o +i(w/v) in each of the three different media. Here o and v

represent the attenuation and velocity of sound ineach of these materials.
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Figure III.1. Particle displacement waves associated with continuous
wave illumination of a piezoelectric plate.
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The characteristic acoustic impedance of each material is defined as the

ratio of the acoustic pressure TS to the particle velocity u = dg&/dt

of a uniform plane wave within each material, i.e.,

Z-~= 2z pvS

—
x:zim

where S is the cross sectional area and we have assumed o/k << 1.

We would 1ike to derive an expregsion'for the voltage developed
across the piezoelectric plate and show how this voltage is related to
the behavior of the surfaces of the piezoelectric material and to the
ultrasonic frequency. The following form of the piezoelectric

constitutive relations are useful in this regard43’44

T=¢S-hos= c% - hD , (111.1a)
E = -hS + D/e = -hg—i- + D/e . “ (II1.1b)

In this case of a piezoelectric ihsulator, Gauss' .law (v-D=0) allows

us to integrate Eq. (III.1b) directly

V- fsdz = -h[z(2) -£(0)] + &
o
V= -hE(s) - £(0)] + - (111.2)
0

where we assumed an harmonic time dependence of the surface charge

density Q/S and have identified €S/2 as the static plate capacitance CO
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of the piezoelectric plate and I as the current. Under open circuit
electrical conditions (I=0) we find that the voltage developed across
the plate is proportional to the difference in displacements of the

surfaces of the piezoelectric plate,

veonfee® o el O (1L3)

The frequency dependence of the voltage produced acrosé the plate
can be calculated by taking into account the mechanical boundary'
conditions imposed upon the plate at z=0 and z=%. By demanding
that the stress T and particle velocity 9£/3t be continuous at the
boundaries we arrive at the following four equations in the unknown'

amplitudes B, C, D, and E.
-Z,(A-B) =--ng-5)’

-Z(Ee'eg‘- Be%) - -L,Ee

Ce 8% + Deb% = Eo®4 ) (111.4)

After some algebra we find that

X . (1 -rO)A _
1. =264
1 roly ©
and
-20%
5 Fo(1-ro)he (111.5)
1-rr, e 282

02
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where r_and r

o 3 are the reflection coefficients,

_2-21 nz-Zz
V‘o" ’ rz"
Z+Z] Z+Zz

(I11.6)

Substitution of the results into Eq. (III.3) for the voltage developed

across the plate yields,

-6 -264
Ah(l-ro){l-(1'+r£)e tr,e }

-28%
1- rorz e

V=

(111.7)

8 and hence V are implicitly functions of the ultrasonic frequency w.
In order to gain some physical insight into the frequency
dependence of piezoelectric plate alone, let us consider the case of
the isolated piezoelectric plate, i.e., ro=rz=1. If we assume a
constant acoustic energy input at each frequency (wA=constant) and

ignore the (I-ro)'factor in Eq. (III.7) then
V(w) = 1 tanh 5= = 1 tanh —s—— (111.8)
w 2 ) 2 : :

Expanding V(w) and taking the magm‘tude' we find

2 k&

] tanh al/2 + tan2 5} % '
[V(w)]| = = 5 . (111.9)
1 + tanh™ a2/2 tan v
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We see that the voltage produced by an isolated piezoelectric
plate is strongly frequency depéndent and has maxima whenever k2/2 is
equal to some odd integer (harmonic number) times n/Z; This condition
is equivalent to saying that a maximum in the response occurs whenever
the plate is equal in thickness to some odd number of half-wavelengths.
_Voltage resonances of the piezoeiectric plate therefore occur half as
6ften in frequency (at odd harmonics) as the mechanical resonances of
the plate. The magnitude of each vo]tagé resonance is also proportional
to (1/w) or to the inverse of the harmonic number.

0f course, piezoelectric plates are not always used as freé
resonators and are generally in contact with some other materials. It
is true however that this overall characteristic of odd harmonicresoﬁance
persists as long as the materials in contact with the piezoelectric
plate are of comparable or lower characteristic mechanical impedance.

To illustrate this point, we evaluated Eq. (III.7) for the case of

a piezoelectric resonator consisting of cadmium sulfide, loaded

on one side by water and on the other side by air. The material
properties of CdS shown in Table I[wére used to evaluate the reflection
coefficients r, and rl,and the theény of Hutsoﬁ and whitég7 [Eq. (11.14)]
Was used to evaluate the frequency dépendence of the attenuation

~ coefficient. The particular values in-Table II were chosen to facilitate
comparison with experimental results presented in Chapter VI. Figure
I11.2 shows the magnitude of the piezoelectric voltage generated as a
function of k&. The loading of the piezoelectric material by a low
impedance material such as water does not change the characteristic

. odd half wave resonant nature of the response.




Table II

Resonator Properties

Physical Parameter

Value

v=Y¢c/p
o
S
€ /eO
k% = e2/cs

4.411 x 10° cm/sec
8.4 x 107 (g-cm)”!
9.53
0.02

33
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Figure III.2. Magnitude of piezoelectric voltage generated by resonant
plate as a function of harmonic number (kz)i The piezo-
electric properties of CdS were used to evaluate Eq.
(I11.7) for a plate ]oadéd on one side by water and
on the other side by air [r:o=0.87 and ry = 1].
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Let us return to the case of a non-isolated piezoelectric plate

described by Eq. (III.7). Although the continuous wave response of
the mechanically loaded piezoelectric plate is completely described
by this equation, in this form the equation does not give us adequate
insight into how that response is built up at the onset of acoustic
wave. Redwood 45 showed that this equation could be put into a
physically enlightening form by expanding the denominator with the
binomial theorem to yield

V=~0-r)0-(+r )e‘gl tr, e'2§z}{]-+ror£ e~26

b rd2 M, 33 00, : (111.10)

After collecting terms we find

V= An(l-r) {1 - (e s rp(14r )e 2

-rorz[li-rz]e'Beg *rr []+~r ]e -40 | ...} . (111.11)

This form of the voltage response of apiezoelectric plate is
reminiscent of the results predicted using a péopagating wave mode]46
of an acoustic resonator, and the result has a straightforward physical
interpretation. We see that the continuous wave response can be thought
of as the sdperposition of an infinite series of waves reverberating
back and forth within the crystal. Expanding e'Néz as e'Nale'iN(wglv)

allows us to show that each successive reflection within the plate is

phase shifted by an amount commensurate with the acoustic transit time
ol

% /v and decreased in amplitude by an amount e~ The reflection
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coefficients also allow us to pick off the phase and relative magnitude

of the reflection from each surface.

2. Open Circuit Response of Piezoelectricwith Finite Conductivity

The result presented in the previous section can be modified to
include the effects of finite conductivity upon the electrical response
of a pieioe]ectric plate. In this section we outline that analysis
for the conductivity and frequency region where the acoustoelectric
effect is strong, i.e., 0'x we.

The voltage developed across a piezoelectric plate of finite
conductivity is obtained by integration of Eq. (III.1b) over the length
of the crystal. In the case of finite conductivity, Gauss' law requires
that

S
9D = 5z qn

where q is the electronic charge and n is departure from equf]ibrium of
the electron density within the crystal. The results of the analysis
presented in Chapter II indicate that there is a direct reiationship
between the charge bunching described by n and the magnitude of the

strain associated with the ultrasonic wave:

emc 1

qv, (T+1w

. SE| _%|3&
n 7a] ‘azl KIBZl . | (111.12)

Here we have rewritten Eq. (II.19) for the case of zero drift field
applied to the crystal. In other words, a charge carrier wave is
associated with each of the elastic waves represented by C and D in

Figure III.1. The magnitude of this charge carrier wave is related
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to the magnitude of the strain amplitude by a complex proportionality
constant K. Because we.know the spatial dependence of the charge
bunching in terms of the strain amplitudes, we can write the displace-
ment field D in terms of the strain amplitude and can integrate Eq.

(II1.1b) directly to find the voltage developed across the plate,

v =Cle®-1)(-h - g%) + D(e*®* - 1) (-h - :—g) +& . (1113)

Here the surface chargé density Q/S is the constant of integration
obtained from the integration of V-D. Once again we assume a harmonic
time dependence associated with the ultrasonic wave in order to write
Q=1/iw. Because the crystal has a finite conductivity and exhibits
a resistance R=2/0S a current I=+V/R will now flow through the
crystal. Thus we can rewrite Eq. (III.13) as

V= - _m;%ig_] h+g§ 5(e’§2-1]+§[e+§2'-1). . (1114
A comparison of Egs. (III;3) and (I1I1.14) indicates that the net effect
of finite conductivity upon the voltage developed by a piezoelectric

plate is to modify the piezoelectric coupling constant somewhat

h — h+ gg_ (111.15)
5 -

and to place a shunt resistor R across the plate.
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The range of crystal conductivity in which we are most interested
is the range which maximizes the exchange of energy from the ultrasonic
wave to the conduction electrons. According to the Hutson and White

theory37 this maximum exchange occurs when

9=y =2nf

c e R (111.16)

j.e., when the conductivity relaxation frequency ié equal to the
ultrasonic frequency. It is useful to note that the conductivity
relaxation frequency is identically equal to the inverse of the

“time constant" associated with the shunted piezoelectric plate.

=L
=== . | (111.17)

Evaluation of Eq. (III.14) at w_. = w and comparison with Eq. (III.3)
leads to the result that

V(o we)
Vol 1 . (111.18)

where we have made the assumption that k/a >> 1 and that the wave
amplitudes C and D are not altered app}eciably.by the presence of
conduction electrons. The assumption that k/a >> 1 is always true
in CdS. The second of these assumptionélhowever, is not strictly
true because the addition of conduction electrons does alter the

ultrasonic attenuation coefficient. Therefore the magnitﬁde of C

and D in Eq. (II1.14) may be somewhat reduced over those in Eq. (II1.3).
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It is clear however that magnitude of the piezoelectric response of a
resonator with finite conductivity will be appreciable and care must be
taken to separate the piezoelectric and acoustoelectric response of the

resonator.

3. Short Pulse Response

In this section we formalize sdme of the response characteristics
of a piezoelectric plate exposed to a short pulse of ultrasound. In
this context, the word short means that the pulse 1ehgth is equal to
or shorter than the acoustic transit time through the piezoelectric
plate. The formalism presented here is a combination of a propagating
wave model of resonator theory and the transmission 1ine model of
resonator theory. The particular factoring of Eq. (III.7) proposed
by Redwood45 makes the combination of these'fwo resonator models
quite natural.

The form of pulsed ultrasound we would 1ike to consider is

A(t) = A e~ T(kz-ut) 40 | (111.19)

j.e., a gated continuous wave where A(t) represents an appropriate

gating function. We take the following simple form for our gating

function
0, t<0
At) = 1, t<tc< ty (I11.20)
0, t>t

- D
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so as to produce a gated tone burst of ultrasound of durationAtd which

begins at t=0. Formé]ly, Eq. (III.11) represents the time independent
piezoelectric voltage generated by a plate as a function of frequency.

However, from the “"physical" way in which it is factored we are able

to deduce the time dependence of the piezoelectric voltage

V(t) = Ah(1-r) {A(t) -(1+r ]A[t-%] o0 - ike

2 Y - -t
+r,(0 +r‘°]A[t-Tg‘.] o2t o ’Zk”"

32 -3a2 -3k
- ror2[1+r£]A(t--—v—) e e + } (I1I.21)

where A(t-Nz)V) represent the gating function delayed by'N transit
times through the plate. Be;éuse'we have,chosen ty to be less than
the acoustic transit time, only one of the terms iﬁ this infinite
series is "on" at any particular time. In other words, we no longer
observe any resonant plate response because 1nferfering terms in the
infinite series are no longer simultaneously present within the
piezoelectric plate. Electrical signals ére generated by the thick
piezoelectric plate only when the ultrasonic pulse is in "contact"
with one of the two surfaces of the plate, i.e., either when the
pulse initially enters the plate or when it is subsequently reflected

45,47-49 Therefore, the

from one of the surfaces of the plate.
electrical signals generated by each surface of the plate are of a

duration comparable to the ultrasonic pulse length.
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It was pointed out by Redwood45 that in the short pulse 1limit

we are investigating, (i.e., td < %/v) the Mason equivalent circuit
network50 for a piezoelectric resonator can be reduced to a much
simpier form. The short pulse equivalent circuit of a piezoelectric
plate is shown in Figure III.3. In this limit the mechanical impedance
of the transducer is purely resistive and the total equivalent circuit
has the characteristics of a low pass filter. The magnitude ofhthe

load resistance RL can be used to adjust the transfer characteristics
of this fiTter. For many practical problems, RL represents the input
impedance of the amplifier used to measure the voltage across the plate.
In situations where 1ar§e values of RL are required, the low pass nature
of this network can be pronounced. The magnitude of the transfer

function of this filter network for a strongly coupled piezoelectric

material (PZT-4) is shown in Figure III.4 for three different values

352 and 10652. These values were chosen

of load resistance, 50 @, 10
because they are typical of the input impedance of practical amplifiers.
For high values of the load resfstance, low frequency qompdnents in
the ultrasonic pulse are preferentially passed by the piezoelectric
plate. In Figure III.5 we show the value of this transfer function

for a piezoelectric material such as CdS when it is loaded by 106s2

and 105 Q. These values of the resistances were chosen because they
are typical of the bulk resistance observed with photoconducting
cadmium sulfide. Again we see the preferentially passage of Tow

frequency components associated with the acoustic pulse.
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Z, Z,
2.2
-C,/hCo—:
2.2 -
C /h°ct = 2.2
“o’" Yo h°CER, hC,V

K

Figure III.3..

Equivalent circuit describing the response of a thick
piezoelectric plate to a short ultrasonic pulse. This
circuit (after Redwood45) can be used to predict the
voltage produced per unit force incident updn the plate
when the ultrasonic pulse is shorter than the transit
time through the plate.
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Piezoelectric Transfer Characteristic of Thick PZT-4 Plate

Figure III.4.

FREQUENCY (MHz)

Transfer characteristic of a thick PZT-4 plate for
various resistive loads. A thick plate enhances the
low frequency portion of the ultrasonic spectrum.

The voltage response presented is relative to

4.7)(]0'2 volts per unit stress incident upon the
plate. Assumed plate characteristics are C°==1000 pf,
h= 1.8'x109 V/m and Zo = 2.9x107 Rayls, Z] was chosen

to be representative of water.
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Plezoelectric Transfer Characteristic of Thick CdS Plate
40 [}
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. Figure III.5.

FREQUENCY (MHz)

Transfer characteristic of a thick CdS plate for various
resistive loads. The low frequency portion of the
ultrasonic spectrum is enhanced. The voltage response
presented is relative to 3.7)(10'? volts per unit stress

“incident upon the plate. Assumed plate characteristics

are, C, = 0.8 pf, h = 5.2x10° V/m and Z, = 2.1x107 Rayls,

Z] was chosen to be representative of water.
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In Figure III.6 we show the frequeﬁcy domain response character-.
istic of a gated continuous wave pulse of ultrasound before and after
it has been detected by the thick plate of PZT-4. The case -
illustrated is a 1.0 microsecond burst of 5 MHz center frequency
ultrasound, and the value of RL was chosen to be 10552. Even though
the amplitude of the 500 KHz component of the acoustic pulse is 20 dB
- less than the amplitude of the center frequency component, we see that
the amplitude of the 500 KHz component of the electrical signal produced
by the thick piezoelectric plate can be comparable to that of the
center frequency component.

These relatively large amplitude low frequency components associated
with the propagation of short ultrasonic pulses in thick piezoelectric
materials are of interest in the present work because they occur within
the same electrical bandwidth as the acoustoelectric signals. We will

return to this when we discuss signal to noise ratio considerations.

C. Acoustoelectric Signal —Open Circuit Voltage Produced by Long Pulses

From the results of Chapter II we saw that the nonlinear inter-
éction of elastic strain and bunched electrons within a piezoelectric
semiconductor could result in a net local current density or force upon
the conduction electrons. This force was shown to be proportional to
the local value of the acoustic intensity ¢. In this section we calculate
the net acoustoelectric response of a piezoelectric plate under the
conditions of long pulse or nearly continuous wave conditions illustrated

in Figure III.1.
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a) Incident Acoustic Pulse
ol

AYPLITUDE (dB)
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-40 -

b) Electrical Response df Thick Plate
o} R = 10°0
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Figure II1.6. Receiver properties of a thick plate of PZT-4. In panel
a) we show the spectral amplitude of the stress qssocfated
with a one microsecond ultrasonic pulse with center
frequency at 5 MHz. In panel b) the spectral amplitude

~ of the voltage produced when stress pulse is incident
upon a thick PZT-4 plate is shown. )
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¢
In order to calculate the open circuit acoustoelectric voltage

produced by a long pulse of ultrasound it is helpful to recast Eq.

(11.23) 4in terms of an effective acoustoelectric field.

Eap = —=—= ’ - (111.22)

where ap is the aftenuation coefficfent describing the transfer of
ultrasonic energy to the conduction electrons.

In the present context we have been using the term acoustic
iﬁtensity o rather loosely to mean the average acoustic energy density
times the ultrasonic phase velocity. In other words & is the time
average of the power flow or the average acoustic Poynting vector,

which is more properly defined as

%Re[u* T] (I11.23)

where u is the particle velocity [3g/3t] and T is the stress [c(8&/3z)]
 associated with the acoustic wave. From this definition, the total

power flow through the crystal can be broken into two components

= 1 027 re[(C+D)(C*+D*)] = 1 2Z(C*c+D*D) . (111.24)

N —

1
=3
- No net power flow is carried by the cross terms. We can find the total
acoustoelectric voltage generated across the crystal by integration of
EAE and using the above expression for the total acoustic power flow
within the crystal

2
-0l Z -2 L +2 z
: 2 7
(o]

(o) .
+2a-2
. T_])} (111.25)
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where or is the total attenuation experiénced by the ultrasonic wave
and is equal to the sum of the electronic attenuation coefficient ap

plus the background or lattice attenuation coefficient o The

L
quantities IEI2 and IBI2 which describe the magnitude squared of the
two components of the standing wave present within the plate can be

evaluated approximately using Eq. (III.5) and so

LT

e

- — (111.26)
4aT2- ZaTl

2 ‘ o

- wZ 2 2|°E
Vag = 2nev(] - r‘o) Al (q 2 2
o's e - 2r0r e - cos2ke

] 1+r

L

In Figure III.7 we show the predicted form ovaAE versus frequency for
an acoustoe]éctric resonator which is lToaded on one side by water and
on the other side By air for a fixed ultrasonic intensity incident upon
fhe crystal, i.e., for szz constant. The prdperties of this resonator
are the same as those described in Table I.. As you can see, a resonant
behavior is exhibited by VAE' Thi; respnant behavior is unlike VPE’
however, in that a maximum in signal amplitude occurs whenever k2 =nm
for all integer values of n. We note that since VAE is proportional to
the time averaged power flow (avefaged over a few cycles of ultrasonic
wave) it no longer contains an ei“’t time dependence. The above
expression represents a dc voltage whose amplitude varies with
ultrasonic frequency. |

In order to gain some insight into the dependence of VAE upon the

‘ length of the crystal, let us examine the case of an isolated acousto-

" electric resonator, i.e., ro==r2=‘l. If we assume that we are able to
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Figure III.7.

1 2 3 4 5 6
HARMONIC HUMBER (amf,2/v)

Magnitude of the écoustoe]ectric.responge generated
by a resonant piezoelectric semiconductor plate as
a function of harmonic number (k2). The piezoelectric

. and semiconducting properties of CdS were used to

evaluate Eq. (III.26) for a plate loaded on one side
by water and on the other side by air (ro==0.87 and
r,=1).
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get sound into such an isolated resonator (i.e., we ignore the fact

that ('I-ro)2 goes to zero) then we find that

-4aT2.

R - aE) e -1 ) k
v « | — . (111.27)
AE . -20--2

(GT 1-2 %7 4ad

cos2kL + e~

Let us now suppose that we have adjusted the operating frequency of
this resonator so that we are "on resonance", i.e., cos 2k& = 1. At
this frequency Eq. (II1.27) becomes
W = i)(;il)=-(i)coth 9 . (111.28
AE‘ (GT e_zaTg..1 o (GT ) ( )
The optimum crystal length is determined by maximizing thé signal to
" noise ratio with respect to the crystal length. As we will discuss
in Section III.H, the dominant source of electrical noise in a piezo-
electric semiconductor is related to the Johnson noise associated
- with the electrical resistance of the crystal. The Johnson noise
~ voltage is proportional to the square root of the crystal resistance,

which is proportional to the length of the crystal. Thus we find the

maximum signal to noise is obtained when

' a-  coth(o )
£ {- 5‘% -—/—_——T——] = 0 (111.29)
' [

This leads to the condition that

8ot = -sinh(20p8) . _ . (111.30)
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This requirement can be satisfied only in the limit of £ = 0. Thus

for resonant operation of an acoustoelectric resonator, the crystal

should be made as thin as possible commensurate with satisfying the

resonance condition. In other words, the best signal to noise is

achieved if the crystal is operated at the fundamental resonance, k& =.
Because we are at liberty to adjust the electronic attenuation

coefficient aps We can also maximize Eq. (II1I1.28) with respect to the

electronic attenuation coefficient

dgE [(aEtEaL) ¢°th((ag+aL)9~)J =0 . (111.31)

This condition is satisfied when

20 (o + oy )
X _ EV'E L .
sinh(2(op+¢)2) = s L . (I111.32)
We find that the optimum condition for resonant signal generation is
when the electronic attenuation coefficient is equal to the lattice
attenuation coefficient

(IT1.33)

Typical values of o in CdS crystals are quite low and are
generally hard to measure because they are mésked by the electronic
attenuation coefficient. A reasonable estimate for o is 0.05 cm'].

Let us now examine the condition for optimum crystal length for
an isolated acoustoelectric resonator at antiresonance, i.e., when

cos(2ke) =-1. Under these conditions Eq. (III1.26) becomes

A % ”
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Once again, we would like to maximize the signal to noise ratio with

respect to crystal length and so

tanh (oL
:_2[_?.5_8‘2_(%_).}0 B (111.35)

This leads to the condition that
4aT2 = sinh(ZaTz) . | - (I11.36)

This occurs when apl = 1.1. For any reasonable length of crystal (1
to 2 cm) we find that the total attenuation coefficient or is essentially
equal to g and so Eq. (I11.36) also dictates the optimum value of ag-

In the case of this relatively large value for ard (1.e.,aT2==1.1)
it seems inappropriate to think of the acougtoelectric crystal as a
resonator. The ratio of the resonaﬁt to nonresonant signal level predicted
by'Eq. (I11.26) for aT2==1.1'is only about1.6. In this nonresonant
mode we see that the maximum signal to noise is achievedif most of the
acoustic energy can be dissipated on a single pass through the semi-
conducting crystal. The conclusion expressed by Eq. (III.36) is

23 southgate, however, was

the same as arrived at by Southgate.
considering the response of a crystal to a burst of ultrasound which
was shorter than the transit time through the crystal. From our result
Eq. (I11.36) we see that aTz ~ 1.1 is the optimum choice whenever the
crystal is used in a nonresonant manner.

‘We are now in a position to compare the resonant and antiresonant

signal to noise ratios. We will adjust the resonator parameters so

that this comparison can be done at a single frequency. Physically
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realizable values consistent with the previous. optimization conditions

are shown in Table II. The ratio of resonant to antiresonant signal

to noise ratio under these conditions is

(S/N)g i {[aE/ (o + aL)] coth((ag +¢)2) //E}R
(SN Jtanh((og +a)2) 172} 5

(111.37)

where the quantities in the numerator are taken from the resonant
column of TablelIll and the quantities in the denominator are taken from

the antiresonant column. We obtain .

(S/N)g 550
(S/N], ® 0.57

x 950 . ' (111.38)

Therefore, a resonant acoustoelectric detector designed to operate at

5 MHz is predicted to produce about 950 times better signal to noise
than an antiresonant acoustoelectric detector operating at the same
frequency. This improvement in signal to noise is achieved, however,
only under steady state conditions. Resonator theory tell us

that when an acoustic pulse is incident upon an element which has an

aTz = 0.004, many reverberations are necessary (as on the order of the
mechanical Q) before the steady state is achieved.. For such a resonator
the mechanical quality factor is on the order of 400. (Q ~ w/2af ~ 400).
Thus, acoustic pulses on the order Q/fo, or about 80 microseconds long
are necessary to achieve this enhancement in sensitivity. In contrast,
for a crystal with arl v 1.1, only a single transit is necessary for

steady state conditions to be achieved. Thus the response time for
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Table III

Acoustoelectric Resonator Properties

Resonant Antiresonant
f 5 MHz 5 MHz
ac 0.05 cm! 0.5 cm!
o 0.05 ém'] 0.05 cm”!
2 0.044 cm . 2 cm
v 4.4 x 10° cm/sec 4.4 x 10° cm/sec
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our example is /v, or about 4 microseconds. This trade-off between
sensitivity and response time usually dictates which type of acousto-

electric detector is chosen for a particular application.

D. Acoustoelectric Response to Short Pulses

Let us now examine the acoustoelectric response of a piezoelectric
sgmicbnductor pulse of ultrasound whose length is less than or equal to
the transit time through the semiconducting.crystal. Equation (11.23)
expresses the local acoustoelectric current density in terms of the
local value of the acoustic power flow or ihtensity

a‘wz
.-IJE
v

Ing ze% (111.39)
whére we have rewritten Eq. (II1.23) in terms of the ultrasonic frequency
and particle displacement £. The macroscopic current flow per unit area
through the semiconducting crystal is obtained by averaging the local
current density over the crystal length. |

The acoustoelectric signal is the result of energy transfer
and is not limited to surfaces of the plate but is generated within
the bulk of the semiconducting material. For this reason, an
ultrasonic pulse of length td’ propagating through a piezoelectric
semiconductor with acoustié transit time 2/v will produce an electrical
current of duration z/v-+td. A formal expression for the time dependent
acoustoelectric current can be obtained using a propagating wave model
approach if we redefine our gating function A'(t),

0, t<0
AN(t)=(T, O<t<ty+e/v . (111.40)
0, t>td + 9/v



56

As before, we will understand A'(t-2/v) to be a similar gating function

delayed by a time 2/v. Formally, the time dependent acoustoelectric

current is of the form

24012 2
1 -Z Al apu(1-r9) ,
- _AE_ _ E 0 AT )
“Iag” = Frea T C v {A'(t)ll ry 8' (k-1
2.2, 2% 42 ., 32
+rgrg A (E-S9 1 -rpro A (t- 1+ } (111.41)

where ri and rﬁ are the intensity reflection coefficient at z=0 and

~ z=2 respectively and m21A|2 is proportional to the intensity of the
incident ultrasonic pulse. In the above expression I] represents the

contribution of the pulses tranHng from z=0 to z=2% and is of the

form
/ vi .
J1 e 292 4 O<t<t,
0 .
-vt, +vt
| r A" gm20z g, ty<t<a/v
I;(t) = ¢ ve ‘ (111.42)
. e 202 4, R/V<t<a/vEty
z-vtd+vt
N 0 L/vtty<t<0

The three distinct portions represent the contributions made by the
pulse to the signal as it enters into, propagates across and leaves the
thick plate. A similar expfession for I2 can be written down which
represents the contribution of “reflected" waves traveling from z=2

to z=0.

J
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As before, <JAE> is proportional to the time average power flow

within the crystal and as such contains no signal components at the
ultrasonic frequency w. However because of the finité pulse length, |
<JAES no longer strictly a dc signal. It contains frequency components
determined by the ultrasonic pulse length tD and by the transit time
2/v. In Figure III.8 we illustrate the prediéted time and frequency
domain response of <JAE> for two specific cases of pulse length and

" mechanical 1oad1ng. In case A we show the case where the ultrasonic
pulse is 1/2 the length of the crystal (td==z/2v) which is unloaded
at z=2 (r9'=1) and loaded with watér at z=0 (r0=0.87). This set of
mechanical loading conditions allows the ultrasonic pulse to reverberate
wifhin the crystal. Thus the maximum response in frequency is not

Tocated at dc but is shifted slightly upward.

In figure ITI1.9 we show the predicted acoustoe]ectrié current
response of a perfectly backed crystal (r2==0). Because no reverberations
. take place under these mechanical conditions, a single acoustoelectric

current pulse should be observed with maximum frequency response at dc.

E. "Broadband" Acoustoelectric Response

The acoustoelectric effect refers to a net force exerted upon
conduction electrons by an acoustic wave in a pfezoe]ectric semi-
conductor. Thfs force can be detected by measuring by either the

- current generated by the short circuited semiconductor or by measuring
the open circuit voltage developed across the semiconductor. In this
section we consider some aspects 6f measuring the acoustoelectric

current or the acoustoelectric voltage with the goal of broad

frequency response in mind.
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a) Time Domain Response
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1 4 5
Acoustoelectric response of CdS to short (tD==2/2v)
burst of ultrasound. In panel a) the time domain
acoustoelectric current density predicted from Eq.
(II1.41) is shown. In panel b) the spectral amplitude
of the acoustoelectric current density is shown.
Transit time through crystal was assumed to be

3 microseconds, and s and r, were taken to be 0.87

2
and 1, respectively.
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Acoustoelectric response of CdS to a short (tD==£/v)
burst of ultrasound. In panel a) the time domain
acoustoelectric current density predicted from Eq.
(I11.41) is shown. In panel b) spectral amplitude
of the acoustoelectric current density is shown.
Transit time through crystal was assumed to be

3 microseconds, and s and r, were taken to be
0.87 and 0, respectively.
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Let us consider a single passage through a piezoelectric semicon-
ductor of a gated burst of ultrasound with center frequency w. Assuming
that the acoustic burst is uniformly attenuated we can use the Weinreich

relafion30 [Eq. (II.23)j to write the instantaneous current density

alo,w)

vlo.o o . ' (I11.43)

-JAE(G’“’) = -u

At a particular conductivity o and ultrasonic frequency w we see that
the.aboustoelectric current density is proportional to the rétio of
the attenuation éoefficient and the velocity of sound which are also
functions of o and w. In Figure III.10 we plot the predictions of
the Hutson and White theory37 for ¢ and v as a function of conduc-
tivity relaxation frequency a/e for three different ultrasonic
frequencies. We see a set of relaxation curves and note that the
position of these curves is determined by the ratio of the conductivity
~ relaxation frequency to the ultrasonic frequency w (wc/as =1). The
amplitudes of the attenuation.curves are proportional to the'u]tra#onic
frequency. Over the range of conductivities illustrated the attenuation
coefficient changes by a factor of 10 and the velocity of sound changes
By a factor of approximately 0.01. Because Av/vS varies by only about
0.01, the conductivity and frequéncy dependence of the acoustoelectric
current is determined primarily by the attenuation coefficient
a(o,w).

TheVWeinreich relation can also be written in terms of an
effective electric fie]d EAE which would produce this same current

flow within the semiconducting crystal,
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'Figure III.10. Relative magnitude of dispersion and attenuation caused
by acoustoelectric effect in CdS. In panel a) the
percent veldcity change predicted from Eq. (I1.18)
for three different ultrasonic frequencies is shown
as a function of crystal conductivity. In panel b)
the electronic attenuation coefficient is shown as a
function of crystal conductivity for three different
ultrasonic frequencies.
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:]_Aigz_u. 0._____“7,0) ()
v o

B =5 7 : (111.44)

This is the electric field strength which we used in Section III.E to
predict the open circuit voltage response of a piezoelectric semi-
conducting plate. The conductivity and frequency dependence of Eq.
(111.44) is determined by the ratio of the attenuation coefficient

to the crystal conductivity. Using the expression for the attenuation
coefficient from Eq. (II.18) (with no applied drift field) we find
that

a(o,w) _ ¢ 1

ag

v 77 (mc/w)z . (111.45)
" When the conductivity relaxation frequency is less then the ultrasonic
frequency, the effective fieid strength predicted is nearly independent
of conductivity and ultrasonic frequency. Therefore, the open circuit
voltage produced across a piezoe]ectrie semiconductor in the low
conductivity 1imit should be independent of ultrasonic frequency.

" In Figure II1.11 we plot the predicted forms of the'aceustoe1ecbﬁc
current density JAE and the acoustoelectric field strength EAE as a '
function of the conductivity relaxation frequency W. for three different
ya1ues of the ultrasonic frequency. In panel a) we see that the optimum
value of the conductivity relaxation frequency changes by a factor of
10 as the ultrasonic frequency changes by a factor of .10. From panel
b) we see that a value of w, can be chosen (m2)<105) which maximizes

the acoustoelectric field strength for all of the ultrasonic frequencies

chosen. The predictions of Figure III.11 indicate that a broadband
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Figure III.1

ot 10° 10
CONDUCTIVITY RELAXATION FREQUENCY (o/c)

. Relative magnitude of acoustoelectric current density
and acoustoelectric field strength in CdS. In panel a)
the current density for three ultrasonic frequencies is
shown as a function of "the crystal conductivity. In
panel b) the acoustoelectric field strength produced by
-three ultrasonic frequencies is shown as a function of
crystal conductivity. At low values of crystal conduc-
tivity (i.e., o/¢ ﬂ-]Os) acoustoelectric field strength
is large and constant for all frequencies considered.
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"ultrasonic detector, i.e., a detector with an efficiency which is
frequency independent, can be achieved by measuring the open circuit
acoustoelectric voltage.

In practice,it should be noted that the conductivity relaxation
fréquency cannot be decreased without limit. From an equivalent
circuit point of view, the source impedance of the acoustoelectric
voltage source goes to infinity as the conductivity relaxation frequency
and hence conductivity go to zero. Any stray capacitance associated
with the input of a signal amplifier will therefore make detection of
short (1-2 usec) ultrasonic pulses difficult. A typical operating
point for the conductivity relaxation frequency might be 1 x106 sec.
At this conductivity the source impedance associated with a 1 cm long

x 1 cm2 single crystal of CdS is approximately 5><105

Q. At this
resistance level, care must be taken to minimize input capacitance
. if good pulse resolution (on the order of microseconds) is to be

maintained. This point will be addressed later in Chapter V.

F. Noise and Sensitivity

In this section we consider sources of noise in the context of
using CdS asaa detector of ultrasound. We also discuss non-random
electrical effects which arise from the direct piezoelectric effect in
CdS. These non-random electrical signals are considered here as noise
because they can potenfia11y 1imit the sensitivity of an acoustoelectric

detection scheme.
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Much of the theory describing the noise generating properties of
cadmium sulfide has been developed in the context of using CdS as a
photodetector. A general survey of the sources of random noise observgd

51 The sources of noise

in photoconductors has been given by Rose.
which he identified were: i) at low frequencies, contact noise
associated with the way in which electrical contact is made to the
surface of a semiconducting materiél, ii) at intermediate frequencies,
generation-recombination noise associated with fluctuations in the
number of thermally or optically excited current carriers and iii) at
higher frequencies, Johnson or Nyquist noise which is present in any
resistance element.

A series of experiments were performed by Shu]man52 to investiéate
the low frequency noise currents associated witﬁ the electrical contact
to the surfaces of single crystals of CdS. He showed that the Tow
frequency noise spectrum generated with metal contacts on CdS
could be reduced if a low work function- metal éuch as indium were
-used. This reduction in low frequency noise was attributed to the
ohmic nature of the indium-CdS contact. It was further pginted out
by Rose5] that when ohmic contacts.are provided to CdS crystal'
which exibit a negligible dark current (high resistivity crystals)
the noise associated with the random fluctuations of thermally
generated carriers can be neglected and thus only photocurrent noise
and Johnson noise need to be considered. The noise current associated
with the random fluctuations of photo excited charge carriers has been
measured in CdS by Van V]eit et a1.53 They showed that the noise

spectrum associated with photocurrent noise is slowly varying with
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frequency at low frequencies to about‘1000 Hz and then falls off
rapidly (l/fz) with increasing frequency.

We see that most of these sources of electrical noise can bé
eliminated from ultrasonic experiments by either careful sample
preparation or by limitation of the electrical bandwidth. A1l of
the ultrasonic measurements made upon CdS which are reported in this
work were performed on single crysﬁa]s which had been provided with
ohmic electrical contacts, and most of the electrical measurements

were band limited to the 10°

to 106 Hz frequency range. For these
reasons, the major source of electrical noise in our measurements

can be attributed to the Johnson noise associated with bulk electrical
resistance of the CdS crystal.

It is useful to compare the value of Johnson noise associated
with bulk resistance of the CdS crystal to the acoustoelectric
responsivity of CdS crystal. In this way, we can estimate the noise
equivalent acoustic power, i.e., the acoustic power needed to
generated an acoustoe]ecfric voltage which is.equal to the rooF mean
square noise voltage produced by the crystal. For the acoustde]ectric
response of CdS as a broadband ultrasonic detector, the responsivity
of interest is the "open circuit" voltage produced by the CdS crystal
when it is exposed to a "short" burst of ultrasonic energy (vis.,
Section III.B). Equation (III.41) can be used to evaluate this
responsivity,

200u -20-2
= SR =~ SR o jﬂ e | dz (I11.46)

Vae © <Ipe

o)
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where ¢o is the incident ultrasonic intensity R is the bulk crystal
resistance and § is the cross sectional area. Here we have rewritten
Eq. (II1.41) in terms of the acoustoelectric voltage produced when the
Cds trysta] is perfectly matched to an acoustic load (i.e., r0==r2==0)-
In other words, we consider only a single pass of the ultrasonic pulse
through the crystal. Under these conditions we find that when the
pulse length is equal to the crystal length, the acoustoelectric voltage

is

v

A b -e-ZaTl) . (111.47)

o
= . _E
b s, [

From Section III.G, we saw that this signal was maximized with respect
to thermal noise when the total ultrasonic attenuation coefficient o |
was equal to the electronic attenuation coefficient ap and when a2
was approximately equal to 1.1. Therefore the optimum voltage respon-
sivity is

voPt | _ B o

AE vz SRopt 2, (111.48)

We have written the crystal resistance as R0 t to emphasize the fact

p
that for a specified geometry, the conductivity which optimizes gl
also fixes the crystal resistance. The root mean square Johnson noise

associated with this resistance is given by the well known expression

v, =1/4kTRopt AT (111.49)

where k is the Boltzman's constant, T is the absolute temperature and

Af is the electrical bandwidth over which the measurement is to be made.
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Equating the rms Johnson noise to the magnitude of the voltage respon-
sitivity allows us to determine the noise equivalent acoustic power

<I’min’

Ouin = g/ mr . ~ (111.50)

opt

Using the values specified in Table III we find the minimum detectable
acoustic intensity in the presence of thermal noise is approximately
1.6x1077 watts/cn. |

The thermal noise geperated by the bulk crystal resistance, how-
ever, is not the oh]y source of extraneous electrical signé] in the

10° to 10°

Hz frequency range. For example when a high input impedance
amplifier is used to measurelthe open circuit response of a piezoelectric
plate to a short burst of ultrasonic energy, the low frequency components
of the stress associated with the pulse can produce an appreciable
electrical signal. Although we are attempting to measure the open

circuit acoustoe}ectric responsé of a piezoelectric semiconductor to

the high frequency stress components, we are.forced to consider also

the piezoelectric response of the plate to low frequency stréss components
because both resulting e]ectrical'signals fall in the same bandwidth.

The reduced Mason equivalent circuit (shown in Figure II1.3)
describing the response of the thick piezoelectric material to a short
ultrasonic pulse allows us to estimate the magnitude of this effect.

The magnitude of the transfer function of this equivalent circuit can

be expressed in terms of volts produced per unit force incident upon

the plate,




69

n

bt et e
1

Flh w?(z,+ 2R | [uP(z, +29)\7|*
1 — 0 | |

h h°c,

where R is the load resistance, Co is the static plate capacitance, and

(111.51)

h is the piezoelectric coupling constant. This transfer function can
be used to calculate the low frequency electrical response VPE(w) to

low frequency stress components T(w)

Voelw) = ]%[T(w)s , (I11.52)

where S is the cross sectional area being considered. Because the
acoustoelectric response of a piezoelectric semiconductor is
proportionalto intensity or stress squared and the piezoelectric
responsé of the material is proportional to stress,.the acoustoelectric
- response of the material will always dominate at high stress levels.

At low signal levels, however, the low frequency piezoelectric

response of the plate will outweigh the acoustoelectric response of

the plate. We are interested in estimating at what stress level the

magnitude of these two responses are comparable, i.e.,

Vgl = Vgl . (111.;3)

In terms of the stress amplitude, Eq. (III.53) is satisfied if

2
Lsp .Il(%’ll_ - lyF-IT(g,f)s (111.54)
1

where T(rf)Z/Z] is the incident ultrasonic intensity at the center
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frequency of the pulse. Here we have noted a difference between T(rf)
and T(2f) because the acoustoelectric response produces a low frequency
voltage which is proportional to the stress at the higher radio
freqhency T(rf). In contrast, the piezoelectric plate does not perform
this frequency transformation and so the low frequency voltage is
proportional to the low frequency stress components.T(zf).c
In order to éarry this analysis any further, we must assume'a

specific pulse shape so that the ratio of high and low frequency stress
components can be determined. A typica1.u1trasonic pulse used in the
present work consists 6f a 3 usec tone burst of 5 MHz ultrasound. In
the frequency domain, a sharp-edged pulse of this type produ;es a
sin(x)/x specfrum with the result that some ultrasonic energy is
present in the.low frequency portion of the spectrum. For this case,
the amplitude of the Tow frequency stress component cehtered at
approximately 160 KHz is roughly a factor of 30 smaller than the
center frequency stress component. Knowing this ratio we can now
evaluate Eq. (III.54) using 160 KHz as the low frequency stress
component and 5 MHz as the high frequency stress component to find

the stress level at wh%ch the low frequency acoustoelectric énd
| piezoelectric plate responses are comparable.

Using the typical values for CdS found in Table IV and using
Figure III.5 to estimate the transfer function at 160 KHz of CdS
loaded in a 500 KQ resistor, we find tﬁat VPE and VAE are comparable
when T(rf) is approximatg}y equal- to 1.1 x102 N/cmz. This stress
level corresponds to an'ultrasonic intensity in water of approximately

1 xIO'6 watts/cmz. We find that for the case considered this lower



Table IV

Typical Electrical and Mechanical Properties of CdS

v= 4.4 x"lO5 cm/sec

L= 2cm
u= 300 cmz/volt sec
S= 1 cm2
f = 160. KHz
Iopt = 4.2 x 1078 g-cm
Ropt = 5 X 10°
h= 5.2x10° V/nm
e/eo = 09,53
¢, = 4.2x107° farad
= 2.1 x ]07

Rayls

7
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1imit on detectable acoustic intensity is about an order of magnitude
higher than the 1imit imposed by the Johnson noise associated with the
resistance R. The 1imit imposed by the direct piezoelectric effect,
however, is not a fundamental one in the sense that we are at 1liberty
to "shape" the ultrasonic pulse in such a way as to substantially
reduce the low frequency stress components in the pulse. Thus the
sharp-edged pulse considered represents a worst-case analysis.
Furthermore, many ultrasonic transmitting transducers are not capable
of transmitting these low frequency stress components. Thus this Tow
frequency piezoelectric signal does not impose the 1imit upon the
sensitivity of an acoustoelectric receiver. In practice, therefore,
the thermal noise of the CdS crystal regarded as a resistive element

determines the limit of sensitivity.
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IV. THE DETECTION OF SPATIALLY NON-UNIFORM ULTRASONIC RADIATION

A. Introduction

In the previous chapter the piezoelectric and acoustoelectric
responses of a piezoelectric semiconductor to an acoustic plane wave
of infinite extent at normal incidence were discussed. This treatment
allowed us to look at the details of ultrasonic detection i.e.,
surface generation versus bulk generation, frequency components of
the detected signal, and related matters. This ideal type of ultrasonic
radiation, howevér, is rarely encountered in practical ultrasonic
éystems. Propagation of waves through non-para11e17 or inhomogenéous8
-specimens is known to lead to ultrasonic wavefront distortion.
Similarly, the effects of diffraction are known to introduce variations
in the ultrasonic field parameters (amplitude and phase) even in the
most elementary of pulse-echo or transmission experiments.6’9’54'eo

In this chapter we consider the complications encauntered in the
detection of such non-uniform ultrasonic radiation. By non-uniform
ultrasonic radiation we mean radiation which varies in either the
amplitude or phase of the ultrasonic pressure field over the area of
the receiver aperture. In this chapter we divorce ourselves from the
details of piezoelectric and acoustoelectric receivers and focus upon
the single major difference in the way each receiver detects a
distorted ultrasonic wave. In particular, we focus on the difference
between phase sensitive (i.e., piezoelectric-1ike) and phase insensitive
(i.e., acoustoelectric-like) detection of non-coherent ultrasonic waves.
Some experiments designed to illustrate this fundamentdl difference

between piezoelectric and acoustoelectric receivers are proposed and

discussed.
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B. Genelral Aspects of Piezoelectric Receivers —Phase Sensitive Aperture

The feature of piezoelectric receivers we explore in this section
is that the electrical signals produced by these devices are proportional
to the instantaneous (complex) amplitude of the incident ultrasonic field.
This fact was illustrated in Section II1I.A for continuous wave operation

“of piezoelectrics and in Section III.C for the transient operation of
piezoelectrics.

Practical piezoelectric receivers are. finite aperture devices and
because of this finite size, sample the ultrasonic field incident upon
them at many different locations. Therefore in order to be able to
interpret the output of a piezoelectric receiver, it is necessary to
have some knowledge of the spatial character of the field ihcident
upon it. The ultrasonic field incident upon a spatially extended
piezoelectric receiver can be written in terms of a complex pressure

field
ﬁ(x,y,z,m) = PR(x,y,z,w) + i PI(x,y,z,w) (IV.T)

where PR and PI represent the real and.imaginaryAparts of the field at
the point (x,y,z) and at the frequeﬁcy w. The electrical response of
a piezoelectric plate to this pressure distribution is proportional
to the instaﬁtaneous average of the complex pressure over the area of
the p1ate.6 If this pressure distribution is known, the magnitude
of the piezoelectric response at the frequency w of a plate located

at a point z is
v 2 21%
IVPE(z,m)Iw Lr PR(x,y,z,m)dx dy) +-(f PI(x,y,z,m)dx dy} . (1v.2)
o g
R R

Here og represents the surface of the receiver.
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The integrals of the real and imaginary parts of the incident
pressure field over the receiver aperture can be thought of as an
instrumental interference effect. The effect is instrumental because
it is intimately involved with the size, placement and geometry of the
receiver element. The effect represents an interference because it is
possible for cancellation of local electrical signals to occur when
regions of positive and negative pressures occur simultaneously at
~ different locations on the receiver aperture. This interference effect

has come to be known as phase cancellation.

C. General Aspects of Acoustoelectric Receiver —Phase Insensitive Apertures

As we saw in Chapter III, the electrical signal produced by the
interaction of elastic waves and charge carriers in a piezoelectric
semiconductor is proportional to the square of the magnitude of the
amplitude of the incident ultrasonic field. This fact was
illustrated both in the case of continuous ultrasonic illumination
[Eq. (II1.26)] and pulsed ultrasonic illumination [Eq. (III.41)].

The acoustoelectric signal produced by a finite aperture piezoelectric
semiconductor when it is illuminated by a nonuniform acoustic wave
}shou1d therefore be proportional to the average value of the square

magnitude of the complex pressure averaged over the receiver aperture,

VAE(z,m) « f ]P(x,y,z,m)l2 dx dy . (1v.3)

%R
Because we are integrating a positive definite quantity (|5|2) over our
receiver aperture no cancellation of signals can take place, regardless

of the degree of wavefront distortion. Thus we find that no inter-

ference takes place in the expression for VAE’ unlike the case for VPE'
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(Strictly speaking, the acoustoelectric voltage is not an instantaneous
average of |P(x,y.z, )IZ. From the analysis presented in Section III.F,
we expect to see some smearing out of VAE in time bécause of the finite
tranéit time of the acoustic pulse through the detector. waever for
the purpose of comparing the output of a phase sensitive and phase
insensitive receiver aperture, this slight amount of temporal averaging

will be ignored.)

D. Diffraction Model

In order té investigate theorefical]y the detection properties of
finite aperture phase sensitive or phase insensitive receiver in the
presence of nonuniform ultrasonic illumination it is necessary to have
a physically realizable model for producing "distorted" ultrasonic
radiation. Once a specific model has been formulated, the complex
pressure ét the receiver aperture éan be calculated and the integrated
response of either iype 'of detector predicted. |

We have chosen to model the effects of non-coherent ultrasonic
radiation in the context of diffraction theory. Figure IV.1 illustrates

the geometry associated with the diffraction integra'l61

i (F)+k| ¥ )
. . 1 2™
P(x ) = —2—‘-'wp° ulfyJe do_  (1v.4)
,y,z’m - 1‘[ > - . S .
, ¥, - Fl

%%

where Po and k are the material densffy and wavevector in the medium
through which the wave propagates. The aperture weighting function
u(?l)exp(i¢(?])) has been included to describe the amplitude and phase

of the normal component of particle velocity over the transmitter aperture. Using




Figure IV.1.

SOURCE '
DISTRIBUTION ' : :ﬁgﬁ%

Geometry used to calculate the pressure distribution
in the plane of the receiver. Diffraction theory
can be used to calculate the complex pressure field
for an arbitrary distribution of sources.

77



78

this diffraction integral we are able to ca1cuiate the complex pressure ™y
field produced by a source distribution located in the x-y plane at
z=0. The field at any specific point (?2) on the surface of the
receiver aperture is proportional to an integral over the surface of
the source distribution which corresponds to ?]takingon all possible
values. The complete solution of the diffraction problem then involves
letting ?% take on all possible values so that the complex pressure
P(x,y,z,w) can be determined at all points on the receiver aperture.

In order to model the production of non-uniform ultrasonic waves
the arrangement illustrated in Figure IV.2 was chosen because it lends
itself to an easily imb]emented, partially analytical, partially
numerical solution. The distribution is seen to be invariant with
respect to disp]acément in the y direction (i.e., extends from -= to
+0), This symmetry allows the source distribution to be considered as /@% :
a sum of a series of strip sources lTocdted at points xj, zj. This
configuration allows a variety of physically realizable source dis-
tributions to be "synthesized".

The diffraction integral can now be decomposed into a sum of

strips (j) and each of width Ax, and consisting of a Tine integral

J
(dy),

~fwp_u i, e ikr, '
-~ ' - 0 J X J
P(x',y',2",w) = o Z e AXijery] (1v.5)
J — J
where
- 1_y 2 Y- v 2% :
rj—{(x xj) + (y'-y)” + (z zj)} .
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Figure IV.2. Geometry associated with the diffraction integral for
a simplified distribution of sources. The source
distribution is chosen to be invariant with respect
to displacement in the y direction.
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The integration over y determines the cohtribution of eacﬁ strip to the
pressure at the receiver aperture and the sum over j adds up the con-
tributions of the strips. The magnitude of the particle velocity for
each strfp has been assumed constant‘and the phase factor ¢j allows
each strip to radiate phase independent of the others.

Because the'source distribution does not vary with translation
in y direction, the complex pressure at the receiver aperture will
also be invariant with respect to y displacements. It is sufficient
therefore to calculate 5(x',y',z‘,w) along a line in the receiver
aperture defined by y' = constant. For convenience we choose the

line to be y' =0 so that Eq. (IV.3)

T oo
3 -iup Jw- o Sy elatog ey
P(x',0,y"0) = —5= Ze J Ax,
J

- B A —
: Yy
I xtox )2+ (2'-2.)2 + 42
Co ¥V (X'-x5)7 # (2-25)" +y
(1v.s)

This integral over y can be put into the form of the integral
representation of the Hankel function62

[y = im b)) [kixx )2+ (20240 (1v.7)

For the situations considered we will always place the receiver
aperture at distances L such that kL >> 1, and so it is convenient to

use the asymptotic form of the Hankel function,

Hél)(kr) = 4/ oilkr-m/8) (Iv.8)
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In this approximation the expression for the complex pressure along

the line y' =0, in the receiver aperture becomes

. Tk((x'-x,)2 # (20-2,)2)E 4 0,
P(x‘,o,z',m)=wpouze > g A% - (1v.9)
7 (2 k((x"-x;) + (y'=y5)) %) J

In order to evaluate this expression numerically, it is necessary to

choose a specific distribution of strip sources.

1. Proposed Experiments: Transmission

The first source distribution analyzed is considered
schematically in Figure IV.3. The physical situation being modeled is
presented in panel a). We consider a bounded plane wave normally in-
cident upon and transmitted through-a-plastic object which is flat and

parallel except for a step discontinuity milled into one of its surfaces

at x=0. This physical situation is modeled by the distribution of

sources presented in panel b). The difference A¢ in phase of the
excitation for sources located at x > 0 and x < 0 corresponds simply
to Az the step thickness times the difference of the ultrasonic wave

vector in the plastic material and water.

lae] = az(ky - ko) . (1v.10)
The complex pressure produced by a distortion of 200 strip sources
was evaluated numerica]]y for 50 points on the receiver apefture over
the frequency range of 3 to 8 MHz. The spatial extent of the source
was chosen to be 1 cm and Eq. (IV.9) was evaluated for a receiver
aperture of 1 cm placed a distance of 1 cm from the source. The

ultrasonic wavevectors kw and kp were calculated assuming that the
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Figure IV.3. Geometry used to calculate the field distribution
produced by a flat and parallel plate with step
discontinuity. Experimental situation is schematically
depicted in panel a). Complex pressure field is
calculated in receiver aperture using 200 infinitesimally
thin strip sources arranged as shown in panel b).
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velocity of sound in water and plastic is 1.5)(105 cm/sec and 2.5;(105
cm/sec, respectively. The phase shift A¢ was evaluated assuming Az~ 1 mm.
Although the numerical calculations were carried out at discrete
frequencies over the range 3 to 8 MHz, for purposes of illustration
results obtained at three "special" ultrasonic frequencies (3.8, 5.7,

and 7.6 MHz) are singled out for comparison in Figures IV.4, IV.5, and
IV.6. In each figure the real and imaginary parts of the complex pressure
field are plotted in panel a) and the magnitude of the ultrasonicpressure
field is shown in panel b). In Figure IV.4 and IV.6 (corresponding to
ultrasonic frequencies of 3.8 and 7.6 MHz, respectively), we see that

the rga] and imaginary part of the pressure fields are of a single sign
over the receiver aperture. At these frequencies the phase shift A¢
introduced by the step discontinuity corresponds to 2 and 4 half wave-
lengths respectively. Therefore, the effects of the step discontinuity
"disappear" énd the field pattern is effectively that of a single flat
distribution of sources. At the ultrasonic frequency of 5.7 MHz the

step discontinuity introduées a phase shift of 3 half wavelengths in

the field originating from the x>0 portion of the source distribution
relative to that originating from the x<0 portion of the source dis-
tribution. This is manifested by the abrupt change in sién of the real
and imaginary parts of the pressure distribution at the center of the
receiver aperture.

Simulation of output of a phase sensitive or phase insensitive
receiver over the full range 3 to 8 MHz can now be performed using the
calculated pressure distributions. The output of a phaseAsensitive
(piezoelectric) reéeiver can be predicted by integratiﬁg the complex

pressure curves such as in panel a) of Figures IV.4, IV.5, and IV.6.
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Figure IV.4. Comb]ex pressure field at 3.8 MHz produced by step
discontinuity. Real and imaginary parts of pressure
field are shown in panela) for a 1 cm receiver aperture
located 1 cm from the stepped plate. The magnitude of
the complex pressure over the receiver aperture is shown
in panel b). .



Figure IV.5.
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Complex pressure field at 5.7 MHz produced by step
discontinuity. Real and imaginary parts of the
pressure are shown in panel-a) for a 1 cm receiver
aperture located 1 cm from the stepped plate. The
magnitude of the complex preséure over the receiver
aperture is shown in panel b).
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Figure IV.6. Complex pressure field at 7.6 MHz'producea by step
discontinuity. Real and imaginary parts of the
" pressure are shown in panel a) for a 1 cm receiver
aperture located 1 cm from ‘the stepped plate. The
magnitude of the complex pressure over the receiver
aperture is shown in panel b).
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This integral can be done in one dimension because of the symmetry

imposed,
2

2 2%
IVPE(Z],w)[c: {(IPR(Xl’O’Z]’w)dX]) ur(JPI(x],Q,zl,w)dx]) } . (Iv.11)

Likewise, the output of a phase insensitive (acoustoelectric) receiver

can be predicted by integrating the magnitude of the pressure curves such

as in panel b) of Figures IV.4, IV.5, and IV.6. In one dimensional form

VAE(Zl“u) x f |f5(x1-,o,z],m)|2 dx] . (1v.12)

In Figure IV.7 we present the results of these calculations in
terms of the signal output as a function of frequency over the range '
of 3 to 8 MHz for a 1 cm receiver aperture. The square root of the

. output of the phase insensitive receiver is plotted in order to permit

@MN direct comparison with the output of the phase éénsitive receiver.
The output of the phase sensitive aperture (solid curve) goes to zero
at certain ultrasonic frequencies (e.g., 5.7 MHz). At this frequency
the waves emerging from one portion of the step are an odd number of
half wavelengths out of phase with those emerging from the other portion.
The fact that zero output should be expected at this frequency is
illustrated by the antisymmetric nature of the components of the
complex pressure field shown in Figure IV.5a. Partial or total
cancellation of signal amp]itudé over a broad range of frequencies
takes place with the phase sensitive recgiver aperture. Any u]trasonic'
measurement which depends upon accurate knowledge of the signal amplitude

will therefore be compromised by the use of this receiver. For example,

the determination of the ultrasonic attenuation coefficient of the
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1 cm receiver aperture — 1 cm from sources
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Figure IV.7. Signal amplitude versus frequency produced by phase
sensitive and phase insensitive receiver aperture when

" placed in the pressure field produced by stepped plate.
Output of phase sensitive receiver (solid 1line) is zero
at 5.7 MHz; i.e., when the complex field distribution is
antisymmetric over the receiver aperture. Output of
phase insensitive receiver (dashed 1ine) is nearly
constant. '
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stepped plastic plate illustrated in Fighre IV.3 would be severely
compromised with the use of a phase sensitive receiver.

The predicted output of a phase insensitive receiver aperture
js presented by the dashed curve in Figure IV.7. The output of this
type of receiver is unaffected by the presence of the step in the
distribution of sources. The frequency-independent nature of the
output of the phase insensitive receiver is a consequence of the fact
that no significant amount of ultrasonic energy has been lost from the
field. Experimental results of measurement of .the apparent attenuation
coefficient of a stepped plastic plate using phase sensitive and phase
insensitive receivers are presented in Chapter VI and compared with

the predictfons shown in Figure IV.7.

2. Scattering

A second class of source distributions designed to model a
simple ultrasonic scattering measurement was considered. The sbattering
simulation is illustrated in Figure IV.8. Two cyclindrical sources are
located in the x-z plane, a distance s apart. The plane containing the
two scatterers is illuminated by a plane wave at an angle of incidence'
8. Schematically, the distribution of sources can be modeled as two '
strip sources, located at x=1*s/2 singand z=4#s/2 cos 8, radiating
with equal amplitude and with a phase difference determined by the
separation s sin 8. The complex preﬁsure in the plane of the receiver
aperture consists of the coherent sum of the pressure produced by each
of the strip sources independently:

-ik(s/2)sin e i(kry-n/4)  ik(s/2)sine i(kry-1/4)

ﬁ(x,z,g)m e e + e e

%% Er1 v kr2
' (1v.13)
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Figure IV.BJ Geometry used to calculate field distribution produced
by the scattering of a plane wave from two cylindrical
scatterers. Experimental situation is depicted
schematically in panel a). Complex pressure at a
receiver aperture located at z=20 ¢cm and a scatterer
separation s=7.9 mm is catculated using the coordinate
in panel b).
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where

-

" =~/f;:':§2- sin e]2 + (z t%cos 6)2 . (1v.14)

After some algebraic manipulation and assuming that " and r, can be
approximated by r in the amplitude factors we find that
ik(ry*r,)/2

P(x,2,0) « £ cos[k(ry -r,-ssing)/2] . ~ (1v.15)
/R 12 )

The first term in Eq. (IV.15) suggests that the field pattern formed
by the 2 strip sources is basically cylindrical in character. The
second term, however, indicates that the amplitude of the wave is
modulated by a cosine function which oscillates at a spatial frequencyv
proporéiona] to the difference between ry and rae

Although the preséure distribution in the receiver plane was
computed at a Targe number of angles of incidence, for purposes of
j1lustration results for three "special" angles [43.2°, 44.2°, and 45°]
are presented in Figures IV.9, IV.10, and IV.11 In Figure IV.9 we show
the complex pressure distribution at a frequency of 5 MHz produced in
a receiver plane located at z=20 cm by 2 cylindrical sources separated
by a distance of 0.79 cm for an angle of incidence of 45°. In panel a)
of Figure IV.9, the two rapidly oscillating curves represent the real
and imaginary parts of the pressure field predicfed by Eq. (IV.16).
In panel b) of Figure IV.9 we show the magnitude of this pressure field.
From the results shown in panel b) we see that a set of interference
fringes analogous to a Young's interference pattern is formed in the

plane of receiver aperture.
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Figure IV.9. Complex pressure field produced by two cylindrical
scatterers for 6 =45°. Calculations were made assuming
an ultrasonic frequency of 5 MHz. Real and imaginary
parts of the pressure are §hown in banel a) over a

_ receiver plane located at z=20 cm. Pressure distribu-
tion is nearly symmetric about x=0 in the receiver
plane. The magnitude of the compTex pressure over the
receiver plane is shown in panel b).
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Complex pressure field produced by two cylindrical
scatterers for 6 =44.2°. Calculations were made
assuming an ultrasonic frequency of 5 MHz. Real and
imaginary parts of the pressure are shown in panel a)
over a receiver plane located at z=20 cm. Pressure
distribution is nearly antisymmetric-about x=0 in the
receiver plane. The magnitude of the complex pressure
over the receiver plane is shown in panel b). '
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' Figure IV.11. Complex pressure field produced by two cylindrical
scatterers for 6=43.4°. Calculations were made
assuming an ultrasonic frequency of 5 MHz. Real

and imaginary parts of the pressure are shown in

panel a) over a receiver plane located at z=20 cm.
Pressure distribution is nearly symmetric about x=0
in the receiver plane. The magnitude of the complex
pressure over the receiver plane is shown in panel b).
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In Figures IV.10 and IV.11 we il]ustrate the field distributions

at the angle of incidence of 44.2° and 43.4°, respectively. Once again,
complex pressures are shown in panel a) and the magnitude of the pressure
field are shown in panel b). As suggested by comparison of panel b) in
Figures IV.9, IV.10, and IV.11, when the angle of incidence of the plane
wave upon the rods is varied the set of interference fringes is swept
across the plane of the receiver aperture.

Using field distribution plots such as those in Figures IV.9, IV.l0,
and IV.11 we can predict the output of finite sized phase sensitive and
phase insensitivé ahertures. In order to facilitate the comparison of
various sizes and types of receivers we have chosen to compare normalized

receiver outputs. For the phase sensitive receiver this quantity is

lf P(x,y,6)dx dyb<f dx dy (1v.16)

~ where % is the surface of the receiver element. For the phase

insensitive receiver the normalized receiver output is

f |P(x,y,8)|dx dy/f dx dy . (1v.17)

%R %R
This normalization was chosen so that either type of receiver would
yield outputs independent of size when illuminated by a uniform plane
wave. Any departure from uniform illumination results in reduced
receiver outbut.

Let us first consider the case of various sized receiver elements

centered at x=0 in the'receiver plane, and calculate the output of these

receivers as the angle of incidence of the incident plane wave upon the

cylindrical rods is varied. For convenience we chose to consider

rectangular receiver elements. Because the pressure distributions are
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invariant with respect to translations in y, Eqs. (IV.16) and (IV.17)
are reduce to one dimens{;n. The receiver apertures became one dimen-
sional apertures and the only relevant dimension, therefore, is the x
extent of the receiver. _

In Figure IV.12 we compare the dutput of three receiver apertures
which are of different spatial extent. In panel a) we show the results
predicted using a O.S'mm phase sensitive and a 0.5 mm phase insensitive
receiver. For the frequénqy chosen (5 MHz), this receiver is ~60%
larger than the acoustic wavelength. The spatial variations in the
acoustic field produced at x=0 in the receiver plane are much larger
than 0.5 mm and so the outputs of the phase sensitive receiver and the
phase insensitive receiver are nearly identical.

In panel b) of Figure IV.12 we show the results predicted when the
size of the receiver aperture is increased to 3.2 mm (approximately 10
wavelengths). The phase insensitive (i.e., acoustoelectric-1ike) receiver
produces an output which is similar to that of the 0.5 mm receiver. How-
ever some blurring of the interference pattern takes place. This blurring
seems to be an accurate representation of the averaged acoustic field.
The zeroes of the receiver output are smoothed out because there is
always a finite amount of acoustic enefgy incident upon the receiver.

In contrast, the phase sensitive (i.e., piezoelectric-like receiver
produces zero output when the.complex field distributions are anti-
symmetric over its §urface. " For example, the field distribution
illustrated in Figure IV.10 for an angle of incidence of 44.2° shows
such an antisymmetric field distribution. However, even at angles where
the field distribution is antisymmetric a finite amount of acoustic

energy is incident upon the receiver. The output of the phase insensitive
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Figure IV.12. Comparison of predicted receiver outputs for various
size phase sensitive and phase insensitive receiver
apertures centered at x=0 as a function of 6. Phase
sensitive (piezoelectric-1ike) receiver outputs are
shown with solid curves and phase insensitive
(acoustoelectric-like) receiver outputs are shown
.with dashed curves. An output of 1.0 for each receiver

. size represents the output produced by uniform plane
wave illumination.
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receiver seems to reflect this fact more accurately. WUe note that the
output of the phase sensitfve receiver produces an output which looks
deceptively 1ike those produced by the point-like receiver of panel a).

In panel c) of Figure IV.12 we show the results predicted as the
size of the receiver aperfure is increased to 10 mm (approximately
33 wavelengths). The predicted output of the phase insensitive
receiver only oscillates slightly as the angle of incidence is varied.
This behavior can be attributed to the fact that the receiver is ap-
proximately equal in size to the fringe spacing and as one fringe moves
out of the receiver aperture another moves in to keep the output nearly
constant. Incontrast, the output of the phase sensitive receiver still
produces an output which Tooks deceptfve]y 1ike the output of the point-1ike
receiver. It is interesting to noté, that the output of the (1 cm)
phase insensitive receiver is always greater than the comparable
sized phase sensitive receiver. Even at ang]és where the phase
sensitive receiver output is at a maximum, some "phase cancellation"
still takes place. From Figure IV.9a it is evident that for a 1 cm
receiver aperture, the real and imaginary parts of the complex pressure
have both positive and negative values over the receiver aperture and
so some phase cancellation takes place even at "favorable" angles
such as 45°. The large (1 cm) phase insensitive receiver aperture
will therefore give a better estimate of the total acoustic energy
. scattered intd the solid angle defined by the receiver aperture than
the large (1 cm) phase sensitive receiver for all angles of incidence

considered.
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Now Tlet us consider fixing the angle of incidence 6 at 45° and
investigate the output of a small but finite size receiver element as
it is scanned in the x direction in the receiver plane. The field
pattern we are considering is shown in Figure IV.9. Under these
circumstances the spatial variations in the acoustic field predicted
by Eq. (IV.15) becomes quite rapid as the receiver is scanned away
from x=0 in the receiver plane; .

In Figure IV.13 we again compared the normalized output [Egs.
(I11.16) and (II1.17)] of three different signal receiver apertures.
The phase sensitive output of these apertures is shown by the solid
line and the phase insensitive output is shown by the dashed 1ine.

In panel a) we compare these normalized outputs for a receiver aperture
of 0.5 mm extent as it is scanned in the minus x direction of the
receiver plane. The point-line nature of this small receiver aperture
results in very similar phase sensitive and phase insensitive results.
~ The interference fringes located at approximately x=0, 10, and 20 mm
are well resolved by either type of receiver. We note however, that
even for this point-l1ike phase sensitive receiver, some phase cancella-
tion effects are still present as evidence by the fact that the
amplitude of the interference maximum located at x~20 mm is under-
estimated by ~10%. We note that the phaSe insensitive réceiver aperture
allows one to measure the magnitude of the acoustic field present
independent of rapid phase fluctuations. '

In panel b) of Figure IV.13.we show the predicted results as fhe

size of the receiver aperture is increased to 3.2 mm. As the receivers

are displaced from x=0 we note that the output of the phase sensitive
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Figure IV.13. Comparison of predicted receiver outputs for various
size phase sensitive and phase insensitive receiver
apertures as a function of position (x) in the receiver
plane. Phase sensitive (piezoelectric-like) receiver
outputs are shown with solid curves and phase insensitive
(acoustoelectric-1ike) receiver outputs are shown with
" dashed curves. An output of 1.0 for each receiver size
represents the output produced by uniform plane wave
S illumination. '
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aperture is quickly reduced as compared with the phase insensitive
aperture. The interference fringe centered at ~ 10 mm is poorly
represented, being both underestimated in amplitude and shifted in
position. The predicted output of the phase insensitive aperture is
able to accurately represent the amplitude and position of the
interference fringe at x~ 10 mm as well as the next fringe at x ~ 20 mm.
As noted before, some blurring of thevjntefference fringes takes place
as a result of the use of the larger receiver. This blurring appears
to accurately represent the averaging of a finite amount of acoustic
energy present over the receiver aperture. Near x=0 in the receiver
aperture, where phase variatidns are slowest, we note that the phase
sensitive and phase insensitive receiver aperture yield similar
results.

- In panel c) of Figure IV.13 we show the predicted results as
the size of the receiver aperture is increased to 10 mm. The output
of the 10 mm phase insensitive receiver aperture is nearly constant
as it is scanned through the interference fringes. This nearly
constant output is the resg]t of the comparable size of the receiver
and the interference fringe spacing. The fact that a finite amount
of acoustic energy is incident upon the receiver aperture even when
it is displaced by 25 mm from the center of the interference pattern
is well represented by its output. In contrast, for the bhase sensitive
receiver we find that the representation of the interference fringe
centered at x=0 has been broadened and reduced as compared with the
smaller receiver apertures. From the output of this receiver it is
difficult to estimate the incident acoustic energy at positions beyond

Xx=8 mm.
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In summary, the use of a phase insensitive receiver aperture
permits a measurement of the magnitude of the average acoustic field
across its face independent of rapid phase fluctuations. Thus a
phasé insensitive receiver should provide a quantitative estimate of
such ultrasonic parameters as the total power scattered into a region
defined by the receiver aperture. Measurements of the energy scattered
by a pair of brass rods are compared with these predictions in

Chapter VI.
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V. EXPERIMENTAL METHODS

The experiments performed made use of single crystal of photo-
sensitive cadmium sulfide obtained from the Eager Picher Corporation.63
Ih this section we detail the mefhods which were used to prepare
physically, evaluate electronically and calibrate ultrasonically these
specimens. We also discuss the electronic circuits which were specially

designed for the measurement and recording of the acoustoelectric

signals.

A. Physical Preparation

The acoustoelectric interaction of longitudinal ultrasonic waves
with conduction electrons in cadmium sulfide is strongest when full
advantage is taken of the coupling provided by the piezoelectric
effect. This condition dictates that the ultrasonic wavevector be
parallel to the "c" crystalline axis in CdS. The crystalline structﬁre
of CdS is 6 mm (hexagonal), where the "c" crystalline axis is the
six-fold symmetry axis.

A number of means are available for the identification of the
six-fold axis in. a crystalline material (e.g., 1ight scattering,

X-ray diffraction,64 etc.). A1l of the samples prepared for this
work were oriented using the Laue X-ray backscatter technique. The
crystals studied were oriented to within '1° of the sixfold symmetry
axis. |

Once the six-fold symmetry axis was identified, crystals were
roughly cut using a diamond impregnated cutoff wheel mounted on a

modified surface grinding machine. The crystal faces perpendicular
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tothe "¢" axis were ground by hand to a 5 micron finish on cast iron
laps using a kerosene carrier. These faces were subsequently polished
using 1 micron grit and water on a felt lap. An additional optical
window was prepared on thick single crystal specimens. This optical
window parallel with the "c" crystalline axis was provided so that
uniform illumination could be provided throughout the volume of thick
crystal specimens. Finally,crystal surfaces were etched in a 50%
solution of ‘sulfuric acid for approximately 2 minutes, rinsed

thoroughly in deionized water aﬁd degreaséd in alchohol vapors.

B. Electronic Evaluation

- The acoustoelectric effect involves the bulk transport of electrons
through the crystal specimgn. Therefore, care must be taken to provide'
ohmic (i.e., nonrectifying) electrical contécts to the crystal surfaces.
If non-ohmic contacts are provided to a semiconducting material the
electrical behavior of the material can be dominated by the surface
proﬁerties rather than .the interactions taking place within the bulk
of the specimen. |

Non-ohmic behavior of metal-semiconductor contacts is a result
of the presence of a potential barrier at the metal-semiconductor
interfaces. Such a barrier can result from i) surface impurities
i.e., oxide layers, ii) electronic surface states or iii) improper
matching between the work functions of the metal and semiconductor.
Over the years, the explanation for the observed non-ohmic behavior
or certain metal contacts to CdS has shifted from the surface states

65,66

argument to the improper matching of work functions exp1anat1’on.67

Experimentally, it has been found that ohmic electrical contact to
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@Wﬁ | CdS can be obtained by using a metal with a work function lower than
that of CdS,such as indium or gallium.

For the crystals studied in this work, electrodes were formed
using vacuum deposited indium. - (Other techniques for making ohmic
contact to CdS are also feasible but have not been evaluated in this
work.68 Specimens were evaluated electrically after plating in
order to determine i) if the metal-semiconductor contacts were ohmic
and ii) if the bulk crystal conductivity could be adjusted by photo-
excitation into the proper region for observation of the acousto-
electric effect. Electrical evaluation of plated CdS samples was
done by makiné use of a series of current-voltage (I-V) curves.

The ohmic nature of the crystal contacts is manifested by a linear
I-V curve. The conductivity can be evaluated from the value of the

@MM slope of this curve. The photosensitivity of the crysté] is determined
by the extent to which the slope of the I-V curve changes in proportion
to the light intensity incident upon the crystal.

A series of I-V curves as a function of 1ight level were obtained
and analyzed by making use of the HP-9825A calculator and the IEEE-488
interface bus system. The digital to analog converter (DAC) of the interface
bus system applied a voltage rangiqg'from -10 to +10 volts to the crystal.
Current flowing through the crystal was measured and recorded by means
of a transresistance amplifier in which the input impedance is equivalent
to zero and the output voltage equals the input current times the feed-
back resistance. The illumination for these measurements was provided

by an incandescent Iamb and was adjusted by the insertion of neutral

' density filters.into the optical path. The crystal resistance as a
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function of incident 1ight intensity.was determined by fitting the I-V

curve for each 1ight level with a straight line.

c. Electronic Circuits

Once it was determined on the basis of electrical measurements
that a crystal was a good candidate for use as an acoustoelectric
receiver, ultrasonic evaluations were carried out. In this section we
describe methods devised for measuring and recording the acoustoelectric
signal. The acoustoelectric effect results from a net force experienced
by the conduction electrons as an acoustic wave propagates through a
semiconductor and gives up energy to the conduction electrons. This
force can be detected by either of two methods: 1) measuring the .
short circuit current which flows or 2) by measuring the open circuit

vo]tage which is a result of charge d1sp1acement

1. Preamplifier

4

Three different preamplifiers, one for measuring the ehort
circuit current and two for measuring the open circuit voltage of the
acoustoelectric signal, were built and tested. The current_preamplifier
consisted of a commercially available National Semiconductor LH0032
high input impedance operatioeai amplifier in a transresistance or
current-to-voltage coﬁfiguration using a 10 M2 feedback resistor.

"The input impedance of this device in this configuration is about
300:2 over the desired bandwidth from dc to about 500 KHz. This is
much Tower than the typically observed bulk cfysta] resistances
(~105sz). Thus the preamp looks 1ike a short circuit across the CdS

crystal and the output of the preamp follows the acoustoelectric current.
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With this preamp we were able to measure acoustoelectric signals
down to 75 picoamps. The amplifier in this configuration did not have
the bandwidth necessary to reproduce the piezoelectrically generated
rf from surfaces of the CdS crystal.

Two high input impedance preamplifiers were used to measure
the open circuit Voltage generated by the crystal. The first of these
preamplifiers consists of a National Semiconductor.LH0033 high input
jmpedance voltage follower. This preamplifier was capable of repro-
ducing both the piezoelectric (radio frequency) and_acoustoe]ectric
(video) signals generated by the CdS crystal if care was taken to
minimize sfray input capacitance. The preamp was also capable of
driving a moderate length of coax cable. |

The second voltage preamplifier design considered is shown in
Figure V.1. The advantage of this design was that only a single field
effect transistor (FET) is mounted near the CdS crystal. Biasandsignal
voltages were carried on a single coaxial cable. The bandwidth of
this preamplifier was quite good (>30 MHz) because of the low input
impedance of the common base amp]ifier stage. The overall gain
of the preamp wasapproximately 10. With this preamplifier design
we were able to measure signals as small as 50 pvolts with al Miz
bandwidth. Total dynamic range of the preamp was approximately 80 dB,
with useable signal outputs from about 500 uvolts to 5 volts.

2. Filters

In the experiments we performed, it was necessary to
observe piezoelectric (rf) and acoustoelectric (video) responses of the

CdS crystal. Thus a number of high and low pass filters were built.
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Figure V.1. High input impedance preamplifier used to measure the
acoustoelectric voltage. The gain of this preamplifier
is approximafely 10.
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Figures V.2 and V.3 are the schemétic diagram for an active and
passive low pass filter. Both filters were designed to isolate the
acoustoelectric response of a CdS specimen and were designéd to
exhibit maximum flat amplitude response below the cutoff frequency of
approximately 1 MHz. Figure V.4 is the schematic diagram of a high
pass filter designed to isolate the piezoelectric response of the
CdS specimen. This filter had a cutoff frequency of approximately
1 MHz. A1l of the filters were designed to exhibit approximately
20 dB/octave of signal suppression beyoﬁd their respective cutoff

frequencies.

3. Amplifiers and Measurements System

Because the acoustoelectric signal varies in proportion to
the acoustic intensity rather than the acoustic amplitude, it was
necessary for any measuring system used to be capable of measuring
a rather large range of signal amplitudes. We made use of two
different variable gain amplifiers to pfovide the dynamic range
needed: 1) a variable gain amplifier in the receiving circuitry
and fi) a variable gain preamplifier in the transmitting circuitry.
For some of the experiments described later the gain of these devices
was actively adjusted under computer control.

The variable gain receiver amplifier is shown in Figure V.5.
Itisa video amplifier exhibiting a méximum gain of 50 dB,with voltage
controlled attenuator on the input. The amplifier ran at full

gain when 0 voltswere applied to V The gain was reduced

control*

by 20 dB when -10 volts was applied to Vcontro]‘
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" LOWPASS FILTER WITH 20 dB GAIN
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Figure V.2, Active low pass filter with 20 dB gain. This filter is
- used to separate the low frequency acoustoelectric response
from the high frequency direct piezoelectric response of
CdS specimens. Cutoff frequency is approximately 1 MHz.
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Figure V.3.

Passive low pass filter.

This filter is used to separate

the low frequency acoustoelectric response from the high

- frequency direct piezoelectric response of CdS specimens.

Cutoff frequency is approximately 1 MHz.
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Figure V.4. Passive high pass filter. This filter is used to separate
the high frequency piezoelectric response from the low
" frequency acoustoelectric response of CdS specimens.
Cutoff frequency is approximately 1 MHz. '
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VARIABLE GAIN VIDEO ANMPLIFIER
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Figure V.5. Variable gain video ampﬁﬁ'er. The maximum gain of this
amplifier is approximately 50 dB. The amplifier has been
provided with a voltage controlled attenuator at the input..
Amplifier gain is reduced. by 20 dB when -10 volts is

applied to Vcontrolf
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The variable gain preamplifier on the transmitting transducer
consisted of a Mororola MC1590G with automatic gain control. The rf
pulse out of this amplifier stage could be varied over 60 dB when a
0-10 volt dc voltage was applied to the automatic gain control input
of the amplifier. Output of this amplifier stage was applied directly
to the input of an Electronic Navigation Industries radio frequency
power amplifier (Model 240L or 300L) which was used to drive the
transmitting transducer.

A logarithmic video amplifier and peak detector circuiﬁ was
developed as another means for taking full advantége of the preamplifier
dynami¢ range and to improve the data.écquisition rate. The logarithmic
amplifier and peak detector arevshown in Figure V.6. The active
element was an Optical Electronic Inc. (OEI 2910) bipolar lbgarithmic
amplifier. The acoustoelectric signal is a video or unipolar signal,
and we foundvthat the best perfofmance of this amplifier for unipolar
signals was achieved by using the low impedance input mode of the
device. Most of the ultrasonic experiments were performed with short
- ultrasonic pulses (3 psec) and moderafe repetition rates (60 Hz to
1000 Hz). For this reason, a sample and hold circuit was generally
used after this logarithmic amplifier circuit. A peak detector or
pulse stretcher circuit was therefore added to the output of the
logarithmic amplifier so that slight shifts in the sampling position

would not be critical.
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?Wh ' Figure V.6. Video amplifier with logarithmic gain characteristic.

The active element is an Optical Electronics Inc., OE1 2901
bipoﬁar logarithmic amplifier. A peak detector (pulse-
stretcher circuit) has also been provided at the amplifier
output. ‘ ' '
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The. performance of the log amp and peak detector circuit are
shown in Figure V.7. The voltage output of the peak detector is
plotted as a function of voltage input to the log amp. The input
signé] consisted of a 3 microsecond bulse. Useable signal outputs
are present for 4 decades of voltage input (80 dB dynamic range). This
range was made to coi_ncide with the range of electric signals ﬁrovided by

preamplifier.circuit described previously (500 uvolts to 5 vp]ts).

4. Transmitter Encoding

As a méans for in;reasihg the sensitivity of the acousto-
electric receiver to pulsed u1trasopnd, a transmitter modulation
scheme was implemented so that lock-in detection techniques cqu]d
be used in the recefver circuitry. The heart of this system is the
rf modulator circuit which is detailed in Figure V.8 The modulator
was designed to provide carrier suppressed (200%) amplitude modulation
of the transmitted u]trasohic pulse. This type of moduiation was
- chosen so that all of the ultrasonic energy would be in a form which
would contribute to the output of fhe Tock-in amplifier. This
modulation and the fact that the acoustoeléctric receiver is not
sensitive to the rf phase of the'ultra§onic pulse combine to produce
an amplitude modulated acoustoelectric receiver output which is at
" twice the frequency of the reference oscillator. A 1ock-fn amplifier
(Princeton Appfied Research Model 126) capable of working at the ‘
second harmonic of the reference signal was therefore chosen. Although
this system provided the expected'improvehent in sensitivity, most of
the results presented in Chapter VI where achieved without the need

for this additional instrumentation.
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Figure V.7. Gain characteristics of logarithmic video amplifier. Gain
| and offset of amplifier A2 [see Figure V.6] have been
adjusted to compress four decades of input voltage into
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D. Ultrasonic Calibration

The use of an ultrasonic receiving transducer based upon the
acoustoelectric effect provides a new method for measuring ultrasonic
intehsity. Such a new method requires careful documentation and
calibration so that its utility may be evaluated. One of the goals
of this work was to determine the absolute sensit{vity and ultrasonic
bandwidth of an acoustoelectric transducer, and to compare its response
to more conventional broadband receivers. Since an acoustoelectric
transducer is strictly a receiving transducer, calibration consists
of determining the electrical signal output as a function of acoustic
intensity incident upon the transducer. The approach employed
consisted of calibrating a piezoelectric transmitting transducer.

A number of calibration techniques were,consideréd for this purposes:

i) electrical measurement of transmitter radiation resistance,69

ii) "self reciprocity" calibration techm‘que,m'75 iii) radiation

76,77 78-80

pressure measurements, and iv) transient thermoelectric effect.
The following brief summary of each of these techniques is meant to
illustrate the utility of each and to justify our choice of the .

transient thermoe1ectric effect.

i) The resonant radiation resistance technique for
transducer calibration re]ieé on the fact that the mechanical load
into which a transducer is radiating can be thought of as an added
resistive element in an equivalent circuit representation of the
transducer. By assuming some form for the equivalent circuit of the

50

unloaded transducer, (most often the Mason equivalent circuit is

assumed) the radiation resistance of a load such aswater can be measured
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and the power dissipated in this resistance calculéted. This power
represents the total acoustic power radiated by the transducer into
the load. In order to quantify the ultrasonic intensity at a spot in
radiated field, a sensitive means for determining changes in electrical
jmpedance (such as an rf balanced bridge) and a detailed knowledge of
_the transducer's radiation field pattern are necessary.

ii) The “self reciprocity" calibration technique relies on the
fact that for a single mode of excitation, the transmit and receive
efficiency of a transducer should be identical. Transmit efficiency
is defined as the ratio of total radiated acoustic power to the total
electrical power delivered to the transducer. Receive efficiency is
defined as the ratio of available electrical power generated by the
transducer to the acoustic power incident upon the transducer. In
order to implement this calibration scheme a knowledge of the complex
impedance of the transducer is necessary so that available electrical
power on receive can be calculated from voltage measurements and one
must make all of the ultrasonic measurements in the far field (i.e.,
plane wave) limit so that the single mode of excitation assumption is
not violated.

iii) The radiation pressure ﬁeasurement technique relies on
the physica]'interaction of the ultrasonic energy with either a nearly
perfect absorber or reflector. The change in momentum of the ultrasonic
wave is measured directly as a force or deflection on an absorber or
reflector. Implementation of this calibration scheme requires a
sensitive and fast responding mechanical system for the measurement

of force.
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jv) The transient thermoelectric effect allows one to determine
the local ultrasonic energy density by measuring the time rate of
increase of temperature within an absorbing medium. Measurements of
ultrasonic intensity by this means are absolute and the method is
'broadband provided one has a knowledge of the frequency and temperature
dependencé of the absorption coefficient of the absorbing medium.

The transient thermoelectric effect was chosen for the absolute
calibration of a transmitting transducer because of its inherently
broadband character and because the method could be implemented using

standard thermocouple measurement techniques.

E. The Transient Thermoelectric Effect

Let us consider a p]ané ultrasonic wave of energy density wo
incident upon an absorbing medium. At a position X1 within the
absorbing medium the measuring junction of a thermocouple probe
is positioned. The rate of energy dissipation within the
absorbing medium is related to the rate of rise of the total heat

energy,

[

dW d
[a-f]'wo ! [a%]t=0 -0 -

where Q, the total heat energy, is equal to the product of mass density
p, the specific heat ¢ and the temperature T. Measurement must be made
as nearly as possible to the onset (t=0) of the ultrasonic energy so
that the effects of convection and conduction of heat away from the

thermocouple probe can be ignored. This assumption also allows us to
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ignore the temperature dependence of the density and the specific heat.
If we assume that the ultrasonic energy density W(x) exhibits a simple

-2ax

exponential relation to depth in  the absorber [W(x) = W, €™ %] we

find that

2avg W(x;) = pc[g{] oy (v.2)

Rewriting in terms of the ultrasonic intensity we find

2
%?-e * [dT] . (v.3)

0 .

Use of this equation therefore makeAit possible to measure absé]ute]y
the u]trésonic intensity incident upoﬁ our absorbing medium.

Equation (V.3) represents an accurate description of the rate
of temperature rise in a homogenéous absorbing medium. However, when
a thermocouple wire is placed in the absorbing medium, other sources

of heat generation and dissipation must.be considered. The major
source of heat generation is viscous relative motion of the thermo-
couple wire within the absorbing medium. Two major sources of heat
dissipation are due to i) the finite heat capacity of.the thermocouple
and ii) the finite heat conductivity of the thermocouple wires.

As shown by Fry and Fry78 the effect of these sources of error
are nonnegligible; however, the errors can be reduced by appropriately
chosing the time after the onset of the acoustic pulse for the measure-
ments of dT/dt. It has been shown both in theory and experiment that
the magnitude of heating caused by viscous relative motion is of the

same order of magnitude as the absorptive heating. The “time constant"
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for viscous heating, however, is short, wfth the temperature rise
associated with viscous heating reaching 50% of its ultimate value in

0.1 sec. Likewise, the time constant associated with the finite heat
capacity of a copper-constantan thermocouple wire (12 um) is short (on
the order of 2 milliseconds). Typically, the rate of temperature risg
(dT/dt) is made 0.5 sec after the onset of the acoustic pulse to minimize
the effect of viscous heating and the %ﬁnite heat capacity of the thermo-

80 have also shown that for moderate beam widths

couple. Goss et al
(>4 mm, 1/2 power beam width) the magnitude of the errors associated
with the heat conductivity of the thermocouple is approximately 0.5%.
Use of the transient thermoelectric effect to perform the
calibration of a transmitting transducer required some knowledge
of the spatial characteristics of the ultrasonic field so that
sensitivity could be maximized and errors reduced. Beam profiles of
a Panametric A309 were measured using a 1 mm diameter PZT probe as
the receiver. Measurements were made along 7 different lines through
the ultrasonic beam and at 3 different ultrasonic frequencies. From
these measurements we were able to locate a region of the radiated
ultrasonic field which was sufficiently large for accurate thermo-
electric measurements and yet sufficiently small to produce measurable
heating. Thése conditions had to be satisfied over a large ultrasonic
bandwidth.
A1l measurements were done using a copper-constantan thermocouple
in an 1/8 inch thick castor oil absorbing medium. The castor oil
absorber was maintained at 10°C to increase its ultrasonic absorption

coefficient. The ultrasonic attenuation coefficient of castor oil is
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frequency dependent and at 10°C can be approximated as

alf) = 0,16 /3

where f is the ultrasonic frequency in MHz.S]

A block diagram of the system used for the series of transient
thermoelectric measurements is shown in Figure V.9. System control
and data acquisition was performed using an HP-9825A calculator and
IEEE-488 interface bus system. Separate timing of the transmitter
pulse length was provided for accuracy. Low pass filtering 6f the
thermocouple voltage was used to'proiect the high gain "dc" amplifier
from rf pick up. ThisAsystem was used to generated calibration data
for a particular piezoelectric transmitter. A-“univefsé]“ calibration -
cufve of instantaneous acouétic intensity per volt squared of voltage
drive over a range of ultrasonib frequency was generated. These data
were used to measure the sensitivity and bandwidth of seJera1 acousto-

--electric devices.
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Figure V.9. Block diagram of system used for calibration of Panametrics
transducer. Transient temperature changes in castor oil
absorber caused by the transmitted ultrasonic pulse were
recorded using a copper-constantan thermocouple. System
control and data acquisition was performed using an
HP-9825A desktop calculator and an HP interface bus system.
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VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Introduction

In this chapter we present the results of a series of experiments
which were designed to measure the acoustical and electrical properties
of the piezoelectric semiconductor cadmium sulfide. The results of
these experiments divide naturally into three areas: i) electrical
properties of piezoelectric semiconductors, ii) physical acoustic
properties of piezoelectric semiconductors; and iii) applications of
piezoelectric semiconductors as phase insensitive ultrasonic receivers.
Using this organization, we present the results of a series of
experiments and discuss the significance of each experiment as it

is presented.

B. Electrical Properties of Cadmium Sulfide

As we have seen in a previous chapter, the direct observation of
electron-phonon interactions in a piezoe]ectric.semiconductor depends
upon our ability to adjust the‘conduCtivity of the semiconducting
material into a region which facilitates the irreversible exchange
of energy between the electron and phonon systems. In cadmium sulfide,
this adjustment is usually accomplished by way of. photoexcitation of
electrons from the valence to conduction bands. In the dark,CdS is
an insulator. Therefore the degree of photosensitivify for a barticu]ar
single crystal of CdS determines the feasibility of observing the

acoustoelectric effect.
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Another electrical property associated with the observation of
the acoustoelectric effect in CdS is related to the type of junctions
" which are formed at the surfaces of the crystal when it is provided
with electrodes. As we discussed in Chapter III, ohmic (i.é., non-
rectifying) electrical contacts to CdS are desirable for the reduction
of electrical noise. Ohmic contacts to a piezoelectric semiconducting
material are also necessary so that complications brought about by
rectification of the piezoelectric signals generated at the surfaces
of the'crystal can be avoided. Non-ohmic e]ectrical contacts also
manifest themselves as an undesired photo-voltaic response as the
il1lumination upon the crystal is changed. Electrical evaluation of
the bulk photosensitivity of any CdS single crystal specimen and of
the ohmicity of the electrical contacts with which it has been provided
can be obtained from a series of current-voltage (I-V) measurements.

* In Figure VI.1 we present a set of three I-V curves made upon a
single crystal CdS specimen labeled LJB. This specimen was obtained
from the Eagle Picher Electronics Division and is 1.32 cm thick and
has a surface area of approximately 1.1 cmz. The crystal surfaces
were plated with indium using a vacuum deposition technique. From
the nearly linear character of these I-V curves we see that ohmic
electrical contacts have been provided to the crystal surfaces. The
| fact that the slope of the I-V curves change in proportion to the
intensity of the illumination allows us to characterize the photo-
sensitivity of this speéimen. In Figures VI.2 and VI.3 we show a
similar set of I-V curves for crystals labeled JRK and 452-2. These

crystals were plated also with indium using a vacuum deposition technique.
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Figure VI.1. Current-voltage curves at three levels of light inténsity

for CdS crystal LJB with indium electrodes. Crystal

dimensions are 1.3 cm thicknéss with approximately

1.1 cmz'of active surface area. The linear I-V curves

show that ohmic electrical contacts have been made to
the crystal surface. The slope of the I-V curves changes
with level of Tight intensity showing that the bulk of

the CdS crystal is photosensitive.
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2

dimensions are 2 mm thickness with approximately 1.1 cm
The Tinear I-V curves show that

of active surface.area.
ohmic electrical contacts have been made to the crystal
The slope of the I-V curves changes with level

surface.
of 1ight intensity showing that the bulk of the CdS

crystal is photosensitive.
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Figure VI.3. Current-voltage curves at three levels of 1ight intensity
for CdS crystal 454-2 with indium electrodes. Crystal
dimensions are 1.5 mm thickness with approximately 1 cm2

The linear I-V curves show that

of active surface area.
ohmic electrical contacts have been made to the crystal

The slope of the I-V curves changes with level

surface.
of light intensity showing that the bulk of the CdS

crystal is photosensitive.
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The intensity of the illumination for all of these measurements was
determined using a Gossen Pan-Lux light meter and the intensity was
adjusted using Kodak Neutral Density Filters.

| In Figure VI.4 we show the bulk resistance of these three crystal
specimens as a function of ]igﬁt intensity. All three crystal exhibit
photosensitivity such that the crystal conductivity is roughly propor-
tional to the intensity of the incident 1ight. The fact that the
crystal resistance is not strictly proportional to the inverse of the
incident light intensity is a phenomenon which has been discussed by
Rose51 and Bube.82 The presence of sub-linear or super-linear
conductivity versus light level curves is thought to indicate the
presence and character of impurity electron levels within the band
gap of CdS. For our purposes, however, it is sufficient to note that
the crystal conductivity of these specimens is adjustable over three
decades. Tﬁis means that a range of crystal conductivities are at
our disposal for optimization of the acoustoelectric effect.

Not every indium film which is vacuum deposited to CdS yields

a 1inearvI-V curve. In Figure VI.5 we present a series of I-V curves
which were made on a high conductivity CdS crystal identified as JGM-1.
This crystal was prepared in essentially thg Same manner as the previous
three crysfa]s.. The I-V curves, however, exhibit a high degree of non-
linearity and look similar to the I-V curve of a diode. We note that
this crystal is photosensitive. A photovoltaic response was also
observed with this crystal which is consistent with the observation

of non-ohmic electrical contacts.
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We found that indium contacts to cds, deteriorate (corrode) over
a period of approximately 12 months. In order to make electrodes with
better long term stability, the properties of composite electrodes
(i.e., multiple layer metal films) were also investigated. Indium-
aluminum composite electrodes were vacuum deposited onto a single
crystal CdS specfmén identified as MOD-1. The I-V curves obtained with.
this plating are presentgd in Figure VI.6. The presence of an aluminum
film over the indium layer appears to have no effect upon the observed
ohmicity of the I—V curves. The photosensitivity of crystal MOD-1 is
evident from Figure VI.6. The long term stability of these electrodes

has not yet been evaluated.

C. Physical Properties of CdS

Electron-phonon interactions via the acoustoelectric effect can

be observed in CdS by noting changes in the propagation parameters

of an ultrasonic wave (attenuation coefficient.and velocity of sound)
brought about by a modification of the electrical properties of

the CdS. The acoustoelectric effect can also be observed by the -
generation of an e]ectricaj signal which results from the exchange

of energy between the acoustic wave and conduction electrons. In

this section we present results related to both of these means of
observing the acoustoelectric effect. Emphasis is placed upon the
generation of an electrical signal by the acoustoelectric effect.
Properties of this signal such as its frequency dependence, absolute

sensitivity and noise limitations have been measured and are reported.
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Figure VI.6. Current-voltage curves at two levels of light intensity
for CdS crystal MOD with indium-aluminum electrodes.
Crystal dimensions are 1.5 cm thick with approximately
0.82 cm2 of surface area. Composite metal film
electrodes do not adversely affect the ohmicity of the
electrical contacts.




1. Attenuation Coefficient

In this section we present the results of a series of mea-
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surements designed to determine the electronic attenuation coefficient

in CdS at a frequency 5 MHz. A conventional pulse echo experiment was

performed using a two microsecond burst of 5 MHz ultrasound as the
transmitted ultrasonic pulse. The CdS crystal, LJB-1, was coupled
to the transmit/receive transducer by a water path. The specimen was
air backed. The time dé]ay associated with the water "buffer" path
- was. approximately 60 microseconds. For each ultrasonic pulse trans-
mitted, a series of ultrasonic pulses were received. The received
ultrasonic pulses were the result of reflections from the water-CdS
interface and of subsequeﬁt reverberations of the ultrasonic pulse
ﬁithin the CdS sample. The amplitudes of ‘these subsequent reverbera-
tions were exponentially decreasing with time and were related to the
ultrasonic attenuétion suffered by the pulse on each successive round
trip through the specimen.

| To determine the attenuation coefficienf'df the CdS specimen,
the output of the transmit/receive transducer was amplified and sent
to an rf amplifier with a logarithmic gain characteristic. .This
logarithmic amplifier transformed the exponentially decreasing echo
pattern into a linearly decreasing echo pattern. The output of the

rf long-ampliffer was diode detected and further amplified. The log-

linear characteristics of this system were accurate over approximately

a 35 dB variation in the amplitude of input signals. The amplitude
versus time information generated in this way was digitized and

recorded using a Biomation 8100 transient recorder under control
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of an HP-9825A desktop calculator. Allvof the data were recorded on
magnetic tape for subsequent analysis.

A series of pulse-echo patterns were recorded as a function of
. the electrical conductivity of the CdS crystal. The conductivity of
the CdS crystal was modified by means of a tungsten filament lamp.
Light intensity was adjusted through the use of neutral density optical
filters. The level of optical excitation was measured using a
conventional liéht meter as well as by recording the bulk resistance
of the CdS crystal.

The attenuation coefficient in the .CdS was estimated from. the slope
of a least squares line fit through the maxima of the echo amplitude
versus time record. The electronic attenuation coefficient, i.e., that
part of the total loss caused by the interaction of ultrasound with
conductive electrons, was estimated by subtracting the background
attenuation coefficient (measured at low conductivity in the dark)
from the total observed attenuation coefficient. In Figure IV.7 we
show the results of these experiments superimposed upon the predictions
of the theory of Hutson and white.37 The error bars represent the
standard deviation of the least squares curve fitting routine. The
standard deviation associated with the large values of the attenuation
coefficient are large because of the small number of observable echoes
present. Within the limit of experimental errors it appears that the
weak coupling theory of the acoustoelectric effect37Aadequate1y o

describes the conductivity dependence of the attenuation coefficient.
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2. The Acoustoelectric Signal

In this section we discuss the observed time domain waveforms
of the acoustoelectric signal produced by short ultrasonic pulses. We
consider how this signal depends upon electrical as well as mechanical‘
loading of the CdS crystal. We conclude this section by showing the
steady state response of a thin CdS crystal to long burst of ultrasound.
The piezoelectric and acoustoelectric resonator properties of this
specimen are presented.

i) Short Pulses: Time Domain Response. Equation (III.41)
which describes the time dependent acoustoelectric current density can
be used to predict the time dependent acoustoelectric voltage produced
by a CdS crystal under a variety of mechanical and electrical loading
situations. The mechanical loading of the CdS crystal is handled
explicit]y'by Eq. (II1.41) by the reflection coefficients R and ry-

The electrical loading of the CdS crystal can be incorporated with the
Norton equivalent circuit shown in Figure VI.8. The acoustoelectric
response of the crystal can be modeled as a time dependent acoustoelectric
current source of strength <JAE(t)> times the cross sectional area of
crystal, in parallel with the bulk electrical properties of the crystal.
The electrical loading the crystal is then simply treated as an arbitrary
‘electrical impedance Zez which additionally filters the acoustoelectric
output of the CdS crystal.

To illustrate this approach we consider an example of a thick CdS
crystal which is mechanically loaded on one face by water and which is
unloaded (air backed) at the other face. Under these cohditions'

(ro==0.87, r}':l) an acoustic pulse entering the crystal from the water
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|

O

Norton equivalent circuit used to predict the acousto-
electric voltage response of CdS specimens. The effects
of mechanical loading are included in the expression for
the time dependent current density from Eq. (III.41).
The effects of e]ectricai loading are accounted for by
the general element Zel' A filtering approach is used
to predict the time domain voltage waveform observed.
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reverberates within the crystal. The electrical "load" which the

CdS crystal is normally required to drive is the input impedance of -
the amplifier used to measure the electrical signal. The frequency
dependent input impedance of most amplifiers can be approximated as

a shunt resistance and a shunt capacitance. Typical values for the
input resistance and capacitance of a signal amplifier with a field

]09 and Cin=15 picofarads.'

effect transistor input stage are Rin ~ 10
In Figure V1.9 we demonstrate a filtering approach which allows

us to predict the time domain acoustoelectric waveform. In panel a)

we show the time dependent acoustoelectric current density predicted

using Eq. (II1.41). The equation was evaluated assuming a crystal

conductivity of 2><10'6 UZcm);l assuming the pulse length was equal

to the crystal lquth, and using the theory presented in Chapter II to

evaluate the electronic attenuation coefficient at a typical ultrasonic

frequency of 5 MHz. The predicted time domain voltage was calculated

by -performing a Fourier transform of the acoustoelectric current and

then multiplying these results by the frequency dependent impedance

consisting of the crystal resistance and capacitance in parallel with

the assumed input resistance and capacitance of the amplifier. Finally,

an inverse Fourier transform was perfofmed to predict the time domain

voltage waveform presented in pabei-b). It is interesting to note that

the oscillating (biﬁolar) current waveform in panel a) has been Tow

~ passed filtered in such a way to produce a nearly unipolar voltage

waveform. The observed acoustoelectric waveform for crystal LJB-2

obtained under mechanical and electrical loading conditions essentially

identical to those specified above is shown in panel c). We see that the
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a) Predicted Current Haveform
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b) Predicted Voltage Waveform
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¢) Observed Voltage Waveform
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Predicted and observed time domain acoustoelectric
response of CdS crystal LJB. In panel a) the acousto-
electric current generated by a pulse of length equal
to the crystal length is shown. The crystal is assumed
to be water loaded on one side and air loaded on the
other [ro=0.87 and r2=1.0]; af of the crystal is assumed
to be approximately 0.62. The predicted voltage waveform
shown in.panel b) was calculated assuming RCds==5><IOSQ,
Cogs=0-5 PFy Ry =1x10'% and €, =15 pf. The observed
waveform from crystal LJB is shown in panel c) for

identical mechanical and electrical loading conditions.
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essential features of the signal are rebroduced. In particular we note
that a nearly unipolar voltage waveform is produced by the acoustic
pulse reverberating within the crystal.

In order to produce a more compact time domain response one might
consider backing the CdS crystal with a material of comparable mechanical
impedance in order to eliminate the multiple reverberations of the
acoustic pulse within the crystal. Under these conditions the acoustic
pulse makes a single transit through the crystal and the current
produced is shown in Figure VI.10 panel a). The resistance of the

3 ohms and a shunt capacitance of

CdS crystal was chosen to be 80x10
150 picofarads was assumed. This large amount of shunt capacitance

is representative of the.capacitance present when about five feet of
coaxial cable are used to connect the CdS crystal to an oscilloscope.
The predicted acoustoelectric voltage waveform for these conditions

is shown in panel b) of Figure VI.10. We see that the voltage produced
is severely spread out in time primarily due to the shunt capacitance
of the cable.

In Figure VI.11 we demonstrate how a more compact time domain
response might be achieved even when such large values of shunt
capacitance are present. The current waveform predicted in panel a)
is associated with an air backed CdS crystal which has been mechanica]]&
matched to the water medium & the front surface of the crystal through
the use of a quarter wave matching element (ro==0, r£='1). Under these
conditions the acoustic pulse make a sihg]e round trip through the

crystal and is then transmitted out of the CdS crystal back into the

water. In panel b) we show the predicted voltage waveform, once again
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a) Predicted Current Waveform

CURRENT

b) Predicted Voltage Waveform

TIME (Round Trips)

Figure VI.10. Predicted time domain acoustoelectric response of
perfectly backed CdS crystal. In panel a) the acousto-
electric current generated by a single transit of a
pulse with length equal to the crystal length is shown.
The crystal is assumed to be perfectly backed [r2=0];
af of the crystal is approximately 0.60. The.predicted
acoustoelectric voltage waveform shown in panel b) was
ca'lcu]atedﬁassuming RCdS =8x 1049, CCdS =0.5 pf,
Rin=]x10 2 and Cin=]50 pf. The large value of shunt
input capacitance is typical of approximately five feet
of coax cable.
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Figure VI.11. Predicted time domain acoustoelectric response of a
matched and unbacked CdS crystal. In panel a) the
acoustoelectric current generated by a single round
trip of a pulse with length equal to the crystal length
is shown. The crystal is assumed to be mechanically
matched to the load at the front surface and unloaded
at the back surface (r‘o=0, r2‘=1); al of the crystal
is approximately 0.60. Electrical loading conditions
are the same as in Figure VI.10; however panel b) shows
that better acoustoelectric pulse resolution has been
attained.




146

assuming a crystal resistance of 80x 103

ohms and a shunt capacitance
of 150 pf. The time constant associated with the signal source is
identical with that of the previous example, however the pulse defini-
tion has been improved and the time duration of the voltage signal has
been reduced to approximately 2 pulse lengths.

In Figure VI.12 we show experimental results obtained with crystal
JRK-2. This crystal exhibited electrical parameters comparable to fhose
used in the predictions shown in Figure VI.11. .This crystal was prepared
with a matching layer on its front surface which was 5 quafter wave-
lengths thick at approximately .6 MHz. Therefore at this frequency
rOF'O. The crystal was imperfectly backed with a law .impedance material
(rz = 0.7). Therefore reflection of the acoustic pulse at the back
surface of the crystal was observed. As we see, the time domain

acoustoelectric response of this crystal compares favorable with

the prediction presented in Figure VI.11.

ii) Long Pulse: Freduency Domaih Response. In this section
we investigate the frequency dependence of the voltage response of an
acoustoelectric end a piezoelectric resonator. Cadmium sulfide is a
convenient material for this purpose because both these responses are
simultaneously available when the crystal is mechanically resonant and
can be monitored simultaneous using electrical filters. The experiment
wae performed using the quasi-coetinuous wave or long pulse, steady
state response of the CdS resonator. The CdS crystal used in this
experiment is identified as 470-1 and was prepared using the~method
2

outlined in Chapter V. This particular crystal was approximately 1 cm

in cross sectional area by 1.6 mm thick. Electrical contacts to this




147

e~ 80
1 F pulse length

o 6.0/
2 .
kS |
. 4.0) |
T Crystal JRK-2
s 20/
<

0.0,

B0 200 400 60.0 80.0

Time (microseconds)

Figure VI.12. Observed time domain acoustoelectric voltage response
' of crystal JRK-2. The mechanical and electrical loading
conditions on this crystal were essentially identical to
those described in Figure VI.11. This crystal was
provided with a quarter wave matching layer on its

front surface so that r = 0.
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crystal were indium and were shown to be ohmic by.the methods previously
described. Illumination was provided by a mercury-cadmium discharge
lamp and fiber optic light ribbons. The experiment was performed in
tranémission in water tank using a broadband piezoelectric transmitter
(Panametrics, V309) mounted coaxially with the CdS crystal approximately
15 cm away. The CdS crystal was mechanically backed with paraffin, and
so the reflection coefficient at the rear surface was approximately 1.
Gated rf pulses of-approximate1y 35}usec duration were applied to the
transmitting transducer. This length of pulse was sufficiently long
to produce a steady state response in the CdS plate but was sufficiently
short so as not to produce any interference effects in the water delay
medium. A voltage preamplifier (National Semiconductor LHO033) capable
of responding to the total electrical signal produced by the plate was
used. The acoustoelectric and piezoe]ectric responsé of the plate were
monitored separately using the low and high pass filters described in
Chapter V. . |

The results of these measurements of the piezoelectric response
(triangles) and the acoustoelectric response (squafes) as a function
of frequency aré shown in Figure VI.13. Both signals exhibit a resonant
character. We note that the resonant acoustoeiectric response of the
plate has maxima twice as often in frequency as the piezoelectric
response pattern. This observed behavior agrees with the resonator
theory presented in Chapter III. The acoustoelectric response exhibits
maxima for every harmonic of the plate fundamental, whereas the piezo-
electric response exhibfts maxima only at odd harmonics of the plate

fundamental. Because the acoustoelectric signal is a response to the
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Figure VI.13.
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Acoustoelectric and piezoelectric resonator response of

a thin plate piezoelectric semiconductor, CdS crystal
470-1. This crystal is approximately 1.6 mm in thickness
with 1 cm2 surface area. Crystal was illuminated with

a long pulse (35 usec) of ultrasound. Acoustoelectric
and piezoelectric responses were monitored simultaneously
using electrical filters to separate rf and low frequency
signals.
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net transfer energy within the bulk of the crystal, it reaches a
maximum whenever the amount of mechanical energy stored in the
resonator is maximized. In contrast, the piezoelectric response
of the plate is the result of the net (i.e., relative) motion of
the surfaces of the resonator plate. At even plate harmonics, the

net motion of the surfaces is minimized.

3. Properties of Thick Piezoelectric Plate

In this section we demonstrate the low pass characteristics
associated with a thick piezoelectric plate when it is used to detect
a short ultrasonic pulse. For purposes of demonstration, a 1/4 inch
thick plate of PZT-4 was used as the piezoelectric receiver. This
material was chosen because the piezoelectric'ﬁoupling constants which
characterize it as a receiver are comparable to that of CdS. PZT-4,
however, is an insulator; thereforevany low frequency signals observed
are not the result of the acoustoelectric effect. The dielectric
permittivity of PZT-4 is much higher than that of CdS. Thus the low
frequency response of PZT-4 is not as easily "shorted out" by the
addition of load resistors as is that of CdS.

The experiment was performed with a combined reflection/trans--
mission geometry. A short ultrasonic pulse was launched using a |
Panametrics A309 transducer driven by an electrical impulse supplied
from Panametrics PR5052 pulser/receiver. The time domain signal
caused by the reflected ultrasonic energy.from the front surface
of the PZT plate and the subsequent reverberations from within the
plate were recorded using an HP -175A sampling oscilloscope under

control of an HP-9825A calculator. The reflected time domain signals
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were stored for subsequent processing. The electrical response of the
PZT plate to the ultrasonic pulse was monitored directly using a

5 ohms.

voltage preamplifier whose input impedance was fixed at 10
The direct electrical response of the plate was also digitized and
stored in a similar manner.

In Figure VI.14 we show the time domain record of the electrical
signals. In panel a) we show the reflected ultrasonic signal as
measured by the Panametric A309 transducer. The large echo is the
signal caused by direct reflection from the water-PZT interface and
the subsequent echoes correspond to reverberations of the pulse within
the PZT plate. In panel b) we show the time dom&in record directly
from the PZT plate. The electrical signals occur twice as often in
time as those in panel a) because we are seeing the electrical response

of each of the surfaces of PZT plate.45’-48'50

. The alternating sign of
the signals and the relative magnitude of each is in good agreement
"with the open circuit piezoelectric response expected from Eq. (iII.]]).
The frequency domain response of the front surface of the PZT-4
plate was determined by comparing the magnitude of the Fourier transform
of the gated (dashed lines) portions.each time domain record. By
assuming that the transfer function (T{(w)) of the Panametrics transducer
is the same in either the transmit or receiver mode?o'zs we can determine
the transfer function of the PZT plate, P(w). The magnitude of the
Fourier transform of the gated portion of panel a) corresponds to the
square of the transmitter transfer function |T(m)|2 because two trans-

ductions have taken place. The magnitude of the Fourier transform of

the gated portion of panel b) then corresponds to |T(w)|[P(w)|. The
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Spectral ampiitude of nonresonant PZT-4 p]éte. The
gated (dashed lines) portions of Figure VI.14 were
Fourier transformed and logarithmically subtracted

to yield the transfer characteristic of the thick
PZT-4 plate.
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frequency characteristics of the plate alone can be determined by

logarithmic subtraction,

20 log P(w) = 20 Tog(|T(w)P(w)]) - 10 Tog(|T(w)[?) .

The results of this analysis are presénted in Figure VI.15. A 30 dB
enhancement of the low frequency components of the ultrasonic pulse
is seen to be produced by the thick PZT plate. This is similar to

the results predicted earlier in Figure III.4.

4. Calibration
In order to estimate the sensitivity and response charac-

teristics of the acoustoelectric effect in cadmium sulfide it is
necessary to have a means for estimating the amount of ultrasonic
energy incident upon the CdS crystal. The approéch employed consisted
of calibratfng a commercial piezoelectric transmitting transducer
over a broad range of frequencies. 4

As discussed in Chapter V, a transducer calibration technique

78-80 s implemented.

based upon the transient thermoelectric effect
A1l measurements.were done using a coppér-constantan thermocouple
in a 1/8 inch thick castor oil. absorbing medium.."The castor oil
absorber was' held at 10°C. The calibrations were performed upon a
Panametrics A309 transducgr (serial number 5066). This transducer

was focused at 2 inches and had a nominal center frequency of 5 MHz.
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An analysis of the errors associated with the transient thermo-
electric calibration technique has been presented by Goss, et a1.8°
They showed that a major source of error associated with this technique
can be attributed to heat diffusion from the thermocouple probe due to
insufficient ultrasonic beam width. For this reason, some preliminary
measurements of the beam profile of the Panametrics A309 transducer were
performed. Beam profiles were measured using a 1 mm diameter PZT probe.
Figures VI.16 and VI.17 show representative beam profiles taken at an
ultrasonic frequency of 3.5 MHz using 3 sec ultrasonic pulses. Mea-
surements were made along a line perpendicular to the major axis of the
transmitting transducer and intersecting the axis at distances of 5 and
8 cm respectively. |

Figure VI.18 summarizes the beam profile data in terms of the
measured beam width (-10 dB from maxima) versus distance along the
axis of the transmitter. Measurements were made along 7 different
lines through the ultrasonic beam and at 3 different ultrasonic
frequencies. From these results we conclude that the beam width at
8 cm from the transmitter was sufficiently large for accurate thermo-
electric measurements and yet sufficiently small to produce measurab]e'
heating. These conditions are satisfied over an ultrasonic bandwidth
of ~3.5 to 8.5 MHz.

Transient thermoelectric measurements were carried out on axis,

at 8 cm from the transmitting transducer.
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Figure VI.16. Beam pattern profile of calibrated Pahametrics transducer
measured at 3.5 MHz in the focal plane ('5 cm focus).
Measuréments were made using a 3 usec burst of rf to
drive the transducer, and a 1 mm PZT probe was used
to map the field.
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'Figure VI.17. Beam pattern profile of calibrated Panametric transducer
measured at 3.5 MHz in a plane located at 8 cm. Measure-
ments were made using a 3 psec burst of rf to drive the
transducer, and a 1 mm PZT probe was used to map the

field.
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‘Figure VI.18. Ultrasonic beamwidth versus distance from calibrated
' Panametrics t\_ransducer. Measurements were made using
3 usec bursts of 3.5, 6.0, and 8.5 MHz ¢f to drive the
transmitting transducer. Beam widths were measured at
-10 dB from central maximum.
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A representative transient thermoe1ectrfc curve is shown in

Figure VI.19. This curve was obtained using an ultrasonic pulse of
approximately 1 sec duration at a frequency of 4.6 MHz. 'Two charac-
teristic types of heating are observable on this transient thermo-
electric curve.79 Viscous heating, which is the result of the
relative motion of the thermocouple and the castbr oil, accounts
for the sharp rise and fall in termperature at the beginning end

of the ultrasonic pulse (t=0.5 sec and t=1.5 sec, respectively).
Absorptive heating is observed as a more gradual and nearly linear
increase in termperature. The instantaneous ujtrasonic intensity
is calculated from the observed rate of absorptive heating using
Eq. (V.3).

Some of the results of this calibration work are depicted in
Figure VI.20. The instantaneous intensity output of the Panametrics
A309 is shown as a function of frequency for a constant transmitter
drive level. Data of this sort were collected at three different
transmitter drive levels to verify system linearity. These results
were used subsequently to estimate the efficiency and bandwidth of

the acoustoelectric effect.

i) Infensity Sensitive Nature of the Acoustoelectric Effect. A .
transmission experiment was performed to determine the dependence of
the acoustoelectric voltage upon incident ultrasonic intensity. A
three microsecond burst of 6 MHz ultrasound was transmitted from the
calibrated piezoelectric transmitter and received by crystal LJB. The
acoustoelectric waveform produced is shown in Figure VI.9. The

amplitude of the first voltage peak was recorded as a function of
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Figure VI.19. Representative transient thermoelectric measurement
" obtained at 4.6 MHz used for transducer calibration.
A copper-constantan thermocouple imbedded in castor
0il was used to measure the temperature rise caused
by the absorption of ultrasound. .Data of this sort
- were recorded at 3 different transmitter derive levels
and at 200 KHz frequency intervals from 2.4 to 9.2 MHz.
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Instantaneous acoustic intensity produced by Panametric
transducer versus frequency. Measurements were made on
the axis of the transducer field pattern at 8 cm from the
transducer. A constant voltage drive was applied to the
input of the power amplifier. The 502 output impedance
of power amplifier was loaded by the transducer near the
band center.
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the amplitude of the transmitter drive voltage. The previous calibra-
tion results allowed us to determine the acoustic intensity output at
each of these transmitter drive levels. In Figure VI.21 we show

the acoustoelectric output as a function of incident ultrasonic
intensity. We see that the acoustoelectric signal is indeed propor-
tional to the ultrasonic intensity incident upon it. We also note
that the observed signal is limited by noise at intensity.levels lower
than 8)(10'6 watts/cmz. For this crystal the observed noise level was

approximately 50 microvolts rms.

ii) Broadband Responsivity and Sensitivity. The results of the
éa]ibration measurements can be used to estimate the broadband respon-
sivity of the acoustoelectric receiver. By broadband responsitivity
"we mean the magnitude of the acoustoelectric voltage pfoduce per unit
ultrasonic intensity incident over a range of u]trasonié frequencies.
The u]timate sensitivity, i.e., the minimum ultrasonic signal detectable
against the noise background, can also be determined.

In Figure VI.22 we show the measured broadband voltage respon-
sivity for crystal LJB. These data were obtained using 3 usec pulses
of ultrasound and were measured in transmission using the calibrated
piezoelectric transducer as transmitter. The results of the transient
thermoelectric calibrations were used to normalized the acoustoelectric
voltage produced at each frequency to the voltage which would be
produced for 0.5 watt/cm2 of instantaneous or peak incident acoustic
intensity. The nearly flat respoﬁse of the crystal as a function of
frequency agrees with expectations for the acoustde1ectric voltage

response discussed in Section III.G. For comparison the broadband
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Figure VI.21. Acoustoelectric voltage response of crystal LBJ versus
instantaneous incident acoustic intensity. Measurements
were made at 5 MHz using the previously calibrated
Panametrics transducer. The lower 1imit on the acousto-
electric voltage is comparable to the Johnson noise
produced the bulk resistance of the CdS crystal.
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Broadband responsivity of the acoustoelectric voltage
response of crystal LJB. The acoustoelectric output in
volts (dashed 1ine) is shown for an instantaneous acoustic
intensity input of 0.5 Watt/cm2 at each ultrasonic
frequency measured. The responsivity of the acousto-
electric receiver is nearly frequency independent

(varied by less than 1 dB) over the 2.5 to 9.5 MHz
frequency range. The responsivity (solid line) of a
commercially available broadband piezoelectric transducer
over the same frequency range and for the same incident
acoustig power level is shown for comparison.
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responsivity of the calibrated piezoelectric transducer (A309, #5066)
is shown with the solid curve. The piezoelectric transducer's respon-
sivity was determined in reflection using a stainless steel reflector.
An estimate of the ultimate sensitivity of the acoustoelectric
response in this mode of operation can be gained by estimating the
noise equivalent pawer. If the noise background is primarily generated
by the Johnson noise associated with the crystal resistance, then the
minimum measureab}e signal corresponding to a one-to-one signal to
noise ratio can be determined. With a crystal resistance of 5)(105 Q

5 Hz, the rms noise level should

and an électronic bandwidth of 3x 10
be approximately 50 microvo]ts. This agrees well with noise level
observed using crystal LJB and the field effect transistor preamp
shown in Chapter V. With the observed responsivity shown in Figure
VI. 21, this corresponds to a noise equivalent power of approximately

8x10°° 2

watts/cm™ of instantaneous acoustic intensity. This intenéity
corresponds to the ultrasonic intensity incident upon the cadmium
sulfide crystal, not to the intensity present within the CdS crystal.
The acoustic mismatch between CdS and water causes an intensity

transmission coefficient of 25%. In other words, the noise equivalent
2

power of this CdS specimen could be further reduced to 2)<10‘5 watts/cm
- of incident acoustic intensity if care were taken to eliminate the
acoustic mismatch between water and CdS. The observed noise equivaTent
power for this crystal makesit approximately an order of magnitude less
sensitive than expected based upon the predictions of Section III.H.

We also note that the intensity sensitive response of this crystal is
not compromised by the low frequency direct piezoelectric response of

the crystal which would be evident at low signal levels.
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As a means of further increasing the sensitivity associated with
the acoustoelectric response of crystal LJB-1, the transmitter modulation
scheme discussed in Chapter V was imp]émented using a: lock-indetector in the
receiver circuitry. A block diagram of the system is shown in Figure
VI.22. A high ultrasonic repetition rate of 100 KHz was used so that
full advantage could be taken of the signal averaging properties
provided by lock-in detection, while still maintaining a relatively
short (100 millisecond) time constant at the lock-in. Two hundred
percent:(i.e., carrier suppressed) modulation of the 3 microsecond,

5 MHz pulsed ultrasonic signal was performéd by the modulator. The
modulation frequency was chosen to be 10 KHz. The acoustoe]ectrié
signal was therefore modulated at 20 KHz because the signal it produces
is not sensitive to the abso]ute'phése 6fvthe ultrasonic wave. By
using a 100 millisecond averaging time at tﬁe lock-in this scheme
provided a 100-fold increase in sensitivity with CdS crystal LJB-1,

8 watts/cmz.

i.e., a noise equivalent power of approximately 8 x 10~
The signal provided by the lock-in was proportional to the square

of the transmitter drive Iével a1l the way down to the noise level.

In other words, the acoustoelectric response of the CdS plate did

not appear to be compromised by the low frequéncy direct piezoelectric

response cof the plate.

D. Applications of the Acoustoelectric Effect in CdS

.The applicationsof ultrasonic measurement techniques in the area

of medical imaging, as well as tissue and materials characterization, has

161

grown substantially over the past two decades. Many of these applications

dictate that ultrasonié measurements be made in the near field (i.e.,
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Block diagram of system used to increase the sensitivity

. of the acoustoelectric receiver. Two hundred percent

amplitude modulation of the transmitted rf pulses was
performed using the modulator described in Figure V.8.
A PAR 126 lock-in amplifier was used to measure the
modulated acoustoelectric signal. Using this approach
the sensitivity of crystal LJB was improved by 100-fold
over the measurements reported in Figure VI.21.
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non-plane wave) region of either the transducer radiation pattern or

in the near field of radiation pattern re-radiated (i.e., scattered

or reflected) by the object under investigation. In this section we
demohstrate the applicability and utility of the acoustoelectric effect
jn CdS for making quantitative measurements of acoustric fields under
non-plane wave conditions. The benefits provided by the phase
insensitive response of receiving transducer based on the acousto-
electric effect in CdS are demonstrated in the context of quantitative

ultrasonic transmission, scattering, and imaging experiments.

1. Broadband Attenuation Measurements with Inhomogeneous

or Irregularly Shaped Objects

The acoustoelectric response of a thick plate of CdS provides
a mears for realizing the response characteristics of a phase insensitive
receiver aperture as described in Chapter IV. The acoustoelectric
response of CdS is also a very broadbénd responsé in the sense that a
wide range of ultrasonic frequencies produce a useable acoustoelectric
signal. In this section we show that both of these properties are
: desiréb]e for makjng ultrasonic attenuation determinations on inhomo-

geneous or irregular objects using transmitted ultrasound.

a) Transmission Measurements with Gated Bursts. To
illustrate both the phase insensitive and broadband fesponse properties
of the acoustoelectric effect in CdS we made a serijes of attenuation
versus frequency meésurements of a homogeneous plate of plastic
(polyester) which had a well defined surface irregularity: a step,
of ~1 mm depth, machined into one of its faces. To compare the response

of identical phase sensitive and phase insensitive receiving apertures
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a single crystal of CdS was used as both a piezoelectric and an acousto-
electric receiver. By using appropriately chosen high and low pass
filters these two responses could be measured simultaneously and
independently.

A substitution techm’que86

was used in conjunction with the
acoustoelectric and piezoelectric reépénse of the CdS crystal to
determine the frequency dependence of the apparent attenuation
coefficient a(w) for the plastic plate relative to an equivalent
thickness of water. |

Panel a) and c) of Figure VI.24 illustrate that measurements of
the ultrasonic attenuation of the plastic were initially made through
flat end para11e] portions of the plate. Measurements of the apparent
attenuation coefficient of the p]ate.were subsequently made in the step
position illustrated in panel b). . With the step intersecting the
ultrasonic beam we expect that a relative phase shift will be introduced
into part of the beam and the ultrasonic field pattern at the receiver
will be similar to those calculated in Figure IV.5 The reéu]ts of
measurements made using the piezoelectric response of the CdS crystal
_are shown in Figure 25a. We see that the observed frequency dependence
of the attenuation coefficient with the piezoelectric receiver is a
nearly linear function of frequency for measurements made through the
flat portion of the plate. However, a scalloped spectrum results when
the beam passes through the step discontinuity. At 5.7 MHz, the step
disconfinuity introduces a three half wavelength phase shift in the
portion of beam which phsses through the thicker portion of the plate

~ relative to the portion of the beam which passes through a thinner
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Figure VI.24. Schematic of ultrasound transmission experiment used
to show the phase insensitive response of the acousto-
electric receiver. Measurements of the apparent
attenuation of the plastic plate made in positions a
and ¢ were made using the piezoelectric and acousto-
electric response of crystal LJB. These measurements
were compared with identical determinations made at
position b which includes a step discontinuity.
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Demonstration of the phase insensitive response of the
acoustoelectric response of crystal LJB. The apparent
attenuation coefficients a(w) are shown as a function of
frequency for the plastic plate as measured by the piezo-
electric response of crystal LJB [panel a)] and the
acoustoelectric response of crystal LJB [panel b)]. In
panel a) the piezoelectric determination of a(w) through
the stepped portion of the p]ate‘exhibits a scalloped
pattern resulting from interference of electrical signals
produced at different locations on the receiver aperture.
In panel b) we see that the acoustoelectric determination
of a(w) is not affected by the presence of the step
discontinuity in the ultrasonic beam.
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portion of the plate. As discussed in Chapter IV, this scalloped
spectrum is the result of interference of the complex acoustic pressure
field over the surfgce of a phase sensitive receiver aperture.
| Figure VI.2%shows the results of measurements made using the
acoustoelectric response of CdS receiver. Measurements made through
flat and stepped regions of the plate are all mutually consistent, and
in agreement with the piezoelectric measurements made through the flat
portions of the plate. This result illustrates that the acoustoelectric
response of the large CdS receiver can be used as a phase insensitive
receiver aperture. |
Another series of experiments were.performed on specimens which
processed irregularities which were more complex than those in the
previous example. In this series, measurements were made on excised d0§
hearts. The apparent attenuation coefficient measured in transmission
were compared for data obtained with phase sensitive (pfezoe]ectric)
and phase insensitive (acpustoelectric)‘responsesof CdS. All measure-
ments were made on contiguous and morpho1qgi¢a]1y similar regions of
the dog 1eft ventricle. Results are shown in Figure VI.26. Pane! a)
depicts four attenuation-vs-frequency determinations obtained using a
piezoelectric receiver and panel b) depicts the results from the same
regions of dog heart using an acoustoelectric receiver. The piezoelectric
deferminations show a marked variability. In contrast, the data obtained
with the acoustoelectric receiver, shown in panel b) exhibit uniformity

and consistency.
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Apparent attenuation coefficient-frequency plots
measured on four contiguous sites of normal dog'heért.
panel a) shows measurements made with the 1.3 cm
diameter piezoelectric receiver while panel b) shows
measurements obtained on the same four sites using
the 1.3 cm diameter acoustoelectric receiver.
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Reports of animal studies from several 1aborator1‘e583’86

suggest
that the slope of the attenuation coefficient versus frequency provides
a useful index for distinguishing between normal and diseased myocardium.
From’the results presented in Figure VI.26 it appears that a moré
reliable determination of the slope of the attenuation coefficient for

the purpose of tissue characterization be achieved by making use of the

acoustoelectric receiver.

b) Transmission Measurements Using Transient Pulses. As we
showed in Section C of this chapter, the response of an acoustoelectric
receiver to a high frequency burst of ultrasonic energy is a low
ffequency, video pulse (centered near dc) whose amplitude is propor-
tional to the instantaneous acoustic intensity. Thus all ultrasonic
frequencies are mapped into the same video bandwidth. In other words,
frequency information about the ultrasonic pulse is lost unless special
care is taken. In this section we describe how useful frequency
information can be recovered (derived) from the acoustoelectric
response of a CdS crystal to a single, transient acoustic pulse.

. Broadband ultrasonic pulses can be achieved by driving a low Q
ultrasonic resonator with a delta function stimulus. The ultrasonic
pulse produced in this way exhibits abroad bandwidth of freqﬁency
components and these components are present "simultaneously" within
the pulse.

When such a pulse is incident upon an acoustoelectric receiver,
all of the ultrasonic frequency cbmponents within the pulse will there-
fore simultaneously contribute to the video signal producéd. Thus,

information about any particular frequency component is lost because
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it is mixed with information from all ofher ultrasonic frequency
components. Useful spectral information, however, can be recovered
under these conditions. As illustrated earlier in Section C, the
ultrasonic frequency response of the acoustoelectric receiver is
flat. Thus all frequency components present within the acoustic
pulse are treated equally. The output bf an acoustoelectric receiver
in response to a transient pulse should therefore be related to the
area under the spectrum amplitude of the ultrasonic pulse.

To test this hypothesis, we compafed the measured response of
the acoustoelectric receiver with the calculated area under the
spectrum amplitude of known ultrasonic pulses. A block diagram of
the measurement system is shown in Figure VI.27 A Panametrics PR5052
was used to excite a V315 transducer (10 MHz center frequency). Well
characterized specimens of polyethylene were then used to attenuate
the transmitted ultrasonic pulse by known amounts. The low frequency
acoustoelectric response was recorded as a function of‘polyethy1ene
" thickness. These measurements were then compared with the calculated
area under the spectrum amplitude of the original signal and with the
signal attenuated by the attenuation coefficient of polyethylene
plates. In Figure VI.28 we plot the measure acoustoelectric signal
loss versus the calculated area under the spectrum amplitude. There
is a good agreement between the measured and the calculated results.
Thus it appears that the response of an acoustoelectric receiver to
a broadband pulse is closely related to the area under the spectrum

amplitude of the pulse.
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Figure VI.27.

Block diagram of system used to measured the response

of an acoustoelectric receiver io a transient ultrasonic
pulse. A Panametrics V315, 10 MHz center frequency
transmitting transducer was used to laynch a well
defined transient pulse. Samples of known ultrasonic
properties (polyethylene plates) were used to attenuate
the pulse in a known way.
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Figure VI.28. Measured acoustoelectric signal loss versus calculated
area under spectral amplitude of a transient ultrasonic
pulse. Measurements were performed by ‘using different
thicknesses of polyethylene to attenuate a transient
ultrasonic pulse in a well defined way. The frequency
dependence of the attenuation coefficient for polyethylene
is nearly linear with a slope of 0.79 cm']/MHz.




178

Motivated by the apparent success of this initial evaluation of
the acoustoelectric receiver to broadband, transient pulses, we
evaluated this syétem as a means for monitoring the attenuation of
unknbwn samples. For this work, a transmitting transducer with well
defined and easily parameterized frequency response was needed. A
Panametrics A305 transducer was chosen because its spectral response
could be easily parameterized as a gaussian of the form

2 2
- (w-wo) T

,So(m) = Ae (VI.1)

where @, is the center frequency of the power spectrum and 1/T is the

frequency at which the spectrum falls to e"]

of its maximum response
and A is a frequency independent constant of péoportiona1ity.

Based on the hypothesis that the response of an acoustoelectric
receiver to a broadband acoustic pulse is related to the area under
the amplitude spectrum of the pulse, we model the acoustoe]ectric‘

signal produced by this gaussian pulse as

0

v = fso(m)dm - A/t . T (VL.2)

If the acoustic pulse is now attenuated by a sample which exhibits a
frequency dependent attenuation coefficient of the form alw) =o'
and a thickness d, then the new amplitude spectrum presented to the

acoustoelectric receiver will be of the form

' 2 .2
~(w-u)? T

' L
s](m)‘= pe~20'wd e (V1.3)
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This expression can be rewritten as

2 2
+a'2d2/T2 e-Za'dwo -(w-w]) T

S, (w) = Ae e (VI.4)

where m]==wo-a'd/T2. The spectrum respresented by Eq. (VI.4) can be
viewed as a skewed gaussian with maximum spectral amplitude at w, .
As noted by other investigators ,87’8 ‘the shift in maximum frequency
response (wo - w]) is directly proportional to the slope of the
attenuation coefficient, a'.

The response of the acoustoe]ecﬁric receiver to such a skewed

gaussian spectrum is predicted to be

v, = r S, (w)dw ' (V1.5a)
: 1 2 2 -ZG'dw
vy = A a78 T /T 0 (VI.5b)
5 +ld?72  -2alsg)d
= A/T/T e e (VI.5¢)

By using a substitution technique to compare the sample response
to an equivalent system response with no sample present we can take

the quotient

o,
v
0

-20(w_)d 2.2 ,+2
07" GreTd/T (V1.6)
For narrowband pulses, i.e., provided fhat 1/T is small,

a'2d2/1% < 2a(u,)d (VI.7)
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and Eq. (VI.6) reduces to the form

V] -2a(wo)d
vg = e . | (vi.8)

Thus the ratio of the two voltages is simply- related to the attenuation
coefficient at the center frequency of the pulse. (This forms the basis
for the way the gated cw measurements described in the previous section

were made.)

Going back to Eq. (VI.6), and recalling that a(mo)==a'w , We see

0
that

a'2(d/T)? - 2atu d - InV/Vy=0 . (VI.9)

This is a quadratic equation in the slope of the attenuation coefficient

o'-and has the solution

' = (.})(%T -ﬂgrz +1n(V3/V) | - (VI.10)

Equation (VI.10) permits the determination of the slope of'the attenua-
tion coefficient by measuring the response of the acoustoelectric
receiver to two broadband pulses if some characteristics of the
transmitting transducer are known. .

This measurement scheme was implemented using é Panametrics A305
(1/2 inch diameter, 2 inch focus) transmitting transducer with the
following characterist%cs fo - m°/2n = 6.5 MHz and 1/T = 2.4 MHz.

The slope of the attenuation coefficient was determined using this

method on 60 different sites within a normal region of left veﬁtricle
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of an excised dog heart. The results of these measurements yield an
average for the slope of 0.082+0.013 cm']/MHz. This value agrees
reasonably well with the value 0.075+0.002 reported in previous
studies. The most significant source of error may be caused by
the departure of the transmitting transducer's spectrum from a true
gaussian power spectrumwhich was assumed in the analysis of the
problem. This means of determining the slope of the attenuation
coefficient is very easily implemented since it requires the

measurement of a single voltage per measurement site.

c) Chirp ("Linear fm") Pulses. Chirped ultrasonic pulses
represent another means of encoding inforhation about many frequencies
upon a single ultrasonic pulse. By a chirped pulse we mean a
relatively long, gated pulse'of rf with the carrier frequency
changing in a well defined way during the duration of the pulse.
One common type of chirped pulse consists of the "linear fm"
pulse in which the carrier frequency is a linear function of time
for the duration of the pulse. Lfke broadband transient pulses,

a broad range of ultrasonic frequehcies can be present in a
single chirp pulse; however, these frequencies are not all present
simultaneously. For this reason, the time dependent wave form
produced by an acoustoelectric receiver used to detect a chirped
ultrasonic pulse might be used to determine ultrasonic amplitude

versus frequency information.
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We performed a number of experiments using acoustoelectric
receivers to detect linearly chirped ultrasonic pulses. One series
of measurements is presented here to demonstrate the response charac-

teristics of the acoustoelectric receiver. This measurement was |
performed at the relative slow chirp rate of 69 KHz per microsecond |
because of limitations in the transmitter circuitry. The transmitted
ultrasonic pulse consisted of a gated rf pulse, 128 usec long, in
which the carrier frequency was swept from 2 to}]O MHz. In Figure
VI.29 we compare the response of the acoustoelectric receiver to a
broadband piezoelectric receiver when each is used to detect this
chirped pulse. In panel a), the énvelope of the received signal

seen by the piezoelectric receiver is illustrated. The amplitude

as a function of time is representative of the spectrum amplitude

of these piezoelectric transducers. In panel b) we show the received
signal as seen by the acoustoelectric receiver. .The émp]itude versus
- frequency respoﬁse of the ;coustoelectric receiver is comparable to
the piezoelectric receiver; however the turn on and turn off time

of the pulse observed with the acoustoelectric receiver is somewhat
broader. In panel c¢) and d) we illustrate the phase sensitivé
response of the piezoelectric receivers and the phase insensitive
response of the acoustoelectric receiver when used to detect chirped
ultrasonic pulses. In panel c) we show the amplitude versus time
response of a piezoelectric receiver when it is used to detected a
chirped pulse which has passed through a step in the otherwise flat
and parallel plastic p]éte_shown in panel e). As illustrated in
panel c¢) there is one point in time, i.e., one frequency, at which

the thickness of step is equal to an odd number of half wavelengths.
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Figure VI.29. Detection of a chirped (“linear fm") ultrasonic pulse by
broadband piezoelectric and acoustoelectric receiving
transducers. xPanels a) and b) show the response of the
piezoelectric and acoustoelectric receivers to a chirped
pulse transmitted through water. Panels c) and d) show
the response of these transducers when the chirped pu]sé
is transmitted through a stepped plastic plate shown in
panel e). We note the phase insensitive response of the
acoustoelectric receiver. (Ultrasonic pulse 1ength==128useb,
sweep from 2 to 10 MHz, horizontal scale = 20usec/div,
vertical scale = 0.1 v/div [panels a) and c)], 1 v/div
[panel b)], 0.2 v/div [panel d)].
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At this time (i.e., frequency) no output is generated by the piezo-
electric receiver because of interference over the receiver aperture
(phase cancellation). Panel d) shows the response of the acoustoelectric
receiver when it is used to measure the same chirped pulse. No phase
cancellation takes place.; Instead, the center frequency of the pulse
is shifted slightly downward; i.e., it occurs at an earlier time.
This result is consistent with the discussion presented in the pfevious
section for materials such as plastic which exhibit a 1ineér attenuation
versus frequency characteristic.

The use'of chirped ultrasonic pulses appears to offer an alternate
way of obtaining amplitude versus frequency information while maintaining
the freedom from phase cancellation achieved wifh the acoustoelectric

receiving transducer.

2. Scattering Measurements

A series of scattering measurements were performedtoii]ustrate
the basic difference between phase sensitive and phase insénsitive
detectionfn a simple scattering geometry. The geometry chosen was
discussed in detai]iin Chapter IV. There we considered a p]éne wave
“incident upon two cy]indrical scatterers and calculated the scattered
field distributions in a plane situated at‘right angles relative to
the direction of the incident ultrasonic wave.

In this section, we compare the observed output of various size
phase sensitive and phase insensitive receivers as a function
receiver position in a plane located 20 cm from the center of the
scattering cylinders. We also look at right.angle scattering as a
function of the angle of incidence 6f the plane wave radiation upon

the scattering cylinders.
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The scattering cylinders usgd in these experiments consisted of

a pair of brass rods, 2.4 mm in diameter. . This large rod size was
-chosen to provide sufficient scattered ultrasonic energy so that
" acoustoelectric measurements would be possible. The rod separation
(from center to center) was chosen to be 7.9 mm. The rods were
illuminated by 2 psec burst of 5 MHz ultrasound from a transmitting
transducer located at a distance of approximately 18 c¢m from the rods.
The output of the acoustoelectric receiver labeled JRK-2 and of 2
different piezoelectric receivers was digitized and recorded using
a Biomation 8100 transient recorder and an HP-9825A calculator. The'
angle of the scatterers relative to the incident plane wave and the
position of the receiver apertures within the receiver plane Qere
manipu]atéd with this calculator through the use of stepper motors.

@mm The experimental results to be presented were obtained by post-
processing the recorded time domain waveforms. A1l of the piezoelectric
waveforms (rf signals) were processed by rectifying and integrating thé
first 1.6 usec of the received acoustic pulse. This time was chosen to
avoid any multiple scattering events or energy reradiated by the rods
as a result of mode conversion. These scattering processes were not
considered in the analysis presented in Chapter IV and can be eliminated
from the experimental results because they are observed at later times.
The acoustoelectric signals which are video or low frequency signals
were analyzed by peak detecting the signal within the first four micro-
seconds of the acoustoelectric time domain record. This time window
was chosen because the delay associated with the acoustic transit time

ﬁmm through crystal JRK-2 is 4 microseconds. Complications arising from

the time-delayed modes discussed above are not significant under these
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conditions. Both piezoelectric and acoustoelectric results presented
are normalized relative to the measured response of the.respective
receiver apertures to a normally incident plane wave.

In Figure VI.30 we present the results of the right angle scat-
tering measurements as a function of angle between the incident plane

wave and the scattering rods. All measurements were made with the

| receiver centered at,x;=0‘in the receiver plane (see Figure IV.8).
A comparison of large (12.7 mm) and small (3.2 mm) diameter circular
piezoelectric receivers is shown in panel a). We see that the relative
output of the small diameter phase sensjtive receiver is always larger
than the outﬁut of the large diameter phase sensitive receiver. At
. angles of incidence such as 45°, the phase distribution of the pres§ure
field over the area of the 3.2 .mm diameter receiver is nearly uniform
and therefore nearly unity output is observed. In contrast, the phase
distribution over the area of the 12.7 mm diameter receiver is not
uniform. The complex'pressure field begins to oscillate near the
edges of the receiver aperture aﬁd therefore a reduced output is
observed. We also see that there are angles where nearly zero output
is produced by either phase sensitivelreceiver aperture. As'ﬁoted
earlier, these zeroes are the result of antisymmetric pressure
distribution over the receiver apertﬁre aﬁd should not be interpreted
as zero incident ultrasonic energy. |

In panel b) of Figure VI.30 we compare the results obtéined for
the right angle scattering measurement when a large aperture piezo-

electric and a large aperture acoustoelectric receivers are used.
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Results of right angle scattering experiment from
cylindrical brass rods. Measurements were made at an
ultrasonic frequency of 5 MHz and at a distance of 20 cm
from the rods to the receiver. Results have been
normalized relative to the result that would be observed
for a plane wave incident upon the receiver. In panel a)
we compare the results of measurement of scattered energy
obtained using two different size phase sensitive (piezo-
electric) receiver apertures. In panel b) we compare -the
results of measurement of scattered energy obtained using
comparable size phase sensitive (piezoelectric) and phase
insensitive (acoustoelectric) receiver apertures.
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The acoustoelectric receiver used was crystal JRK-2. The active area

of this receiver was 1.44cm x0.6 cm and the crystal was oriented

‘with the long aperture dimension parallel to the x axis in the receiver
plane. Measurements made with the phase insensitive receiver illustrated
that the received acoustic energy is non-zero at all angles. This is in
constrast with the results obtained yith the comparable size piezoelectric
receiver. (We note that for this geometry, the maxima in the output of
the phase insensitive receiver is displaced in angie from the maxima in
the phase sensitive receiver output. This displacement occurs because
this phase insensitive receiver is approximately one and one-half fringe
spacings wide. At angles such as 44.20, two interference fringe maxima
are simultaneously within the receiver aperture and maximum output
occurs. Under these conditions, however, the complex pressure field
distribution is antisymmetric over the receiver aperture and zero

output is produced by the phase sensitive receiver.)

Another series of scattefing measurements were méde by fixing
the angle of incidence of the incoming plane wave upon the scattering
rods at 45° and scanning the various receiver elements in the x
direction in the receiver plane. The complex field pattern produced
by the scattering rods should be similar to the field patterns shown
in Figure IV.9. In panel a) of Figure VI.31 we show the normalized
output as measured using a small aperture and iarge aperture phase
sensitive receiver. We note that the output of either of these
receivers is quickly diminished as it is displaced from x=0 in the
receiver plane. Rapid é]uctuations in the phase of the complex pressure

field causes cancellation of electrical signal over the receiver
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Results of measuring scattered energy as a function of
The receiver was located
Measurements were made

position of receiver aperture.
at Z=20 cm from the scatterers.
at an ultrasonic frequency of 5 MHz. The scattering rods
were located in a plane oriented 45° with respect to the
incident plane wave illumination. In panel a) we compare
the results of measurement of scattered energy obtained -
using two different size phase sensitive (piezoelectric)
receiver apertures. In panel b) we compare the results
of measurement of scattered energy obtained using
comparable size phase sensitive (piezoelectric) and

phase insensitive (acoustoelectric) receiver apertures.
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aperture as these phase sensitive receivers are displaced. In panel b)
of Figure VI.31 we compare the output of a large aperture piezoelectric
and acoustoelectric receiver as they are displaced in the x dimension :
of the receiver plane. We see that the output of the phase insensitive
receiver remains nearly constant as it is displaced. A comparable size
phase éensitive receiver output falls off quite rapidly for displacement
greater than approximately 8 mm. The acoustoelectric receiver output
shows that a finite amount of acoustic energy is incident upon it even
when it is displaced by 20 mm in the receiver plane. In contrast the
piezoelectric receiver output has fallen to nearly zero. '

It should be noted that the predicted curves were calculated
assuming infinitesimally thin strip sources rather than rods of finite
width. We feel justified in taking this approach based upon the work

89 and Faran.90 They showed that the angular distribution

of Wiener
of the acoustic radiation scattered from a rigid or nearly rigid brass
rod under conditions similar to those presented here (i.e., ka=5) was
relatively uniform for angles in the 80° and 90° range. Therefore the
uniform radiation pattern produéed by an infinitesimal line source |
should be adequate for our particular géohetry. The lack of detailed
agreement between the measured and predicted signals can be attributed

to ouf incomplete modeling of the scattering event. The general features
of the experimental results are found to agree with the general features
predicted. We see that the acoustoelectric and piezoelectric receiver

measure fundamentally different properties of the scattered radiation

field.
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3. Tomographic Imaging

The application of an acoustoelectric receiver to the problem
of making images based upon ultrasonic attenuation has also been
investigated. The particular imaging system investigated was based
upon transmission tomography and was implemented using computer recon-

: struction techm‘ques.gw2

A tomogréphic imaging system produces a cross

sectional image through an bbject qf any physical parameter which can

be measured as a series of line integrals through the object. Greenleaf,

et a1.93 demonstrated that the ultrasonic attenuation coefficient of

an object is amenable to imaging in a tomographic system.
Reconstructions based upon ultrasonic attenuation are made from

a series of measurements of the total signal loss suffered by an

acoustic pulse as it travels from transmitter to receiver. As the

transmitter and receiver are simultaneously scanned past an object

of interest, a projection line of the ultrasonic signal loss is formed.

The object (or equivalently the transmitter and receiver) is then

rotated and a new view or projection line is then measured. The set

of projection lines formed in this way are then filtered and back-

projected to form of two dimensional spatial map of the ultrasonic

* attenuation coefficient within the plane scanned. The success of this.

type of imaging system therefore depends upon the accurate determination

of the ultrasonic signal loss at each point on the projection line.
Because objects to be imaged cannot present flat and paralletl

surfaces at all ‘angles of view and may, in addition, include some

inhomogeneities, some distortion of the ultrasonic beam by the object

of interest is inevitable. As we showed in Section C.la,. these



192

distortiqns can lead to errors in the determination of the attenuation
coefficient if a phase sensitive receiving transducer is used. Errors
caused by phase cancellation over the receiver aperture can be eliminated
by using a phase insensitive receiving transducer based upon the
acoustoelectric effect.

To demonstrate the effects of phase cancellation in an attenuation
tomography system, a series of measurements and reconstructions were
performed on test objects. A cylindrical specimen of castor oil in a
2 cm diameter finger cot immersed in a water bath was selected as one.
test object to illustrate the effects of phase cance11étion; Because
the speed of sound in castor oil is one percent higher than the speed
of sound in water some distortion of the ultrasonic wavfronts takes
place as the beam is scanned past the object. This effect is most
pronounced near the edges of the object.where the beam travels partially
through the object of interest and partially through water.

In panel a) of Figure VI.32 we show a set of projection lines
measured using a 12 mm diameter piezoelectric and a 12 mm diameter
acoustoelectric receiver. The projection line consists of the apparent
attenuation or total signal loss as a function of distance along the
scan line. The projection line measured using the acoustoelectric
receiver varies smoothly with distance along the scan line while the
projection line measured with the piezoelectric recei&er exhibits )
sharp "ears" near the edges of the attenuating object. At the edges
of the object. the variability in the ultrasonic pathlength over the
spatial extent of the beam leads to wavefront distortion. As a result

distortion and the subsequent phase cancellation at the receiver, the
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Figufe VI.32. Comparison of the performance of phase sensitive and
phase insensitive receiver apertures in the context of
reconstructive tomography based on ultrasonic attenuation.
Measurements were made upon a cylindrical test object
consisting of a castor o0il-filled finger cot. In panel
a) we show a single projection line through the test
object. Tomographic reconstruction made with piezo-
electric measurements is shown in panel b) and reconstruc-
tion made with acoustoelectric measurements is shown 1in
panel c). The value of the reconstructed attenuation
coefficient obtained in panel c¢) is within 5% of the
accepted value.
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ultrasonic attenuation is overestimated. -In panels b) and c) we show
the results of forming a tomographic image from a number of theée
measured projection lines. The reconstruction formed using a piezo-
electric receiver (panel b) exhibits a large ring artifact near the

edge of the object. The image formed using the acoustoelectric receiver
(panel c) is seen to be quite uniform. The image formed usihg the
acoustoelectric receiver is a more satisfactory representation of a
uniformly attenuating object. Numerically, the reconstructed value

of the attenuation coefficient at the center of the castor oil test
object is within five percent of fhe attenuation coefficient as measured
by independent means. The application of a phase insensitive receiving
transducer to a tomographic imaging system appears to have produced the

first quantitatively accurate images based upon ultrasonic attenuation.2’
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VII. SUMMARY

The study and application of electron-phonon coupling in the
piezoelectric semiconductor cadmium sulfide has made possible the
realization of large aperture, phase insensitive ultrasonic detectors.

We have demonstrated that a phase insensitive or noncoherent ultrasonic
receiving transducer is capable of being used ina variety of ultrasonic
systems to provide quantitative, reliable information about the physical
properties of irregular and inhomogeneous material. Comparisons of
measurements made with phase sensitive and phase insensitive receivers
illustrated the susceptibility to error of the former when quantitatfve
determinations of ultrasonic amplitude are attempted in the presence of
wavefront distortion.

Many features associated with the operation of receiving transducers
based upon the acoustoelectric effect were detailed in this work. We
documented that the acoustoelectric voltage response of thick (~1 cm)

- CdS specimens to short bursts of ultrasound is nearly independent of
frequency (varies by less than 1 dB) in the 2.5 to 9 MHz frequency range.
The response time of thick CdS crystals to short ultrasonic bursts was
shown to be good, i.e., on the order of the pulse transit time through
the CdS specimen. Measurement of the ultimate sensitivity of the
receiver when used to detect short acoustic pulses was determined to

6 watts/cm2 of instantaneous acoustic intensity.

be on the order of 1x10°
The resonant acoustoelectric voltage response of thin CdS specimens to
long bursts of ultrasonic energy was documented. Unlike the piezoelectric

response of a thin CdS plate, acoustoelectric voltage maxima were predicted
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and observed for evenas well as odd mechanical resonances. Substantia]
improvements in the responsivity of acoustoelectric receivers are
available when this mode of operation is employed. This improvement
in sensitivity, however, is gained at the expense of detector response
time.

Using a variety of fest objects to produce distorted or non-uniform
ultrasonic wavefronts, we demonstrated that the acoustoelectric response
of a thick CdS crystal is truly phase insensitive. This phase insensitive
response has been applied to the problem of making quantitative deter- .
minations of the ultrasonic attenuation coefficient of inhomogeneous
and irreqgular tissue specimens. The utility of a phase insensitive
receiver aperture for making quantitative images of attenuation based
upon reconstructive tomography was also demonstrated.

" In conclusion, we observe that for a variety of reasons the
acoustoelectric effect may not provide the ultimate noncoherent
ultrasonic receiver. Future developments of miniature element piezo-
electric arrays, for example, may lead to a different means for realizing
a large aperture phase insensitive ultrasonic receiver. At present,
however, the acoustoelectric receiver does provide a valuable means -
for i]]ustrating the advantages of a noncoherent detection scheme when
measurements must be made in the presence of wave distortion. In this
sense, the acoustoelectric receiver represents a standard against which

future noncoherent ultrasonic detection methods can be judged.
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APPENDIX A
WAVE PROPAGATION IN PIEZOELECTRIC SEMICONDUCTOR

The following is a derivation after Kyame35and Hutson and Nhite37

which illustrates a general treatment of wave propagation in a piezo-
electric material. Because of our interest in the hexagonal materiai,
cadmium sulfide, we limit this treatment to plane wave propagation

in thé Zor X3 direction. The other orthogonal crystalline axis are
specified by X and Xy Standard tensor notation are used to define

the strain S%k in terms of the particle displacement g :

C _ %y
%k'%k*%i‘iq (A.1)
@ﬁ“ where
ik 2 axk axi

Because we are confining ourselves to plane wave propagation in
the X3 direction, partial derivatives with respect to the spatial
variables X1 and X, are zero. Under these conditions the piezoelectric-

constitutive relations reduce to

T.-E S +e

37 = 393k S3k * %k3i Ek (A.2)
Dy = -€y3i S3i * €5k &4 (A.3)
where cE

ik is the elastic stiffness tensor at constant electric field

@m\ eijk is the piezoelectric tensor and €5k is the permittivity matrix.
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The electromagnetic constitutive relations are

B. =u_H, and J. =

i 0 i i 0ik E

K (A.4).

where we have assumed isotropic magnetic permeability Ho and have allowed
for anisotropic electrical conductivity.

In order to describe the propagation of an acoustic wave in a
piezoelectric material, electromagnetic field parameters must satisfy

Maxwell's equations
] _ B
VxH-= 5t T J | VxE-=- at

vB=0 veD = - gn '(A.S)
and the mechanical field parameters must satisfy Newton's Law

2
. d7g. ' .
3X21.=p dtz.l s is= 132:3 . i (A.6)

oT

In the above equations q is the electronic charge and n represents the
departure from equilibrium in the number density of electrons.
From the plane wave condition we find that (V)(ﬁ)3 = 0 and
(V-ﬁ)3==~qn‘1ead us to the continuity equation.
on _ ] :
q ot (V' )3 . (A'7)
From the-curl E and curl H equations we find that

o Eo=p2ldp +4 ' = 1,2 (A.8)
;;? q Hat|st q " Yq =1 : .
3
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Differentiation of Eq. (A.3) with respect to time and substitution of

Eqs. (A.4) and (A.8) allows us to write

2
.QE.E =y 2le E-Ei-+ e, = E +0, E.| i=1,2,3 (A.9)
2 "q M 3t[Tq3i 3t x ig at i~ Tiq i 2
X3 3 q=1,2

Differentiation of Eq. (A-2) with respect to X3 and substitution into
Eq. (A-6) allows us to write

- 3251. azé:k 3E, o o)
S—— o =p—'— = C - _-—ar - e ¢ . C,i = 2,3 . Ao 0
3x3 3i at2 3i3k 3Xg k3i 8x3 ’

Equation (A.9) represents two coupled wave equations and Eq. (A.10)
represents three coupled wavelequations describing the propagation of
elastic particle displacements £; and electric field Ei down tﬁe X3

axis of the crystal. The solution of these five coupled wave equations
will produce five different phase velocities which can be given the
following interpfetation: three of the phase velocities represent
elastic modes of propagation (under appropriate conditions of symmetry,
two shear polarizations and one longitudinal polarization) and two of
the phase velocities represent the electromagnetic modes of propagation

(two transverse polarizations).

A solution to these five equations can be found by assuming that

. i(kx4-wt)
go= g0 el (Xgut)  ang g =gle O (A.11)

With these assumed solutions, (Vx}ﬂ3 0 and Eq. (A.3) we can solved

explicitly for E3,
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io
ie,,. Kk (e + ——92)
Ey =+ 331 g - @8 v J g . g=1,2 . (A.a2)
. io q
€ +w33 €an T 33
33 T 33 w

Expansion of Eqs. (A.9) and (A.10) and substitution of Eq. (A.12)

allows us to write

2

N S ' it s - . =
-1w2 Eq nk eq3i 5 - Tu qu Ep ,» 1=1,2,3; q,p = 1,2 ,(A.13)
mng .= k2 c, g + ik e' 'E ik =1,2,3 = 1,2 (A.14)
i 3i3k %k q3i "q * 2R T & aF e AR
"where the coupling constants have been modified as follows
€.,,:€
' - 331733k _
CGize " Gk Y T op, (A.15)
€331 —=
€t 10 /0
3 q3
e'..=e ..+ e, 43> (A.16)
q3i  q3i 331 633-+1o33/w
.. L Jopg (ep3-+1op3{u0(e3q-f?c3q/w) (17
pq |pa w (€33 * 1055/u)

From this set of equations we can see that the effect of piezoelectricity
is to stiffen the effective elastic constants of the matefia].
A solution to the five coupled wave equations represented by Egs.

(A:13) and (A.14) must exist if the determinant of these coefficients
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vanishes
131 W2 313 ‘N1 w,, w
Syl 5 5 ¥ V131 k V231
3231 (332 P €323 O @y
=2 L _ b —=£2L k "132 k '232
p P K2 P
€333] €3332 3333 o) o, w
b o o - Z| V33 k V233
K
W 0 © o) L
k Y131 k Y132 k V133 €7 e 2 e
K
.‘.‘.’.v' g’_v' (_o.v‘ _9_2_3._. L- .uﬁl
k V231 k Y232 k Y233 2 c e 7 e

(A.18)
In order to form this secular determinant we have made use of the average
dielectric constant of the material e and have defined a new quantity with
“units of velocity
Vijk © EE-B‘
Yep

At this point,. we note that if the medium were not piezoelectric,
i.e, ife%jk's +0, then all of the v%jk‘s would go to zero and the secular
determinant wou]d separate into a three by three secular det.erm'inant
describing the acoustic properties and a 2 x2 secular determinant
describing the electromagnetic properties.

In the presence of piezoelectricity (e%jk's # 0) we ask how 'Ia'rge
an error is made by ignoring the effect of the v;.jk's on our final phase
velocities and decomposing the 5 x5 determinant into two determinants,a

3x3 anda2x2. In other words, how bad an approximation is it to say
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that the only effect of piezoelectricity is to modify the elastic ‘ﬂ%
stiffness tensor. We can estimate the magnitude of the error this

approximation causes by supposing that we have "solved" the 3 x 3 acoustic
determinant for the phase velocity of the three elastic modes (w/k

= v],vz,v3); i.e., that these velocities are the eigenvalues of the 3 x3

'acoustic problem. Presumatly the velocity V3 differs by some small

amount from the velocity which would bé the eigenvalue of the 5x5

problems. If we allow c=1//ue to be the average velocity of light

in the medium then we can estimate the order of magnitude of the

2 2

correction &~ to the velocity V3. The secular determinant (A.18) can

be written as

@%-v§+6% 0 0 'Wv3 v'vs
0 (v§-v§-b62) ) ‘v'v3 v'vg
0 0 6 ’v'v3 Vivg | =0 . (R9)
vivg vivy v'ivg (cz— f? ' -vg
v'vs v'vs v'vs -Vg. (c?- Vg]

Expanding Eq. (A.19) we find that,

(v?-vg*-dz)[(v%-vg-kdz)(62c4 + lower order term in cﬂ
+ 2v'v3[(v§-v§+-62]c2 + lower order term in c] =0

Therefore
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To summarize, the fact that the material is piezoelectric can be
handied by modifying the elastic constants of the material. This
modification introduces a correction term into the solution for mz/k2 .

which is of order v‘2

. The fact that the mechanical disturbance is
accompanied by an electromagnetic wave introduces further correction
terms which are of order [vglcz]v'2 or smaller. Thus,we are certainly
justified in ignoring these electromagnetic corrections to the complex
acoustic wave velocity. This simplification allows us to decouple the
wave propagation'prob1em and describe the ac&ustic wave propagation
with a single 3x 3 secular determinant.

Our acoustic problem is further simplified when we realize that
we are propagating our acoustic wave along a six fold symmetry axis
in CdS. Under these conditions, all three modes of propagation are

a
pure modes and the shear modes are degenerate;3’94 The 3 x 3 secular

determinant now reduces to:

Note also that the prime has been omitted from 63232 because

these modes are not piezoelectrically active. Because of the particularly
simple form of secular determinant, the problem of longitudinal acoustic
wave propagation along the "c" axis is cadmium sulfide can be described

using a one dimensional analysis.
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