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ABSTRACT

An investigation was carried out of the variation of acoustic
attenuation coefficient of a single crystal of photoconducting
cadmium sulphide, with frequency, crystal resistivity, applied
voltage and input acoustic power level. |

Suitable techniques were developed for fabricating acoustic
amplifier structures consisting of transmitting and receiving shear
wave ultrascnic transducers bonded to silica rods between which the
cadmiun sulphile crystal was sandwiched,

The_measurement of the acoustic attenuation coefficient was
carried out for applied electric fields of up to ok cm-1. These
measurements were carried out for a wide range of crystal
resistivities and at frequencies from 15.6 Mz to 358.8 Miz. The
measuremnents showed the attenuation-voltage curves for a given

requency to deviate considerably from tnal expected from theoretical
considerations,

An experimental technique to measure crystal non-uniformity
was developed, The technique involved phasing the application of
the dec. applied voltage pulse with respect to the entry of the pulse
of ultrasonics into the cadnium sulphide. Analysis showed the
presence of high resistance regions adjacent to the electrical contact
areas,

The effect of these regions on the ultrasonic propagation was
considerable under certain conditions and was shown to be a

significant factor in the deviztion of the experimental attennation =



voltage curves from theory.

Several previously unreported measurements were taken of
the propegation of large amplitude ultrasonics in cadmium sulphide.
The behaviour of the acoustic harmonics generated in the cadmium
sulphide was monitored and shown to be consistent with an explanation
given for certain features of the non-linear behaviour.

The non-linearity was shown to modify considerably the
attenuation-voltage curves unless the input acoustic power was
limited.

The acousto-electric effect was used to compare the
input acoustic powers at several frequencies. The input acoustic
power at 46,8 MHz was measured by an insertion-loss technique and

was used for calibration of the input power at other frequencies.



Abstract
Index
Section 1. Introducticn
l.1 General note
1,2, Background to the present research
1.2.1 The electro-acoustic interaction
1.2,2, Ultrasonic amplification
1.2.3. Further electro-acoustic phenomena
1.2.4, Crystal quality
. 1.2.5. Conclusion
Section 2, Theory
‘ 2¢ls VWhite's amplification theory
2.2, The acousto-electric effect
2.5, Amplification theory including
trapping effects.
Section 3, Prevarative technigues
Sila Introduction
3.2« Crystal preparation
342ele Orientation
3.2.2. Cutting
3e2¢3. Grinding and polishing
3.3, Measurement of parallelism
and surface finish.
3.4 Electrical contacts to CdS

Page No.

1.

1,
6.
12,
18.

22,

25
39.

b,

Lo,

Lo,

b5
29,

61 .



3¢5 Preparation of acoustic emplifier

components.
SeHels Transéucer preparation 65
3.5.2 Buffer preparation 67
3.6, The complete acoustic amplifier ‘
3.6.,1, Assembly of acoustic amplifier €8
3.6.2, Processing of organic bonds . 70

Section 4, Exnerimental techniques

4,1 Crystal illumination 74
4.2, Acoustic amplifier circuitry 81
h,2,1. High voltace pulse generator 82

. %.2,2, Pulsed r.f. generator 84
h.,2.3. Receiver - 84

4,3, Electrical measurements

k.3.1. Voltage and current 85
4.,3.2. TUltrasonic frequency 86
4.3.3. Ultrasonic attenuation 87
4,3.4, Ultrasonic power level 91

Section 5, Experimental results

5.1 Introduction. 99
S.2. Current-voltage characteristics of CdS. 99
5.2¢1. Current-voltage characteristics 100

for uniform illumination.,

..5¢2¢2. The acoustic flux-current 102
relationship,
5¢2¢3s Current-voltage characteristics 103

for non-uniform illumination.



5¢3. Attenuation and amplification of
ultrasonics.
S.4, Measurement of acousto-electric voltage.
5.5. Experiments involving phasing the
applied voltage pulse.
5.5.,1s Ultrasonic amplification during
first acoustic transit and subsequent
transits., |
. 5,5.2. Voltage phasing for first acoustic
transit.
5.5.3« Specialised voltage phasing.
5.6, Experiments involving large amplitude
ultrasonics,
5.6.1 Input-output acoustic characteristics,
5.6.2 Variation of cross-over field
with acoustic power,
.5.6.3 Harmonic generation.

5.6.4 Measurement of acoustic power levels.

Section 6. Analysis of results
6.,1. Current-voltage characteristics.
6.2, Sn1all signal attenuation and amplification.
6.3, Acousto-electric voltage
6.4, Voltage pulse phasing
6.5. Large amplitude ultrosonics
Section 7. Conclusions and surcestions for further work

7.1, Sunmary of the research and general

conclucions,

104

106

109

110

110

111

115

115
117

120
123
132
137
151

164




7.2, Suggestions for future work
Arpendix 1 Growth and heat treatment of Single
Crystal CdS.
Apvendix 2 X=-ray orientation.
References
List of Symbols

Acknowledgements ~

167



To

SECTION 1

INTRODUCTION

1.1 General Note

The research described in this Thesis was concerned with
the study of the propagation of ultrasonic waves in cadmiunm
sulphide (CéS)e In this introduction a description is given of the
field of electro-acoustic interaction in CdS and the scope of this
thesis is delineated.

The discevery of piezcelectrically active acoustic waves
in semiconducting materials is described and their nature is
discussed,

A review is given of experimental and theoretical work,
as published in the literature, of the behaviour of ultrasonic waves
in CdS with particular reference to the acoustic amplification
process, and of related phenomena.

The techniques used for the growth and quality essessment
of single crystal Cd3 are briefly reviewed.

1.2 Th2 background to the nresent rescarch

1.2.1. The electro-acoustic interaction

In 1959 I-Iuts:.'m‘I found a large phonon-drag contribution to
the Seebeck coefficient whilst lookinz at the thermo-electric
properties of ZnO. Debye's theory of specific heats 2 predicts that
the lattice vibrations in a solid are quantized a2nd the term phonon

is used to describe a quantized lattice vibration. The phonon-drag
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F16.1. PIEZOELECTRIC POLARISATION PROPUCED
BY PLANE ACOUSTIC WAVES (AFTER MeFEE®)
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particle motion parallel to the 'C' axis were found to be photo=-
sensitive whilst those with particle motion perpendicular to the

'C' axis, and longitudinal waves, were not photo-scnsitive, The
particle motion referred to is the periodic displacement of atoms

in the crystal lattice caused by the prepagation of an acoustic wave.
The work of Hutson provided an explanation for Ninets results. The
observed directional properties of photosensitive ultrasonic
propagation were attributed to piezo=eiectric electron~phonon couplinge
The waves affected by the illumination were those that should couple |
to the conduction electrons if the coupling mechanism was piezoelectricity.,
Also the waves which were unaffected by illumination corresponded to
the waves which are piezoelectrically inactive in CdS.

The piezoelectric coupling between acoustic waves and
electrons is only significant in certain cases, namely for the
piezoelectrically active waves, For plane acoustic waves propagating
through a piezoelectric material the transverse components of the
piezoelectric polarisation will give rise to charges only at the
boundaries of the crystal fig. 1(a). Electric charges separated by
only half an acoustic wavelength are produced by the longitudinal
component of piezo-electric polarisation, fig.1(b)s The longitudinal
electrostatic fields are much stronger than the transverse fields,
Piezoelectrically active waves are those acoustic plane waves whose
propagation direction and particle motion are such that a longitudinal
component of piezoelectric polarisation is produced.

CdS has a di-hexagonal polar (wurtzite) structure. This

consists of two interpenetrating close-packed hexagonal lattices, one
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of Cd atoms and one of S atoms. Each S atom is at the centre of a
tetrahedron whose corners are occupied by Cd atoms and ench Cd aton
is at the centre of a tetrahedron of S atoms., Fig.2 (n) shows a
plan of the unit cell, The two types of tetrahedron point in
opposite directions along the 'C' axis so that the opresite directions
of this axis are not equivalent. A compressive strain along the
'C' axis causes the centres of the positive and negative charges in
each type of tetrahedron to move apart along the 'C' axis. This
produces a longitudinal piezoelectric field and hence a longitudinal
wave propagating along the 'C' axis is piezoeleetrically active,

In general the mechanical strain S, produced by an

electrical field Ei in a piezoelectric material is given by:

S}l:d..E.oo.o.-o.oto.ol 101

dih are the piezoelectric constante,

The strain can be resolved into six components, three

of tensile strain, 51. S2 and S, along the X , ¥, 2 axes respectively

3

and another three of shear strain, 84' S. and 36 about thrhose axes.

2
Expanding eqn, 1.1 we get:

Sp=dqq E4+ 450 K 4 d31 33 ;

S2 = d12 I, ¢+ d22 EE + d32 E3 g

Sy =iy Byt dgy Bty B2 L vseis 2

54 = d14 E1 + d24 EZ + ch E3 ;

55 = d15 E, + d25 Eg + d35 E3 ; .
= )
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Jatte ot 617 and Berlincourt® have given Whe eouplete
pieczoelectric constants of CdS. For CdS there are only three

independent piezoelectric constants that are non-zero, as follows:

631 = d32

Ra3

The equations 1.2 simplify to:

S1=d31E3.............. 1!3

SZ = d32 E; ® 0 & & ® & & & ® & ¢ e @8 O 1-""
53 = d33 E} ® ® ® o o o o ® ° ® ®» e O O 1.5
S!} = d24 E2 e ® e ® & ® ® ® ° ® ¢ ° * @ 1-6
S_ =

5 d15E1...ocoo....00. "i.?

Eqne. 1.5 shows that a longitudinal wave propagating in the
'C! direction is piezoelectrically active. Eqn,71.6 shows that a
shear wave éropagating in the Y direction, fig 3(a),with particle
motion along the 'C' axis has the electric field along the Y axis.
Hence it is piezoelectrically active., Similarly eqn,1.7 shows the
shear wave propagating in the X direction with particle motion
parallel to the 'C' axis to be piezoelectrically active. Eqns,1.3
and 1.4 show that longitudinal waves propagating in the X and Y
directions produce components of piezoelectric polarisation in the
'C! direction only and these waves are not piezoelectrically active.

The results of Nineh, and Nine and Truell? are consistent

with a piezoelectric mechanism.
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FIG. 4. ACOUSTIC AMPLIFIER STRUCTURE
(AFTER HWUTSON ET AL)
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1e2.2 Ultrasonic emnlification

White AQ suggested that instcad of the relatively weak
deformation - potential coupling proposed by Weinreich 9, the strong
piezoelectric coupling could be used to amplify vltrasonic waves.
White realised thet the same mechanism which caused positive acoustic
attenuation in the absence of electron drift should cause negative
attenuation (amplification) when the electron drift velocity exceeded
the acoustic wave velocity. TFollowing \mite's suggestion, Hutson,
McFee and White e anplified transverse ultrasonics in photoconducting
C3dS by the application of a d.c. electric field which caused the drift
velocity of optically excited electrons t6 exceed the velocity of
sounds The experimental arrangement used is shown in fig, 4,  Micro-
second pulses of ultrasonics produced at the first transducer propagated
throucgh the CdS crystal and were detected at the second Ernnsducer.
The CdS was orientated for 615 couplings A d.c. voltage pulse of
approximately 54 S. duration was applied between the indium contacts.
The acoustic buffers provided electrical insulation between the r.f.
and high veltage circuits and a convenient time delay., TFig.5 shows
the otserved effects of the electron drift velocity on the ultrasonic
attenuvation as a function of the frequency of the ultrasonics and
the crystal resistivity.

At frequencies of 15 and 45 Miz the authors obtained
acoustic amplification coefficients of 26 and 54 db cm'."‘I respectively,
The acoustic signal propagated through the CdS maintained in the
dark was used as a refereance level for calculating the amplification

’

coefficients.
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An analysis of the propagation of ultrasonics in viezozlectric
seniconductors by Hutson ani White L was extended by White i to
cover the case when 2 d.c. electric field was applieds The theory
was developed for the case of plare acoustic waves in a n-type

semiconductor such that k< << 1

= 27\1.-1- = propagation constant of the ultrasonics
A = acoustic wavelength
2z = mean free path of the electrons

A discussion of the theory is given in section 2.1 of this

thesis, The absorption coefficient ocwas obtained as:

0)
¢ = B [1+% (1+e® )21
2 V. gy aqu i « o U8
y2w2 D
o = absorption coefficient. Nepers cm-l .
K = electro-mechanical coupling coefficiert
¥ = &
€8
d = piezo-electric constant
€ = electrical permittivity
8 = appropriate clastic constant
. cuc = dielectric relaxation frequency
=g
€
0O = electrical conductivity
s = phase velocity of sound
wD = diffusion frequency
= Vv e
s

1D,



8.

f = fraction of space charge not trapped
D, = diffusion coefficient
Y. = 1= f[zE%
\}
s
[ = electron mobility

E = applied d.c., ficld

e
n

angular frequency of sound wave
Fig, 5 includes the theoretical curves for three cases,.

The agreement between the theoretical curves and the experimental ones
is far from perfect. The theorctical curves are symmetrical about
the cross-over point ie, the maximum atteruation equals the maximunm
amplifications However the experimental curves are asymmetric, with
the maximum gain less than the maximum attenuation.

Vhite's theory had recognised that there could be a division
of the acoustically produced space charge between the conduction bard
and bound states in the energy gap but he assumed that the bound
charge although bound in the sense of not contributing to the conductivity,
equilibrates with the conduction band in a time short compared to the
frequency of the scund waves ie, the electron trapping relaxatiop time
q: was much less than % o« An investigation by Uchida et‘altt' showed
that when the product of the relaxation time of the electron trapping
and the angular frequency of the sound is of the order of unity the
phase difference between the charge bunching in the bound states and
the charge bunching in the conduction band becomes appreciable and the

fraction f takes a complex form., Under this condition the dependence

of & on the applied voltage becomes considerably asymmetric about



Aston University

llustration removed for copyright restrictions

Flc. ¢. EXPERMENTAL ULTRASONIC AMPLIFICATIoN

IN_ €4S . (AFTER  TSHIGURO ET aL'"




Aston University

Hlustration removed for copyright restrictions

FiG, 7. THEORETICAL ULUTRASONIC  ATTENUATION IN £15,

(AFTER ISHIGURDO ET A'L.H }




%

the value of the voltage at which®= 0, Further the frequency

characteristics of Gdeviate from the White theory., Uchida et 3113
1

developed modifications to VWhites theory so that the limitation 7T <<z

no longer applieds A discussion of the theory is given in section

2.3 of this thesis. The amplification coefficient?was obtained as:=

w
ot = K w oy = +a ( E;fg;—-— - ﬁ}- a)
° c D c . o 1.9
2 Vv w a? )
8 (y'=—~-2a)? + (1 + - + a)?
OJc wCCUD wc

The symbols are the seme as eqn. 1.8 except for the following

a! - amplification coefficient
]

y': l"’f_li
\'s
S

V' = modified effective electron drift velocity
= «bfUE,

055: modified diffusion frequency

v?.

—_—
bf D,

The constants t'a' and 'b'! are rclated to the magnitude of
the trapping effects.s The values of 'a' and 'b' can vary for
different CdS crystals. When a =0 and b = 1 eqn. 1.9 simplifies

to €eqn. L 8.

An experimental investigation by Ishiguro et al 14 showed
that when the conductivity of the crystzl was low the deviation from
White's theory became considerable, TFig.6 shows the experimental
results obtained by Ishiguro et 2l L and fig,7 shows the theoretical .

expectations of White's theory and the trapning theory. xperimentally
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the largest gain and the most symmetrical curves corresponded to the
highest conductivity. Trapping effects caused the cross-over field
to decrease as the carrier concentration increased. The general
agreement between experiment and the trapping theory shows that
trapping effects can be a significant factor in the electro-acoustic
interaction in CdS,

There are some advantages in using shear waves rather than
longitudinal waves in electro-acoustic devices. One advantage derives
.Irom the velocity of sound for shear waves being less than for
longitudinal waves. In CdS V. =175 x 10° cm.sec“1 for shear waves
and 441 x 107 c:m.sec"1 for longitudinal waveé, Bolef et al 12,
Accordingly a smaller drift field, with consequent reduction of ohmic
heating, is required to obtain supersonic electron drift. Astrov et 3116
studied the propagation of 10 MEz longitudinal ultrasonics in CdS and
observed breakdown of the CdS when applying sufficiently large fields
for acoustic amplification,

HcFee17 has reported that when using longitudinal waves the
apparent cross-over point on the amplification -~ voltage curve
corresponded to that expected for shear wavess McFee considers that
this phenomenon is brought about by the amplification of shear waves
whose wave vectors make finite angles with the 'C' axis,

In the experimental work on electro-acoustic devices
previously mentioned, both the drift field and the acoustic input were
pulseds The use of a low duty cycie drift field pulse reduces the
ohmic heating of the CdS, Wanuga 18 has reported working at 60MHz

using continuous drift fields. He restricted the resistivity of the



11.
CdS used to somewhat higher values than is usual in order to minimise
ohmic heating. Acoustic gains of 20db and 12db were observed for
pulsed r.f. input and continuous r.f. input respectively. The
reduced gain with continuous acoustic input is thought to be due to
the increased acoustic flux built up as a result of crystal boundary
reflections. The term acoustic flux refers to the broadband acoustic
spectrum that is produced by amplification of piezoelectrically active

17

lattice waves. McFee and Wang et al 19 have reported that the
gain of ultrasonic waves is reduced in the presence of acoustic flux.

A mechanism which is unfavourable for continuous drift field
operation was discussed by White 20, who showed theoretically that
appreciable distortion of initially plane elastic wavefronts may occur
in piezoelectric semiconductors because of heating effects and
dispersions Continuous operation of the d.c. drift field will produce
a temperature gradient between the centre and the edges of the crystal,
Such distortion of the wavefronts would cause a considerable reduction
in response for the usual phase sensitive transducer,

Workers concerned with producing an electrcnic circuit element
from the electro-acoustic amplifier have eliminated buffers from the
devices in order to increase net electrical gain. Thus, Ishiguro et a114
have achieved a net gain of 32 db between the electrical input and output
terminals at 105 MHz. Hickernell and Sakiotis 21 have obtained a net
electrical gain of 40 db at 60 MHz,

May 22 has evaluated the potential of the device as an

anplifier of electronic signals and ccmpared it with existing amplifiers,

The noise figures obtained for the CdS acoustic amplifier by Hanlon®’
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indicate that it may not have wide application, However the acoustic

amplification process is expected to be utilised in several devices.

Hemphill et al24 has described a CdS ultrasonic delay line with

variable round trip loss. VWhite et al 25,26 have described an

electro-acoustic oscillator that acts as a source of electrical and

acoustic oscillations up to frequencies in excess of 5 GHz, The

readiness with which the highly refined CdS samples used by White et 8120

will oscillate means that considerable attention has to be paid to

design considerations of an intended C.W, electronic amplifier, May 22.
The acoustic gain possible at frequencies high in the iz

range is predicted to be considerably in excess of 100 db cm?1 by

the theory of White., Hanlon = has shown that for room temperature

operation the maximum possible ultrasonic gain is limited to about

80 decibels due to the build up of acoustic noise flux, The

considerable experimental difficulties, and difficulty of obtaining

good quality crystals of CdS, have limited the experimental.investigations

in this region of the frequency spectrum, Vhite et al 26 have

observed the amplification of ultrasonics in CdS at a frequency of

220 MHz,. Blotekjaer and fuate 28 have studied ultrasonic amplification

in the range 500 - 700 MHz, For some of their experiments the

transducers were operated in a re-entrant microwave cavity. The

results showed, amongst other discrepencies from theoretical expectations,

a lack of a condition of maximum gain in the attenuation-voltapge curves,

1.2,3 Further electro-acoustic vhenomena

In addition to the enhanced attenuation and amplification
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in CdS the strong piezoelectric coupling between electrons and
certain acoustic modes produces many manifestations, including the

following:

1. Non-linearity and oscillations in current-voltage
characteristics.

Ce The acousto-electric effect.
3. Harmonic generation.

4, Microwave emission 9

30, 31

5. Propagation of collective waves

32

6. Piezoelectric polaron effects
7. MAcoustic after effects 2
The first three phenomena listed above are directly
relevant to the propagation of acoustic waves in CdS and they will
be briefly discussed,
Shortly after the first experiments on ultrasonic amplification,
Smith Sh observed current saturation in CdS when the electron drift
velocity was greater than the velocity of sounds It was observed
that when a voltage pulse was applied, producing supersonic electron
drift, the current initially equalled its expected Ohm's law value and
then underwent an oscillatory decay to a lower value, For photo-
conducting CdS the degree of saturation decreased as the crystal
resistivity increased until for low illumination levels the current

o0

was ohmic, Hutson ascribed the non-ohmic behaviour to the
acousto=-electric current accompanying a large ultrasonic flux
produced by the acoustic amplification process. He showed theoretically

that the acousto-electric current flowed with the acoustic wave when
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it is being attenuated and against it when the wave is being
amplifieds Hence when the voltage exceeds the threshold required

for acoustic amplification the acousto=electric current which is

associated with waves that are being built-up subtracts from the
ohmic current. Hutson's theory predicted that harmonic generation
played an important part in the non-chmic behaviour. A detailed

experimental study by McFee 17

showed the current decay to be
related to the acoustic flux growth and provided support for Hutson's
theory.  Experiments on current saturation in CdS have been reported

36-38

by several workers The current saturation phenomena in Cd3
has not received a wholly satisfactory exﬁlanation as yet, Carleton
et al 30, have discussed some of the mechanisms proposeds The
experimental observation that the current saturation starts when the
electron drift velocity equals the sound velocity enables the electron
mobility to be estimated. Values obtained for electron mobility in
photoconducting CdS by this method have been reported to be anomalous
for electron propagation parallel to the 'C! axis, licTee 17 and
Hamaguchi et al 39. The electron mobility measured by this technique
i? also sensitive to trapping behaviour, Hamaguchi et al 39. loore
et al 4o have extracted information sbout the traps by comparing

the Hall mobility with the trap influenced mobility,

Okada and Machino '* observed that when CES was non-
uniformly illuminated, such that the negative end was illuminated
more strongly than the rest of the crystal, the oscillatery decay
observed by Smith M was prolonged. Depending on voltage, level

’

of illumination and uniformity of illumination the oscillation can

|
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have increasing, constant or decreasing amplitudes. Similarly,
adjustments to the experimental parameters can alter the period

of the oscillations over a wide range. Experiments on oscillations
in CdS have been described by several workers 2 ~ k6 o« It has
been established that the mecharism of the pheromena is closely
related to the acoustic amplification process but the poor quality
of the crystals available has hindered comparisons between the
numerous theories.

The term acousto-electric effect refers to the appearance
of a dec. electric field along the direction of propagation of an
acoustic wave in certain materials. In CdS the acoustic vaves and
electrons are piezoelectrically coupled, For no electron érift the
acoustic waves feed energy into the electron distribution and the
forward momentum transferred represents an electron flow in the
direction of the acoustic wave, Uncder amplifying conditions the
electroans feed energy into the acoustic wave and the forward
momentum lost represents an electron flow which is opposite in
direction to the acoustic wave propagation. The first theoretical
treatment and naming of the effect was in 1953 by Parmenter 47 who
obtained results in strong disagreement with later workers,
Weinreich and White 48 experimentally observed the acousté:.-electric
effect in n-type Ge. In 1662 ie. after acoustic gain had been
observed in CdS, Wang 49 detected the acousto-electric field
generated in CdS. Working with 33 MHz ultrasonics Wang found that
for zero drift voltage and an acoustic input intensity of approximately

1 Watt cm~2 an acousto-electric field of 1 v cm':1 was obtained.
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This field was some six orders of magnitude larger than the acousto-
electric fields produced in Ge by the relatively weak deformation
potential couvling, using ultrasonic waves of the same intensity.

9

Weinreich “ had theoretically obtained a relationship showing the

acousto-electric field to be proportional to the acoustic attenustion.
The Veinreich relationship is:

2ol

Fae = BoAYs

Eae = acousto=-electric field

@ = absorption coefficient (positive or negative)

I = acoustic intensity
n,o= electron density
q = electronic charge
vy = sound velocity

k9

Wang measured the acousto-electric field as a function of drift
fielde The¢ acousto-electric field was observed to change sign for
large drift fields as-did the acoustic attenuation, However the
measured acousto-electric field was not zero when the acoustic
attenuation was zero as would be cxpected if the VWeinreich relationship
was strictly obeyed. Southgate and Spector 2° have shown that the
observed violation of Weinreich's relationship was due to the effects
of electron trapping.

The possibility of achieving large harmonic generation of
acoustic waves in piezo-electric semiconductors was first realiced

35 ‘

by Hutson ““. Harmonic generaticn in CdS has been reported by

-
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Tell 51, Kroger 52, Elbaum and Truell 53 and Ishiguro et al 1“.

The field produced by the interaction of the electrons with the
acoustic wave contains higher har-onics which produce. strain at

the harmonic frequencies in strongly piezoelectric materials. This
electron stimulated non-linearity greatly excceds the magnitude of
the non-linear effects whose origin is lattice anharmonicity.

52

Kroger showed the amplitude of the second harmonic to be proportional
to the square of the amplitude of the injected sound wave whereas the
amplitude of the detected fundamental was proportional to the amplitude
of the injected sound. Kroger carried out experiments ia which the
amplitude of the second harmonic was obtaiged as a function of electron
density, for a constant input signal and no applied voltage. He also
studied the amplitude of the second harmonic as a functicn of electric
field for a constant input signal and electron density. Results of
the latter experiment do not agree as well with theory as the former.
Tell 21 took data at the cross-over point in the attenuation-voltage
curve, At this point the change in the amplitude of the fundamental
during propagation down the crystal is due solely to losses to higher
harmonics whilst at other drift voltages the fundamental and harmonics
are ampliried or attenuated at different rates.

Vodifications to White's linear theory for ultrasonic
amplification, involving the use of Fourier series in the general
case are the basis of present theories of hﬁrmonic generation in

CdS. The complication of electron trapping effects has not yet

been added to the theory. The theories of harmonic generation,

Tell 51, Kroger 52, sre only valid for extremely modest input
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acoustic power levels and relate only to the second harmonic and
not to higher harmonics.

1.2. "". Cl‘ystal qua-‘.ity

CdS was the first piezoelectric semiconductor to be
produced in single crystal form of sufficient size, and having
suitable electronic parameters for use in electro-acoustic devices.
Other matcrials are now available although their quality is generally
regarded as being inferior to CdS, Newell o4 has given a simplified
method of evaluating various piezo-electric semiconductors for use in
ultrasoanic amplifiers.

Midford 27 and Gordon et al 56 ﬂave studied ultrasonic
amplification in CdSe. Ishiguro 27 has similarly reported ultrasonic
amplification in elemental single crystal Te, Hickernell 53 has
investigated the electro-acoustic gain interaction in Gals.

Considerable effort has beer expended attempting to produce
large single crystals of CdS having suitable electronic properties,
egs large electron mobility, small. trapping effects, large piezoclectric
constant, convenient resistivity etc., and a high degree of uniformity
both with respect to different arcas and from crystal to crystal.

A brief outline of the methods availatle for producing
single crystal CdS is given velow, The two basic methods for
single crystal preparation of CdS are growth from a liquid phase and
from a vapour phase. There are many variations within each of the
two approaches. Techniques involving growth from a liquid phase can

be divided into three groupst
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1)  Growth from a stoichiometric or near stoichiometric

melt,

2) Growth from a non-stoichiometric melt,

3) Growth from a solvent.

Fahrig 59 has described techniques utilising growth from
a melt. Rubenctein and Ryan €0 have described the growth of CdS
single crystals from metallic solutions. The solvent metals used
include cadmium, tin and bismuth.,

In the vapour phase growth method the vapour from which
the crystallisation occurs is produced in three main vays:

1) By passing H,S over heated Cd.,

2) Sublimation frem previously prepared CdS

3) Direct synthesis from the purified clements.

Clark and Wocds 61 have described the growth of large
single crystals of CdS using vapour phase techniques.

Normally, low resistance crystals are produced by both of
the main growth methods and dopants have to be added to obtain
suitable electronic properties. Fahrig 29 and White et al 26 have
discussed several methods for doping Cds,

Growth from the vapour phase appears the more successful
method at present. Iorenz 62 has reviewed the past work in II-VI
materials crystallisation research and discussed the limitations of
the two basic methods., A brief description of the procedures used
to grow and heat treat the Cd5S crystals used in our resecarch is

given in appendix 1 of this thesis.
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The leck of uniformity in electronic properties in a
given CdS crystal and the variations in properties between crystals
are important factors in the development of clectro-acoustic devices.
Wilson 63 has studied the variation of electromechenical
coupling coefficient in CdS. He found that etching the [0001] face
produced etch pits thought to indicate localised reversal of the polar
direction of the 'C' axis, The density of ctch pits was reduced
successively by an annealing process and the electro-mechanical
coupling coefficient was found to increase as the etch pit density
was reduced,
The following techniques have béen used to study the
degree of unifornity of electric field strength in CdS$ crystals:
Ts  Electrical contact probes,
2. Capacitive probe,
3« Polarised light probe,
Pressure probes were used to measure the electric field
distribution in CdS in early photoconducting experiments in order
to measure the voltage barriers produced by non-ohmic electrical

&k

contacts (Smith ~')s Recent work on the spatial variation of
electiric field strength in CdS by Maines and Paige 65 utilised
movable gallium probes. In their study of high field demains in
CdS Haydl and Quate66 used tungsten probes which were thermally
bonded to the surface by a discharge from a capacitor. }cFee

67

and Tien have used vacuum deposited indium strips as probtes.

Twenty or more contacts, .C02" wide and separated by .015", were

L4
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evenly distributed along the samples.

68

Ishida et al have used capacitative probes, similar to

69

those of Gunn 7, to follow the potential variations in current
oscillating CdS.

Both of the types of probe mentioned above have the
disadvantage of being influenced by the surface regions rather than
measuring the behaviour in the bulk. However, by using modestly
sized crystals and probing all the faces a fairly consistent picture
of the crystal uniformity can be obtained, The optical probe

developed by Maines 70

has the advantage of probing the bulk of the
CdSes The optical probe consisting of plane polarised light of
wavelength 63283 from a He-Ne laser covered an area of about lm.r,
dia, With the CdS crystal orientated for current flow parallel to
the 'C' axis the light was introduced along an X axis with the plane
of polarisation at 45° to the 'C' axis, The light emerging from the
CdS is in general elliptically polarised, The linear electrooptic
(Pockels) effect produced changes in the ellipticity parameters of
the émergent light. Use of the linear electrooptic coefficients
enabled the electric field strength at various points to be measured.
Recent experiments by Parsons and English 7 have shown
that the electron mirror microscope can resolve more detail in the
crystal resistivity variation than previous techniques and they
have investigated the ron uniformity prcduced by various sulphur
treatments of low resistivity CdsS,

Paige 7 has shown that the absorption of 35 GHz microwaves

is sufficiently high in low resistivity CdS for the variation in the
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density of free electrons to be observed,

Robertson and Ash (& have investigated the internal
inrhomogeneities in resistivity, electro-mechanical coupling constont
and electron drift mobility in photoconducting CdS using an optical
probe, The probe consisted of a laminar amplitudc modulated bean
of light projected through the crystals. The information about the
crystal inhomogencities was cxtracted from the a.c. component of
the current and ultrasonic signal,

1.2.5 Conclusion

In the foregoing sections an outline has been given of
researches made which have had some rclation to the propagation of
ultrasonics in piezoelectric semiconductors.

Some of the works were published during the course of
the present research, which commenced at the end of 1564, but at
that time it ceemed that there was a worthwhile field of investigation
open and none of the later publications altered this view.

It was decided to carry out mcasurementé on photoconducting
CdS because, of the known piezoelectric semiconductors, CdS was most
readily available in single crystals of reasonable size,

The field of electro-acoustic interaction in piezoelectric
semiconductors was not related to any previous research undertaken
at this University. Accordingly it was decided that the initial
research would be on a wide front and that experience would be
sought of several electro-acoustic phenomena and the supporting

techniques. The research programme was later concentrated to bear
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on specifie cases of interest, In particular some effects were

not studied in detail after it became apparent that they were unduly
sensitive to variation in crystal quality and that they were not
exhibited at all by some crystals, The research prograrme, as
outlined below, was bassically to study phenomena exhibited by all
CdS crystals of reasonable quality and efforts were made to evaluate
the effects of lack of crystal perfection on experimentally observed
behaviour.

It was also decided to select what appeared to be the
best single crystal available and, because of the time necessary to
fabricate a successful amplifier structure, to concentrate the main
research onto this selected crystal.

The research programme was one of measurement of acoustic
attenuation with applied voltage and crystal resistivity over a
frequency range extending to about 350 MKz using harmonic operation
of quartz transducers.

In particular the variation with frequency of maximum
gain and the electric field needed for maximum gain for given
resistivities were measured.

A method was devised for measuring the lack of uniformity
of the CdS (voltage phasing evperiment) and the effect of crystal
non-uniformity on the attenuation-veltage curve snd tre attenuatiorn-
conductivity curve, for no applied voltage, was investigated.

The effects of large input acoustic power levels on

ultrasonic propagation were measured, The behaviour of the acoustic
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haritionics produced by the electro-acoustic interaction was monitored
vhilst using large input power levels,
The comparison of acoustic powers at different operating

frequencies was made using the acousto-electric effect.
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Section 2

Theorx

21 Vhite's samplification theory

The interaction of acoustic waves with mobile carriers
in piezoelectric semiconductors, with no applied d.c. electric field,
was discussed theoretically by Hutson and %White 1 « Later White 12
extended the theory to cover the case of an applied d.c. electric

fields White's theory was developed using the assumption that the

condition k¢ <<1 applied,

k = propagation constant of the acoustic wave
= 2l
A
N = acoustic wavelength

£ = mean free path of the carriers.

At 300°%K X221 in CdS for an acoustic frequency of 30 GHz,
HcFeea. In the present research experiments were performed at room
temperature using ultrasonics of frequency between 15 and 350 MHz,
Thus the condition that kg <<1 was satisfied. Pippard 74 has
discussed the amplification process for the case ofkZ>> 1 using a
quantum-mechanical approach. An outline of White's theory is
given below. In particular the phase relationships between the
important parameters in the interaction process are explicitly
included and used to give some physical insight to the mechanism.

The treatment applies to plane waves in an n-type semi-

conductors The acoustic waves of interest are those longitudinal
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and shear waves which are accompanied by a longitudinal piezoelectric
fields This means the problem is essentially one dimensional,

To avoid the encumbrances of a tensor notation the éase considered

is that of one piezoelectric constant coupling an ultrasonic wave
travelling in the x direction to an electric field in the x direction.
For a plane acoustic wave propagating in the x direction the strain

S is related to the physical displacement in the medium, u, as

follows:

sl

The basic wave equation for an elastic medium is given by:

2 2
gSu_c ou p = mass density
ot* p oFf
t = time
[ .‘.33_1.1- = OT 5.1 ¢ = elastic constant
o2 ax T T
T = stress

The basic equations of state which describe a piezoelectric
crystal are given below: see for example Blitz 7 p 45,

T = cS=ek

® & & & & & & ® * 8 P @ @ 202

i

D eS+€Ln ® & & & ® o & ® 9 o o ® @ 203
T = stress

S = strain

¢ = elastic constant at constant electric field
e = piezoelectric constant

E = electric field

D = electric displacement

€ = dielectric pernittivity at constant strain,
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Using eqne. 2.2 for the stress, eqne 2.1 becomes:

2 2
F',.au.=cau.-e'('?-.g'E looconnoaaoq’
ot? ox2 ox

To solve this wave equation E must be expressed in terms
of us Gauss' equation and the continuity equation are used for

this purpose. The Gauss equation for the one dimension case is?

Q—D.:Q ooooooonoco.ooot|205
ox Q = space charge
The space charge Q is written as Q = —qyng

q = magnitude of electronic

charge

]

the number density of
electrons required to
produce the space charge
Gauss' equation is expressed as:
oD = _
"5';-;_“-7"‘3"""""2‘6

The continuity equation is:

OJ__ -aoooctoccuoeao?

— —

ox t
J = electric current density

The current density J in an n-type semiconductor is given

J = T (no+fns) uE + an anc *« o o 8 o o o 208

oX
U = electron mobility

D = electron diffusion constant
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Now,

n =n 4+ fn
[ 0 8

n, is the equilibrium density of electrons in the conduction band,
without ultrasonic prOpagation.nc is the instantaneous local

density of electrons in the conduction band., The deviation from
equilibrium is the space chargetlns. Some of the space charge

may be produced by trapped electrons and these immobile electrons

do not participate in conduction. Only the fraction f of the

space charge is present in the conduction band and aids the conduction.,
If there is no trapping, all the space charge is due to conduction
electrons and f = 1, The first term in eqn. 2.8 is due to drift
caused by the electric field and the second to diffusion caused by

the concentration gradient. Using equations 2.6, 2.7, 2.8 to

eliminate J, n_ and n, we get:

_a2 -r B - >
aD.:”’.Q_ [(qnof ax) E] fDn*Q-—I-)- e o o 0209

oxdt ox x>

In general the parameters which have space and time

dependence are not in phase and we can write:

E = Eg+E expJ (kx-wt +6)...... 210
D = D, +D expj (kxwt+06,),,.... 2.1
u = uyexp j (kx~wt+o,) c e e e e s 2.2
8 = s, exp § (kx-wt)

J = J,exp (kx-wt+64)

ng = ngg exp;](kx—wt+05)
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The various phase angles are taken with respect to the

strain S.
For convenicnce we write E, = E exp J (kx-wt+61)
D, =D expJ (kx—cut+82)
Eo = external d.c. electric field applied parallel to the x axis.
fi = the alternating electric field due to the ultrasonic wave

propagating in a piezoelectric medium.

g
u

angular frequency of the ultrasonics = 2IIv

<
i

cyclic frequency of the ultrasonics.

The parameters u, S, J, n_y ﬁa ' 51 are alternating
vector quantities,E and Do' representing the applied electric field
and the resulting electric displacement respectively, are fixed vectors
that are constant both spatially and temporally.

Using eqns, 203, 2410, 2,11 D is ecliminated from eqn.2.9
A linear small signal theory is obtained by neglecting the terms
containing the broduct of two wave zmplitudes, The only such term
obtained when working on equation 2.9 is due to the product nsﬁ1
To neglect this term is a valid approximation if B is small

compared to n . E‘I is thus obtained as:

-1
~J keu, K X
E\l exp J (61.- 63) = — [1 + -e% [l+pro FJanw(a)a] % (2413)
0" = electrical conductivity = nqK

Using eqn. 2.13 for E in the wave equation 2.4 we get:

po? = c'K?
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The modiﬁ.ed elastic constant ¢! is given by:
ct =cl:1+ [1+ {l+qu ko, JD_fw (-)"‘}-] ]..(2 o1)

o w

Including attenuation the ultrasonic wave is described

by the following equation:

u = u exp (=ax) exp j (kx=wt+ 6 )

absorption coefficient (Nepers cm?l)

(o4

u=zu exp § ([ k+ ja] x- wt+ )

The modified propagation constant k'becomes

(7))
k':ja-l"—v; 00000000.000(2015)

The coupling between the acoustic wave end the electrons
is emall in an absolute sense even in such a strongly piezoelectric
material as CdS for which K> = 036 for piezoelectrically active
chear waves, Berlincourts. K, the clectromechanical coupling

coefficient,is given by:

eﬁ

k2 - =
~ ec v :
It is convenient to put W, = i__, Wn= Fp and‘y =1+ f‘u'Eo
A4
8

W, is the dielectric relaxation frequency
“’D is the éiffusion frequency

Y is a comparison of the rate of electron drift, V, with the
velocity of sound,

For electrons Vd = -—fﬂEo

Hence ¥ =1 -

o
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Equation 2.14% bocomes:
&%3 w T -1
c'=c[1+i¢2[1+j-c7-[y+;]-o-j] ] }...(2.16)
D -

For acoustic propagation in a passive material, the

velocity of sound, Vo is given by:
e

The propagation constent k = T
w
V

o R =0 (2)%
c
For a piezoelectrically active material k becomes k!,

equation 2.15, and c becomes c!, equation 2.16, and the velocity

of sound is V_.

ie. Jjoa +

<Ig
i
e
i

8 ct

Equating real parts

o))

< <q€
I i
j=u ) W
~ g
~—r O-l'b

e}

Il
r
<

e
N L

Equating imaginary parts

R
1

]

w

)
%L' (.g.')2. e e o o (2018)
Equation 2,18 becomes : o

K.Q (4))
o = "2'- 'v'g'-y [ 1 + (Uzc (l + ?UP__Q.J_ )2]"1 v o @ (2019)
Y2u? ¢ D
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Equation 2,17 becones :

_ et LS o \
Te= (57 1a Y’wD YRy \
1 +(U2c (1 -:‘I-C'J2 )_7.-(2.20)
')/2602 Wep '

The cquations for o:. and V %will be discussed later in
this section. It is necessary to obtain equations relating
ﬁ1 »J S and n, in order to gain some physicol ineight into the
electre-acoustic interaction,
Using the relationships givl'en for material displacement,
u, and strain, S, we obtain the following relationchip:
Sg = u,Jjk exp 363

Thus equation 2,13 becomes

)
E exp jo. = ~ & [‘y+;]wD]So
1 1 €

by + 3 Cap @D+t a )]
Multipliction by exp j (kx-wt) to both s:u‘les yields:

F= "2 [y+:la°;'—]8

D
[y+j(—+ ]ooooo.(2021)
Using equations 2.9 ~ 1l we w?
-3 (Z)E
T51 exp;](@a-61) = @ !
w
+ Y
14 ij
Thus
o ~
B = -3 (G E

e & o 8 8 o 9 ° 0 0 00 (2.22)

-
SRR}
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Fig. 8. Acoustic velocity as a function of electron drift

parameter ¥ in a piczoelectric material (After McFee® )
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Combination of equations 2.5 and 2.7 gives

& .
0x0t oX

This equation enables the wlternating current density

J to be obtained by using equation 2,22,

o B
J = 1 L ] L ] L] L] L ] L ] L ] L ] L ] .2.23
V+-:J-‘-"w5 '
Also, e g
J = 2.24
w L] [ ] L ] L ] [ L ] L ] » L]
v rIGE )

To obtain the space charge density, n_, we use equations
=]

2.6 and 2,22

B qu [ w ] o ® ® & = & ® L ] 5
Y+ =
“p
o
= e S w * * * L] L L ] 2.26
qVg € [y+] é_cgg} ]
’ @ %
. For V e Vs, Y is negative and the attenuation is

negative. TFig.5 shows the dependence of the attenuation constant
on the applied electric field.

Fig, 8 shows the variation of Vg with the electron drift
parameter Y o The acoustic wave velocity has a minimum value of
approxir::ateli Vo at ¥ = o and asymptctically aprroaches the value

X

of V. (143 ) for ly:I>>]. meny = o the relative velocity

of the drifting electrons and acoustic wave is zero and the electron
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distribution can almost completely cquilibrate with the ecoustic
wave, The field of the bunched electrons almost cancels out
the longitudinal piezoelectric field of the acoustic wave and the
sound velocity is almost identical to that in a passive material
having the same values of ¢ and p.

From equation 2.26 we have

y (e, W
ns='g:%§e [y:i(w+wD)]
w
P+ (g2 + 4]
o
- [0y (oo v 85 )
ns=g%§€t[};+(gg+g_)2]

“p

A quantity indicated with an asterisk is the complex

conjugate of that quantity.
oeSq

que [.y2 + (._:;9.4"2,';];)2 ]%

Differentiation with respect to y , holding all other

]n8|= Do =

parameters constant gives *

ang0 =' - cresoy /
% Ve [ Y2+ (Yo + Y)2174
}F (w—— * wD> ]

= o0 at turning points of 2., eandy =0

corresponds to a maximun in n_ e

At the synchronous velocity the electron bunching is



35

larger than for other electron velocities,

For large |y] the velocity of the electrons relative to
the acoustic wave is high and the electron distribution cannot
respond to the acoustic wave so that negligible bunching occurs,

The longitudinal piezoelectric field is then present in full etrength

so that the material is piezoelectrically stiffened as discussed
76

by Kyame e In this case Vs is greater than Vo. In CdS
vV -V
the maximum fractional velocity variation —B—v—q is 1,84 for 1(15

o
coupling., For very high ultrasonic frequencies the electron

distribution cannot respond fully to the acoustic wave even for
¥ = o so that the material is partially piezoelectrically stiffened
for ally,

By considering the acousto-electric effect it can be
shown that the amplification coefficient & is particularly related
to the vectors J and E1 and we now outline the steps involved.

In deriving the equations of the small signal amplification
theory the term q u,nsﬁ1 s contained in the current density
equation, was neglecteds This approximation is valid if the
condition n_ <n  holds. The term q‘;_zn‘e:ﬁ:i1 can be calculated to
a first approximation by using the expressions for n, and f; given
by Whites' theory.

The double pericdicity contained by the term qﬂn8§1

does not average to zero over an acoustic period and the d.c. current

produced is called the acousto electric current Jae.
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6 =211
. _ qH
:rae-_-ﬁ j ng B a0=n.E ()
o

Using equations 2.21 and 2.26 it can be shown that:

2
-chucs C

nsoﬁ1 =

w2 o?
e ta— —
qVgy [1 + YRR (1 + "’cwD) ]
By comparison with the equation for the attenuation

coefficient, 2.19, we obtain:

[
Nn & =

..2:ch§ e e e e e e ee 227
s‘ ————— @ ? O © ® & & e ® @

q

- - 2
hence ‘Tae = ;ucs0 a

The acoustic intensity I is given by the following

relationship: see for example Blitz 75’ p 15.

I={,—pv;s:
= 2% 2 oa--.oooo..2028
.-2cVBS° o o o

The acousto-electric field E is related to J
ae ae

by the equation: . - ‘Tae _ _dJ ae
ae ~ o noqp
® E = 2ol e o v o o o s o o o 2629

Y = e
ae noq VB
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This is the \leinreich relationship. It is discussed
in section 2.2 of this Thesis,

In deriving an expression for Eae it was apparent
that o was related to [ne.ﬁ1 ]e We now further investigate

this relationship by contdning equation 2,27 and 2.28:

21
From equations 2,24 and 2.26 we have:

J = —qVBnB
ie, J and n_ are identical vectors except for the scalar term —u_VB

hence
n_ .5
s’ 9

I
|
-l

and

o = & JoE,
2

The term % 1 represents the average power per unit

volume dissipated by the a.c. field.

Using equations 2,21, 2.24 and 2.26 we can obtain the |
relative phases of the acoustic strain S, alternating field £1 ’
a.c. current J, and the electron bunching density n_. Fig.9a
shows the relative phases of these quantities on a rotating vector
diagram for the case of ¥ = o.

The following simplified expressions were obtained from

the three mentioned above and were used to determine the phase

w W
angles shown in fig,9. J = —a1 ['y-;] (w_c + EB) ] S
B = - a .«
Ei aa( 3 ;|‘ya4) S

Yo +2
ng= 3-5[)"‘3 ('(.U_ wD) 1s
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a, toag are positive real constants.
Figs,9(b, ¢ show the relative phases of S, J, E1 and
n_ for attenuating (¥Y> 0 ) and amplifying (¥<0) conditions
respectively. The following simplification of equation 2,23

was used to obtain the phasc anrcle between J and B . "

g =8 (y-35)E

<] QJD
8y is a positive real constant.
J and n_ are exactly 180° out of phase under all conditions.

~

The attenuation coefficient & is proportional to J«.&

L]

1
Under conditions such that<y>0 the phase angle ¢ between J and E,

is always less than 9% J .?f{ is positive under these conditions
indicating an acoustic power loss.

Under conditions of¥Y<0 the phase angle ¢ is within
the limits 90° <P <180° and. the power locs is negative ie. the
acoustic wave gains energy from the electrons.

When ¥=0 ¢ ecquals 90° so that the acoustic attenuation
is zero even if ﬁ: is not completely shorted out.

For small diffusion effects, so that o~ <<|, J and 3
are almost exactly in phase for Y>>0 and almost exactly out of
phase fory<o. Diffusion effects increase the acute angle
betwecen J znd 'é‘and thus reduce |ot]e

1

The sinusoidal electric field due to an acoustic wave
vropagating in a piezoelectric semiccnductor causes current to
flow ard the current accumulates space charge which is described
by equation 2,26, The term electron bunches is used to describe
the localised space charge.

This production of electron bunches is illustrated in
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fig. 10¢ for the case of Y= o, Fory<0 the electrons are
overtaking the acoustic wave, The electrons move more slowly
in the regions where the electric field of piezoelectric origin
opposes the applied electric field and more electrons are found
in these regions. The electrons preferentially populate the rising
slope of the potential energy curve and amplificetion results, fig.
10d. The converse is true for the case of ¥>0 , fig,1lOe,

The localised electron bunches produce a periodic change
in the conductivity of the material.

The acoustic gain depends on the conductivity being
modulated and if for example part of the space charge is trapped
ie, f is not unity, then the gain is not as large as it is in the
absence of trapping effects, The effects of trapping on the
performance of an electro-acoustic device can be considerable
and this topic is discussed in section 2,3,

2ele The acousto-electric effect

The Vleinreich relationship 9, relating the acousto-
electric field Eae to the attenuation coefficient, was derived in
section 2,1, using Vhite's amplification theory,

It can also be
obtained by equating the average force on the elcctron distribution
to the rate of change of momentum of the acoustic wove,

The acousto-electric force Fae on an electron is given
by the expression:

Foe =~ Eaeq

ae

Eae is the acousto-elecctric field
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q 1is charge of the electron,
The total force on n_ electrons isnF .,
o o ae
The rate of momentum loss per unit volume from the
acoustic wave is given by the expression

201

Vs

This term is obtained by using the definition of the
attenuation coefficient to determine the acoustic intensity and
hence energy density at two plenes in the acoustic becem, The change
in energy density represents a momentum loss per unit veolume ond

the average rate of this momentum loss is obtained as the tem

sbove,
Hence noEa = 231
8
2aT
ae noqu

This is the Weinreich relationship. The acousto-
electric field is proportional to the attenuation coefficient X
and the direction of electron flow represented by Eae reverses when
the sign of o is changed eg. by a suitable applied electric field.
As mentioned in section 1l.2.3 it has been experimentally observed
that the acousto-electric field is not zero when the attenuation
coefficient is zero, The above treatment acsumed f = 1 and if
trapping effects are present f is complex, Spector and SQuthgateso
allowed a complex value of f in deriving an expression for the

acousto-electric field and showed that when trapping occured the

values of the applied drift fields at which the acousto-electric
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field and the attenuation coefficient are zero are different.

As discussed in section 4,3.4, the acousto~-electric
effect is useful for comparing experimentally the acoustic
intensity that enters the CdS crystal when the r.f. input is
applicd to each transducer in turn., It can also compare the
acoustic intencities entering the CdS for operation at several
frequencies.,

2.3, Anvlification theory including tramning effects.

Hutson and \ihite 1 realised that the acoustic wave
disturbs the equilibrium population of electrons trapped in
energy levels inside the energy gap. They considered the case
of the trapped electrons equilibrating with the conduction band
in times that were short compared to the period of the acoustic
wave ie, T<< -3'-3 o

T = relaxation time of electron trapping.

w

angular frequency of the acoustic wave, For

this case charge bunching in the trans is in phasc with the acoustic
wave and f, the fraction of the acoustically produced space charge
that is mobile, is a real number between o and 1, For higher
frequency ultrasonics it is possible that 7“%5. In this case
there is an appreciable phase difference between the trapped
electron bunches and the acoustic wave and f becomes couplex,

For even higher frequencies, such that T>> % electron trapping
effects are not produced. In this case f may approach unity.

Uchida et al 15 extended the treatment of Hutson and \Thite by

assuming an arbitrary trapping relaxation time, A brief outline
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of their theory is given belovw,
For the sake of simplicity it was assumed that only
one kind of electron trapping centre existed in a CdS crystal.,

12 assumption) the

For frequencies such that%>>7‘ (Vihites
following symbols are used.
f = fraction of space charge mobile.

n = total concentraticn of bunched electrons .

concentration of bunched free electrons,
n, = concentration of bunched trapped electrone.
The symbols fo’ Ny n3 and n, refer to the respective

quantities listed above, for the condition% KT

Wle have ny = n3 + ny,
n3 = fcnsl
n, =10, (1-fo)
and
n, =ny +n,=n,
n, = f n
n, =mng (1-£)

The localised concentration of trapped electrons in the

low frequency case is n,

case. The deviation in density in the high frequency case from

whilst it is 1, for the high frequency

the low frequency case is n,=n,e This deviation relaxes with a
time constant 7
50 = -
on (n, n, )

ot T

EN
1]

a.o._-..-.(cho)
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The use of -~jw for the Opemtoré‘—l is consistent for
waves of the type exp j (kx-w t)
Equation 2,20 becomes:
-dwn4q- =" (n4-n2)

1 -Jjwr
The imaginary part of fo has a maximum when wr= l. For

convenience in calculating the amplification factor, fo is rewritten

. bf
as. =

fo 1l + ja
1-1 )wr

where a = P
£+ (wr)
f2 + 2

bf = (an-z ,

£+ (wr)

The constants 'a' and 'b' vary with different CdS crystals depending
on the number and type of trapping centre. Both 'a' and 'b' are
frequency dependent. The constant 'a' is numerically equal to the
ratio of the imaginary to the real part of fo and (tan "1a) gives the
phase difference between the mobile and total space charge. The
constant 'b! affects parameters that include fo ege. the electron
drift parameter ¥ and the diffusion frequency wee

The modified trapping parameter f o =

1+ Ja

is substituted into the equations used by Vhite, beginning with the
current density equation, 2.8, and modified equations for a, 4N, etes

are obtaineds The following substitutions are made:
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The electron drift velocity V'y = <~bfuEj

nyl = 1 - vld

Vg

1, bIUE,
Vs

2
w' = .-VS
D BID
13 n w
Uchida et al™” used a propagation constant of k! ST -Ja

where o' is the amplification coefficients @' has the opposite
sign to theo of White's theory. The amplification coefficient is

obtained as:

w w? 3,
1 - _,1_‘12_62 y'!'=— +a (=— , += a)
a 2v_ Wa W W'y Wo v .. e (2.31)
w2 ()] 2
(' & - a) 4 (1+ L+ a)
W, w Wy W,

If a=o0, b =1 then "cuf):wD and y'= y and equation

2.31 simplifies to equation 2.19 given by Vhites' theory., To obtain

the values ofy'at which a'is a maximum and minimum,equation 2.31 is

1
differcntiated with respect to y! and -@2—'-15 set equal to zero.

This procedure gives:

' ) w
Ymax=,-(41+a§+a)(a-9.+m_7_+a) +a33'g"(2'32)
w .
D
el w w
y'min=( 1+a’“’-a)(ag+a,“"-r +a)+a""3-.(2.33)
D
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.yl

max = the value of ‘)"at vhich®'is a maximum.

Substitution of these values for ¥'into equation 2,37 gives the

maximum and mininum values of a'which are:

1
at Kw R w
max = LV (N1+82 +a) 1+ + = a )
w W We
c D
® © & & o ® o & 4 e o @ (2034)
ol _ K2w 1
min = _“‘VB

@
coefficient.
-

attenuation,

(Jl+a2-—a)(1+-$-i§r+%’-a)

¢c D "¢
S & & o & & & b & s b 0(2035)

max)is the maximum value of the amplification

min) represents minimum amplification ie. maximum

For comparison, the White theory yields the following

values for[ymax] and[amax]:

y = oo+ ow
w wpy
1€+ Ynax Y min
¢ max = "% min = I}zw 1
s (1 + o )
ou))

- a . - - L]
In Wnite's theory[ m:m] represents ninimum attenuation

- - L] Ld a - L]
ie. maximum amplification, and[ max] represents maximum attenuation.

The amplification-voltage curve given by the modified
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theory is asymmetric for afo. The measure of the asymmetry

is given by
al
| Zmax | _ W1+ -a . .,...,23

1
latign | 1+ a2 +a

The value of Y'at which @'is zero is obtained from

equation 2.31 as:

W
y' = a(wb-+a)
hence
E, = -Y_g_[1+a(-$—r +a) ]
bt p D

The drift field at whicha'= o varies according to the
crystal trapping parameters and the operating conditions eg. crystal
resistivity and ultrasonic frequency. Fig,6 gives experimental
results showing the asymmetry behaviour and the shift in the cross-
over point in the &' versus y'curve. The modified equations for

]J1 v By oo Jy S and n, are given below:

51 - -.'Jg(1+ja)ﬁi
' 5]
Y'+;ja-rD+:]a
J=o‘(1+ja)ﬁ1 00010001000(203?)

y‘+j%rD+ja
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= es w
B = - & O +3=— +3a)

“p
[(y'-f—,ﬁa)w(g; r o) ]
- D
ng, = -0 (1t Ja)g

qu{y' * 3 g +;jaJ

o e (1L + ja) 8
= qVg€ [y'-f"_caj-i-;]{_@_ +a+&J . o (2.38)
W w:'D w

The constant 'a', which numerically equals the ratio of the

imaginary to the real part of ro. appears in equation 2.37 which
relates J to 51. The resulting phase shift between J and :‘J: reduces
the smplification and attenuation coefficients. The termt;fnsEo
contained in the current density equation, 2.8, indicates that the
out-of-phase current component is proportional to the drift field,
Accordingly the trapping effects reduce the maximum amplification
more than the maximum attenuation.

The ternm n, for the case wr E?lisnnaldgous to n_ in the
Wr<<l case ie. it contains the space and time dependence and phase
informations The value of ng, under a condition of maximum
amplification is denoted Bt ( o max) and is given by the following
equation.

-0ces (1 4+ ja)

n ' =
sy (o' max) que ( :'J_g_ + o+ a)(f—_‘1+a2+a-:l)
w - wb

......,.(2.39)
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Equation 2.39 was obtained by substituting the value of
t
()’ max) given by eqn. 2,32 into eqn. 2.28. The numcrical value of

) is denoted |n |and is obtained as:

Ngy (afmax 81 (o'max)

’ 1

_ oes (1 + a®)*
Inm (tx'max)l = Vg — = 1 1
1 %s (Ce + —, + a) [ V1+a?+a)?+1]%

..l.!.tlllliaﬂll'o

When a = 0y, b = 1 eqn, 2,40 simplifies to the equation for

lna (« min)l given by the White theory:

1 O'BSO 4
lnsi(oc min)! = w2 q Vg € (f‘_ug + 2
“

It has been shown in this section that the theory of
acousfic amplification that includes trapping behaviour predicts markedly
different amplification behaviour to the Vhite theory.

The reasonable agreement of the modified theory of ultra-
sonic amplification, incorporating trapving considerations, with the
experimental results previously referred to indicates that trapping
effects can adversely - affect the performance of electro-acoustic

devices.
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SECTION 3,

PREPARATIVE TECHNIOUES

3,1  Introduction

The acoustic amplifier structure used in the present
research incorporated acoustic buffers and was based on that used

10. It was felt that the operating

by Hutson, McFee and White
convenience offered by the physical separation of the r.f. terninals
and the H,T. leads considerably outweighed the relatively small
increase in overall acoustic transmission obtained with a buffer-less
structure, as used by Ishiguro et al 1“.

In this section the preparation of an acoustic amplifier
device is described. The initial procedure involved the orientation,
cutting and polishing of CdS crystals. Subsequently large area
ohmic contacts were made to the CdS., After a description of the
preparation of transducers and acoustic buffers the method of

fabricating an amplifier assembly is outlined.

3,2 Crystal prerparation

3,2,1 Orientation

Irregularly shaped single crystals of CdS were obtained 7
and subsequently orientated and shaped to allow the propagation of
piezo~electrically active shear waves, As discussed in section
1.2.1 this required the wave direction to be perpendicular to the
IC! axis and the particle displacement to be parallel to the 'C!

axis. The most convenient faces to prepare were the principal
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faces {1120} ond {1010} . Figz 2 shows the inclination of these
faces to the crystal zxes., There were three steps in the initial
orientation procedure, as follows:

l. Prelinminnary examination.

2. Ixamination in polariced light.

3¢ Orientation using X-rays,

A visual examination sometimes helped in finding the
approxinate direction of the 'C' axis, The crystals were generally
elongated in this direction and often striations parsllel to the
'C! axis were visible on cleavage surfaces. Such preliminary
assessment as was thus possible shortened the subsequent examinations.

The examination in polarised light was based on the
optical anistropy of CdS; the principal refractive indices being
2.506 and 2.529. The crystal was examined between crossed
polaréids using light of 58002 wave length. Light of this
wavelength is weakly absorbed; the absorption coefficient has the
typical value of 2.9 cmnt (section 4,1).

In general a complete rotation of the crystal about the
normal to the plane of the polarocids produced four maxima and
four minima in the transmitted light intensity. Only when the
light travels parallel to the 'C' direction does rotation not
affect the light intensity. This technique enabled the 'C' axes
to be located éirectly for many crystsls, For sore crystals
it was initially not possible to locate the 'C! axis directly
because of their irresular shape. For such crystals two small

faces were ground perpendicular to the direction of elongation,
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This enabled the 'C' axis to bLe observed directly. The location
of the 'C' axis using polarised light could be carried out
quickly and reduced the number of X-ray exposures required.
For the X~ray orientation the crystal was mounted with
wax onto a small platform designed to fit on top of a Phillips
goniometer heads The head was fitted to the slide of an X=-ray
machine. The head was adjusted so that the 'C' axis, as determined
using polarised light, was approximately parallel to the X-ray beam.
Using the uafiltered radiation from a copper target tube (to reduce
exposure time) a Laue back-reflection photograph was taken,
Measurement of the diffraction pattern enabled the magnitude and
direction of the angular movement of the crystal to be calculated
in order to achieve two conditions:
l. To centralise the diffraction pattern = which
shovs hexagonal symmetry,
2., To rotate the inner hexagon of images so that a
line drawn through two opposite images lay either
vertically or horizontally,
Fig.1ll (a) shows the appearance of the diffraction pattern
for reflection from the [0001] plane, As discussed in Appendix 2
the 'C! axis is parallel to the incident X-ray beam when the pattern
shows hexagonal symmetry and that when a diameter of the inner
hexagon of images is vertical a plane of the groupillEb] is vertical
and a plane of the iiiool group is horimntal,
A maximum of three exposures enabled the 'C' axes to be

made parallel to the X-ray beam to within 2 10 and a diameter of
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the inner hexagon of images to be vertical or horizontal within
¥1°,  fThe sample-film distance was initially made small, about

3 ¢m,, in order to collect as large an anpgular spread of reflected
X-rays as possible,

The position of the axes with respect to the major faces
on the crystal was recorded. The crystal was transferred to the
cutting table of a diamond saw and cut so that the [0001] faces
were exposed ie, two cuts perpendicular to the 'C! axis., It was
then placed on a {0001} face and cut four times, with 90° rotation
about the 'C' axis between cuts, to expose the principal faces
{1070} ana {1130} .

To orientate the crystal more accurately a combined
orientation-grinding device was used. This device is described
in more detail in section 3.2.3. The crystal was waxed onto the
central stem so that a principal face, as cut on the diamond saw,
was against the flat end of the stem, The assembly was placed on
the slide of the X-ray machine so that back reflection photographs
could be taken., The sample~film distance was made larger than
that used during the initial X-ray alignment in order to increase
the sensitivity of the diffraction pattern to angular movements
of the crystal. The adjusting screws were altered between
exposures to centralise the diffraction pattern. A maximum of
three exposures cnabled the face to be orientated to better than
30 minutes of arc, Figs,11 (b,c) show the appearance of the
diffraction patterns from the [llib] and [ 7100 ] planes respectively,

The face was ground and polished without removal from the jig.
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The opposite face was prepared by a similar procedure,

3.2.2s Cuttine

Mthough Ca@S is a fairly soft material,having a Knoop
hardness of 122, it is brittle and if it is not cut carefully it
fractures and cleaves, particularly parallel to the 'C' axis, A
slow running precision diamond slitting saw was built for cutting
the crystals, It was based on a design by Fynn and Powell 7B.

The saw satisfied the following four conditions:

l, True running of saw blade.

2, Optimum cutting speed,

3. Optimum cutting pressure,

L, Suitable lubricant,

A diagram ofthe savappears in fig.l2, The 80 watt motor
was of the repulsion induction type and the speed could be varied
continuously from 50 to 2800 r.p.m. The available torque and
uniformity of running were increased if the motor was run from 1C00 =
2800 r.p.m, and reduction gear used, Two methods for reducing the
speed of the blade were used. Vlith the motor in position A, fig.l2,
the double pulley blocks on the upper shaft and motor exle gave
reductions of 4, 3.5, 2 and 1.75 to 1. For lower speeds a 9:1
reduction gear was fitted to the motor which was then operated
in position B, The blade used was a 4" 0,D,x ,015" thick metal
bonded diamond wheel, The arm C on which the work table D was
fitted moved in the plane of the saw blade, Adjustments at the
head E enabled this condition to be fulfilled, The rod F around

which the head rotated was cpring loaded against a micrometer
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so that the work table could be advanced by known amounts between
cuts, The device G limited the depth of the cut, The cutting
pressure was controlled by movement of the counterweight.

To eliminate intermittent contact between the blade and
the crystal the head contained a damping arrangement. The head
was a closed cylinder with a spacer between the two ballraces such
that the cavity within the cylinder was reduced to a .003" radial
gap. The cylinder was filled with oil of S.A.E. 30 to provide
the damping., The work table could be rotated about the vertical
axis in fig.12 and about the arm C and locked in position to an
angular positional accuracy of about 1°. To avoid sawing into
the work table the crystals were mounted on glass slides which were
in turn mounted on the platfornm, Vater was used as a lubricant
and it was fed in just in advance of the sample., A perspex guard
was fitted to stop the lubricant spraying out.

The saw was successfully used to cut a wide range of
materials including sapphire, fused silica, spinels, ferrites and
barium titanate,

For typical sized specimens of CdS cutting speeds of 500-
700 r.p.m. (on a 4" Q,D, wheel) with cutting pressures of 20-30
grams produced- a good surface finish with negligible edge-chipping.
This performance made the subsequent lapping and polishing far
less tedious,

Fig.1l3 shows the overall appearance of the diamond

slitting saw,
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%e26%. Grindine and polishing

After a crystal had been cut to expose the appropriate
faces it was waxed onto a combined orientation-grinding device.
This enabled faces that were initially within : 50 of proper
orientation to be orientated to better than 20 minutes of arc.and
ground and polished without removeal from the device, The device
was based on a design By Bond 79.

A spring A, fig,l4, pressed one end of the stem into the
small end of an elliptical hole, Two perpendicular screws, B and
C, were in contact with the other end of the stem and enabled the
angular inclination to be altered. The ring D was of hardened
chrome steel and was a force fit into the base of the device.

It could be removed by inserting screws into the tapped holes E,
The device could be clamped to a Vee=block mount and the assembly

placed on the slide of the X-ray machine.

Usually a guard ring of a soft material was waxed on with

the crystal to prevent edge chivping and a turned down edge resulting

from the polishing process, The guard ring was a circular piece
of brass, covered with wax, having the same thickness as the
crystal to be polished, The guard ring had a large number of
diametral cuts in its exposed face in order to reduce the area in
contact with the polishing agent and hence decrease its effective
hardness,

When a crystal had been suitably aligned in the
orientation-grinding device the stem was pushed forward slightly

so that the crystal projected beyond the steel ring, The crystal
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holder was then moved about on a sheet of 600 grade silicon

carbide paper resting on a sheet of plate glass, \Vater was used
as a lubricant. The stem was gradually advanced forward until

the face was satisfactorily ground. The crystal holder was
initially moved in a figure of eight path with the long axis of

the figure gradually rotating. For the final few strokes the
crystal holder was moved across the grinding agent in a single
stroight line. These final strokcs ensured that the surface of
the crystal showed a series of fine grinding lines in one direction.
The holder and crystal were carefully wached to remove all particles
of silicon carbide before polishing began.

The crystals were polished by hand operation. Generally
the polishing was carried out on a thin polishing paper using
levigated aluminas of different grades for fast, slow and very fine
polishing. The polishing movement was as described atove and the
polishing with each grade of alumina was continued until the
parallel marks of the previous stage were erased.

Having prepared one face the time for oricntation of the
opposite face was reduced considerably by the following procedure,
The crystal was removed from the polishing jig and the inclination
of the stem was adjusted to make its face parallel to the outer
rim. The face of the stem was lightly ground and polished, using
the jig as a holder, in order to accurately produce a surface
parallel to the outer rim. The crystal was waxed to the stem with
its polished face adjacent to the rrepared face of the stem, and

after one X-ray ohotograph to confirm the orientation the polishing
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process was commenced, This technique was shown to produce a
higher standard of parallelism then was obtained by independently
orientating the two surfeces involved,

This polishing technique produced satisfactory surface
finishes for the majority of the experiments. Polishing was done
on pitch laps when an exceptional surface finish was required, for
example when it was required to introduce light into the crystal
with a minimum of scattering due to surface irregularities, The
techniques used to prepare and use the pitch laps are now briefly
outlined,

The polishing pitch was composed of coal tar, pinc tar,
beeswvax and Venice turpentine, The amount of turpentine added
determined the hardness of the pitch, A lap consisting of a
disc of pitch 8" diameter and 33" thick on top of a brass plate wes
prepareds The procedure used was to pow the molten pitch into a
container consisting of the brass plate with a circumferential side
wall of gurmed paper tape (with the dry glue facing inward)., \ihen
the pitch had set the paper was removed and the pitch was channeled
by cutiing it with a hot knife so that the surface was divided into
a system of square facets of %' side separated by channels 1/16"
wides The face of the lap was trimmed up to remove all raised
edges, using a razor blade,

To obtain a flat surface on the lap it was immersed in
water at about hsoc for some time and then pressed onto a sheet
of plate glass with a weight of about 5 Kg for 15 minutes. A

solution of sodium oleate in glycerine was used as a lubricant to
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ensure the lap did not stick to the plate glass, Using levigated
alumina as a polishing agent the lap was worked in ucing only the
outer ring of the polishing jig before introducing the crystal.
A different lap was required for each grade of alumina used. The
techniques used to prepare and use the pitch laps were based on
those described by Ingalls 80 and Strong 81.

3.3, Heasurement of narallelism nnd surface finish

In an acoustic amplifier consisting of a CdS crystal and
two buffers there are six surfaces that the ultrasonics traverse
in addition to four bonds. To propagate and detect plane waves
required that the surfaces were flat and parallel and the bonds
uniform to a high degree, preferably better cumulatively than to a
quarter of the shortest acoustic wavelength used. This section
describes the techniques used to monitor the dimensional accuracy
of amplifier components,

The optical anisotropy of CdS provided a convenient
means of checking the parallelism of the end faces of prepared
crystals, The method consisted of placing the crystal between
crossed polaroids such that the light travelled perpendicularly to
the {1120} or {1010} faces. The crystal was rotated so that
the transmission azimuth of the first polariser made an angle of
450 to the 'C* axis, Using monochromatic light of 58003 wavelength
a series of parallel fringes were observed if the two faces being
viewed were individually plane but not parallel, The measureaent

of the fringespacing enabled the wedge angle to be calculated.

As shovm in fig,15a the incident plane polarised light can be
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resolved into components parallel and perpendicular to the 'C!

axis, For a crystal d cm. thick the effective path difference

(FL) between the components on emergence is given by:

L = ad (2,529 - 2.506)
s d (0023)

Now,

fL = (2n+1) N  where n = o, 1, 2 etc,
2

for destructive interference of the components and 0L = N A

for constructive interference,

In going from a dark fringe to a light fringe, fig,1l5b,
the difference in thickness'db is given by:

Y 5800 x 10‘8

= 1,26 x 10 cm.
2% o023

For example if the fringespacing was 0.25 cm, the wedge
angle & is given by:

-3
o = 1,26 x 10 - .30
25

For a 1 cm,cube the minimum wedge angle that can be
measured by this method is approximately 10 minutes of arc. If
the crystal faces were convex then circular fringes would be

Eech,

For crystals and buffers with faces larger than 8 m.m,

diameter an apparatus for mechanically checking parallelism was
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builé. The cr&stal was rotated about a threce point bearing and
a Ferranti micro-comparator was used to measure the variation in-
height of circles of different radii on the top face, The
specimen was held by an elastic collar, fig,16., Tarcec guy-lines
attached to the rotating sleeve A held the crystal lightly against
the three ball bearings of 1 m.m. dia. On the Ferranti micro-
comparator the scale can be read to better than one small division
which corresponds to 0,00001 c.m,

For example if the difference between the high and low points
on a 8 m.m, dia, circle (180° of rotation apart) was ,00002 c.m,

the wedge angle @ is given by:

=5
it o S2xA0 = 5 secs of arc,

.8

Because of flexure in the experimental instrument the
reliable sensitivity was about 10 secs of arc.

A lens brush was used to remove any dust from the crystal
and bearings prior to useage. The probe arm of the micro-comparator
had a spherical end of 2 m,m, diameter., The pressure on the upper
crystal surface from the probe arm and the pressure on the lower
surface from the three point bearing were low encugh not to cause
any significant surface blemish,

A Taylor-Hobson "Talysurf" metrology machine was used
to monitor the vrofile of individual faces and the quality of the
surface finish, With this instrument the sample is held stationary

whilst a diamond stylus is moved in a straight line across the
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surfaces, The movement of the stylus is monitored electrically

and a profile of the surface is produced on a chart whilst a meter
reading gives the average surface roughness. The diamond stylus
which had a ,010" radius and a load of approximately 2 groms caused
a single fine scratch on the surface of CdS., For surfaces that

had received careful polishing on a pitch lop the surface topography
was observed using the Newton's rings technique,

3,4, Electrical contacts to CdS

CdS is essentially an n-type materisl, Spear and Mort 82

have reported that the electron mobility is about twenty times as
large as the hole mobility.

Many commonly used contact materials such as silver, gold,
copper, carbon, platinum etc., do not_make good electrical contacts
to CdS when deposited in the nomal way ie. evaporation, electro-
plating, thermo-setting paste etc. With thece contact materials
the current-voltage characteristic is non-linear for low voltages
and potential barriers are formed at each end of the crystal.

There are two basically different methods for producing
ohmic contacts to CdS. One method, based on the work of Buttler

and Muscheid 83

uscs a noble gas discharge immediately prior to
deposition of the contact material., Using this technigue the
choice of metal for the contzct is not critical and ohmic contacts
are obtained with most metals. This is thought to be partially
because the highly disordered CdS region near the surface acts

as an electrical intermediary between the metal and the single

crystal CdS., Page et al 84 consider that the process of ion
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bombardment ejects the volatile sulphur atoms from the surface
layer. The resulting surface layer is cadmium rich and is strongly
n-type. The ohmic quality of the contscts is rapidly reduced for
ambient temperatures of more than 100°C end this process occurs less
- rapidly at room temperatures.

The second method, based on the work of Smith 82.15 to
diffuse a tri-valent metal into the CdS. This acts as a donor
and is a source of conduction electrons, Metals with low work
functions are the most suitable. The metals generally used are
indium and gallium, Fig, 1?7 illustrates simple contact between
Cds and metals with high and low work functions. Metals having
a work function much higher than CdS are expected to produce
rectifying contacts whilst metals with a work function approximately
equal to that of CdS should produce ohmic contacts. It is generally
found that there is a poor correlation between the degree of
rectification and the work function of the metal making contact
to a semiconductor and several models have been proposed to
account for this lack of correlation eg. Kroger 86. Smith 85
concludes that the barrier height of the CdS = indium interface
is less than or equal to 0.1 eV, Contact materials such as In
and Ga will diffuse into the crystal, particularly for operating
temperatures of more than 10000, and eventually changes the
nature of the crystal for a considerable depth. The use of

aluminium as a contact material as suggested by Spitzer and Mead =7

and Goodman & has been developed by Boer and Hall 89. In order

to avoid a film of insulating A1203 on the crystal surface a
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multi-layer technique was developed, Contacts fabricated in this
way will retain their ohmic nature up to 35000.

Electrical contact materials used in acoustic amplificrs
must produce ohmic contacts to the CdS and also ennble attachment
of buffers or transducers to the CdS such that the transmiesion
loss through the device is small. The fraction of an incident
acoustic beam transmitted from one medium into anotheor medium
separated by a bond of a third medium is a function of the specific
acoustic impedances of the media, the bond thickness and the
acoustic frequency. (See, for exanple, Kinsler and Frey 90, p 152).
For shear waves the specific acoustic impedance of Cd3, fused silica,
and indium are comparable., For operation in the llz frequency
renge indium bonds are expected to have a high acoustic transmission
coefficient.

In the present research ohmic contacts were produced by
evaporation of indium. The crystals were etched in dilute chromic
acid nfter polishing. The chromic acid was prepared by dissolving
700 grms of chromium trioxide in 2L of distilled water and adding
100 mL of concentrated sulphuric acids, After the solution had
cooled it was diluted three tinmes, Vith the etching solution at
20°C the crystals were immersed for three minutes, The crystals
were thoroughly rinsed in distilled vater, followed by pure ethyl
alcohol and finally air drieds Rather then 1ift the etched
crystal through a possible surface skin of contamination the etch
was first diluted using distilled water.

The CdS crystal was placed in a jig (fig.18) in = high
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vacuum system incorporating an Edwards ES 50 rotary pump, Edwards
EO4 diffusion pump and a liquid nitrogen trap., The jig chiclded
all the sides of the crystal from the evaporant except the contact
area vhich was defined by a copper mask, The indium was eveporated
from a molybdenum strip heater, The vressure in the chamber was

7

generally 1 x 10- torr before evaporation, rising two to five
times during evaporation.

Measures were taken to minimize sny possible surface
contanmination by hydrocarbons by the use of Viton gaskets, absence
of vacuum grease on gaskets, low backstreaming rate diffusion
pump fluid and minimum exposure of the experimental chamber to the
rotary pump,

The charge of indium, consisting of 2-3 cm, of 1.6 m.w. dia.
hyper-pure wire, produced a film about 1l thick, calculated from
geonetric considerations and assuming a unity sticking factor. The
evaporation process was halted before the charge of indium was
fully used in order not to evaporate the slight amount of slag which
was usually observed duripg an evaporation,

After evaporation the crystal was placed in a perspex
manipulation box, based on that described by Clark and Voods 91.
The box, shown in fig.19 was flushed with pure nitrogen while the
crystal was radiatively heated, from a molybdenun strip heater,
so that its temperature slowly rose to 170°C (melting point of
indium is 15600). This procedure ensured that the evaporated

indium wet the surface and diffused slightly into the crystal.

To attach wires to the contacts two freshly cut pellets of indiunm
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were pressed onto the evaporated films, Pressure was applied
using a jig incorporating a spring loaded piston. The faces
pressing the pellets were mica covered to ensure that the pellets
did not adhere to them. The crystal was again radiatively heated
to 170°c and lengths of copper wire held in the chucks were pushed
into the body of the hemispherical pools of indium,

The contact fabrication procedure had the feature that
the indium was heated only wvhen in a vacuum or a gas with which it
did not react. Also the heat to melt the indium films and dots
was conducted from within the crystal rather than down a soldering
iron. In early experiments using commercial purity nitrogen a
thin blue film was built up on the inside of the perspex manipulator
box., X-ray analysis showed this deposit to be "moly=-blue', a
hydrated mixed oxide of molybdenum, The subsequent use of pure
nitrogen ("white spot!") eliminated this source of contamination.

The electrical quality of the contacts was judged from
the linearity of the current-voltage characteristics particularly
at low voltages,

%:5e Preparation of acoustic amvlifier components

3,5,1 Transducer prevaration

Ultra=sonic transducers of Y -cut o =-quartz were oht‘.:safnuze:;.:‘:2
Fig.20 shows the orientation of the ¥ -cut plates and the directions
af shear stress for applied electrical fields. The transducers
were 7-10 m,m, dia.and of 15 MHz fundamental frequency. The
transducers had an electrode of gold-chromium entirely covering

one face. Two operations were carried out on the transducers:
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l, The position of the X axisc was determined by X=-ray
analysis and marked on the transducer face.

2. An electrode and wire were attached to the unplated

face,

A chord was ccribed on the fully plated face of the
transducer. The line was not continuous but dached in order not to
separate electrically the two portions of the plating. The
transducer was mounted on top of an X-ray goniometer such that the
scribed line was vertical and the plene of the transducer perpendicular
to the X-ray beam, To facilitate the setting up of the transducer
a telescope with a graticule was mounted on a stand which fitted the
slide of the X-ray machine: Using copper K, radiation a
transmission photograph was taken, The diffraction pattern, which
had a symm?trical array of points from the quartz and a set of
conceniric rings fron the polycrystalline plating, enabled the
direction of the X axis to be determined. Fig.21 shows the
diffraction pattern obtained, The angle and sense of the X axis
in relation to the scribed line was noted for each transducer. Al
a later date it became possible to obtain transducers with a small
flat ground parallel to the X-axis. For these transducers the
orientation of the flat with respect to the X axis was checked
using the techniques described above,

Acoustic diffraction considerations involving the
frequency of operation, the length of the CdS crystal and buffers,
and the number of sonic transits to be used determined the

diameter of the electrode that was applied to the transducer,
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The Fresnel length‘ﬁ (over which the acoustic beam is sensibly

non-divergent) is given by 93;

2

d = a° a=dia, of active region of
A
transducer
LY = acoustic wavelength

Using a proprietary silver paste a spot about 1.0 n.m, dia.
was fired onto the transducer, Care was taken to keep the firing
temperature in the range 520—54000 to avoid any possibility of
change over into B-quartz (vhich occurs at 5?300) and resultant
electrical twinning. A coating of platinum of the required
diameter was similarly fired on using a proprietary preparation,
Using a silver bearing tin-lead solder and a resin base flux, a
copper wire was soldered onto the central silver spot, A Variac
in the electrical surply to the soldering iron was adjusted so that
the temperature of the bit was just sufficient to melt the solder.
This kept the solder saturated with silver and prevented the solder
dissolving silver from the fired spot., The transducer was wgrmed
to 180-200°C on a hot plate to avoid thermal shock.

3.5.2, Preparation of buffers

Fused silica acoustic buffers were obtained 92. They
were cylinders 1 cm. dia.,, 1.5 cm.long having the end faces
parallel and flat to optical standards, Two operations were
carried out on the buffers:

1, They were shaped.

2. Platings of platinum and indium were zpplied...
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The buffers were tapered at one end in order to nake
the diameter of the smaller end face equal to that of the
electrical contact areas of particuler CdS crystals. The buffers
were mounted in a hole in a cylindrical block of brass using thermo-
sctting wax such that half their length protruded. /ith the block
rotating in a lathe a h5° bevel, as shown in fig,22, was ground
using_Goo grade silicon carbide paper, Wax covered the face B
to prevent the optically polished surface being scored. The
buffer was reversed and the corner A was rounded slightly.

A coating of a proprietary platinum preparation was
" applied to the end faces B and C and the shaded cylindrical
surfaces in fip.22. The edge A was rounded because surface
tension effects produced extremely thin coverings on sharp ecdges.
In order to get films that adhered well to the fused silica and
were uniform it was necessary to use very thin coatings and use
two successive applications and firings, To prepare end C with the
buffer standing on face B and repeat the procedure for the other
end involved four firings which adversely affected the quality of
the films., A jig, constructed in stainless steel, was used to
hold the buffer whilst painting on the platinum preparation and
during the firing, This reduced the number of firings to two.
When the platinum films had been successfully fired-on a film of
indium was evaporated onto the area at the end B of the buffer.

3,6, The complete acoustic amnlifier.

3.,6.1, Assembly of acoustic pmnlifier

The basic acoustic amplifier was assembled from a CdS
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crystal, two buffers and two transducers, Several irregularly
shaped CdS crystals were orientated and shaped by the procedures
previously described. In addition two rough-cut cylinders of

CdS were prepared., Measurement of the photoconducting and current-
voltage characteristics of these specimens showed that one of the
prepared cylinders was most suitable for operation in an electro=-
acoustic amplifier, The procedure used for fabricating an
amplifier is described below and it applies particularly to a 1 cm,.
diz,cylindrical crystal, fig.23a., A flat having a known orientation
to the 'C!' axis was ground on the crystal, The crystal had

indium contact areas 7 m.m. dia, The buffers had indium coatings
on the 'B' end faces, fig.22, The buffers were bonded to the

CdS by a cold welding process utilising the appreciable self
diffusion rate of indiun.

The indium surfaces on the buffers and CdS crystal were
produced within as short a time as possible to avoid gross
contamination. The indium surfaces were cleaned and slightly -
roughened by wiping them with a swab of lint free tissue.
Inmediately upon being swabbed the specimens were layed in a
Veegroove and contacted with manual pressure so that they adhered
to each other, as shown in fig.23b, The assembly was mounted
in a jig and a pressure of 250-300 p.s.i. was applied. The
apparatus was placed in an oven and maintained at a temperature
of 125°C for 2 hours, Experiments using oven temperatures
above the melting voint of indium, 156°C,fai1ed to produce good

bonds = probably due to the metal oxidising rapidly above this
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ol 95

temperature, Arenberg” and Brew have described indium
bonding techniques as uscd to fabricate ultraconic delay lines.

The assembly was placed in a Vee block, as shown in
fig,23 (c). The CdS was held to the Vee block by two rubber
bands., The crystal was rotated until the 'C' axis was parallel to
direction D using a template against the flat on the crystel and
"the side of the Vee block. The whole assembly was then placed in
a vertical plane, A snmall quontity of molten salol ( phenyl
salicylate) was put on the face C of the upper buffer, The
transducer, with wire attached, was floated on the salol and rotated
until the X axis was parallel to the D direction using the scribed
line on the transducer against a template, The transducer was
pressed against the buffer to reduce the thickness of the salol
bond and the excess salol was absorbed in a piecce of lint free
tissue, If the super-cooled salol did not solidify within 2
minute it was seeded. A transducer was attached to the other
buffer by the same method. The technique enabled the transducers
and CdS to be lined up to within ¥ 2°,

Circlips were added to each end of the buffers and the
amplifier assembly was mounted in a metal box with three shielded
compartments, fig.24,

3,6,2 Processinec of orzanic bonds,

Vlith the acoustic amplifier assembly mounted vertically
the salol bonds were processed in order to give optimum performance
je. large amplitude signals due to shear wave transmission with

minimal spurious signals. The salol bond at one end was melted
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using a stream of warm air, The appropriate transducer was
operated whilst the molten salol bond was seeded at one end of

the shear axis, Kapustin 9 has shown that the presence of
ultrasonics produces crystallisation rates in phenyl esalicylate
some several hundred times faster than in the absence of ultra-
sonics, The re-crystallisation procedure sometimes had to be
carried out several times in order to produce the optimum detected
signal at the other transducer, The procedure of ceeding along
the X-axis during transducer operaticn produced on average a better
bond than if the ultrasonic vibrations were absent.

When a salol bond was molten it transmitted an ultrasonic
signal due to its visco-elasticity . Under these conditions it
was observed that for each r.f, pulse applied to the input
transducer the output transducer received several small ultrasonic
pulses each with a different transit time., The times of propagation
of these signals through the amplifier structure indicated that the
level of shear waves transmitted by the molten bond was small
ccmpared to that of longitudinal waves, The times of propagation
were those expected for a longitudinal wave traversing the acoustic
amplificr and producing shear waves by mode conversion at the three
bonds encountered, During the crystallisation process the level
of the spurious signals fell whilst there was a considerable
increase in the level of the photosensitive shear mode having a
transit time corresponding to shear wave propagation through the
full length of the acoustic amplifier structure. The reason why

longitudinal waves are propagated into the acoustic buffer beneath
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the molten salol bond is not clear,

Observation of salol crystollication between gless
slides showed that the bond can crystallise with several types
of appearance including; uniform consistency, fibrous appcarance
and a mosaic of intersecting single crystals, The variation of
received signal with different salol bonds is believed to depend
on the nature and uniformity of the crystallised solid.

The overall loss between the clectrical input and output
terminals of an acoustic amplifier was found to increase when the
amplifier had been operated for a period in excess of one year,
This effect was found to be due to deterioration of the salol bonds
and when they were renewed the overall loss reverted to its earlier
value, By using each transducer individually in single-ended
operation, fig,25, both before and after renewing the salol bonds
it was determined that both bonds were equally in need of treatment,
Because one transducer had been used primarily as a transmitter and
one as & receiver these findings suggested that the ageing effect
was not due to the amplitude of the ultrasonics traversing the
bond. It was observed that if the original salol bonds (ie. the
deteriorated ones) were melted and allowed to solidify then no
improvement in transmission was achieved. The bonds were restored
to their former efficiency by melting and removing the old salol and
renewing with fresh salol. During this procedure it was observed
that the amount of salol between the transducer and the buffer had
considerably diminiched during the course of operation, The

reduction in the overall transmission through the acoustic
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amplifier is thus considered to be due to a reduction in the area of
overlap of the effective transmitting and receiving portions of

the two transducers caused by loss of bonding material, poscibly

by evaporaticn,
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SECTION b

EXPERTFENTAL TECHNICUES

In this section a description is given of the techniques
used to operate an acoustic amplifier.,

4,1 Crystal illumination

The resistivity of the CdS was varied by altering the
illumination intensity. Using a suitable optical cystem the CdS
was illuminated by a sensibly parallel beam of light such that the
illumination was made uniform over the crystal face. In order to
achieve a reasonably uniform distribution of photo-electrons throughout
the volume of the crystal it was necessary to use weakly absorbed light.
Fig.26 shows the optical abéorbance of a plate of CdS
plotted as a function of wavenumber. The optical absorbance (A)

is related to the percentage transmission (T) by the formula:
A = 2-log, T

The absorption curve was obtained usin< a Unicam SP 800 spnectrophotometer.
The CdS sample used to obtain the spectral absorption curve was smaller
in height than the 1% m.m. high slit used on the SP 300 thercfore the
crystal was mounted on a masking slit to ensure that the detected

light had travelled through it. Accordingly the absorbance figures
initially obtained were not absolute valuess The instrument has

both reference and specimen light beoms and will present absolute

values of absorbance if an identical mcsk is placed in the reference
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beame In practice it was found more convenient to measure the
optical absorbance at a fixed wavelength using a silicon photocell.
A parallel beam of light of wavelength 58002 was projected onto a
silicon photocell (Mullard EPY 10). The change in shortecircuit
current as read on a microammeter when a picce of CdS was placed
just in front of the photocell enabled the optical absorbance to be
calculated, At a given wavelenpgth the value of absorbance obtained
using the photo-cell differed from that obtained with the speciro-

photometer because the masking slit uscd in the latter reduced the

area of transmission by a factor 'n!

If for the photocell technique we have:

A = 2- log lOT

A = absorbance

T = percentage transmission

-

Then for the spectrorhotometer we have

t —1 -
A' = 2 10510 ™
ie.A' = A-logon (n is <1,0)

A' = observed absorbance due to modified transmission Th.

The effect of the area reduction is to shift the
spectrophotometer absorbance curve as a whole to increased values
of absorbance and preserve its shape,s Thus the calibration of the
whole spectrophotometer abscrbance curve was effected using the

photocell readings at one wavelength.
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The photocell was shown to have a lincer response to
the intensity of the light by means of neutral density filters.

The CdS specimen used had plane and parallel faces with a high
quality surface finish. The geometry of the arrangement, using
the photocell, minimised any error due to light scattering, There
was no observable difference in the absorﬁtion of planc polarisced
light travelling perpendicular to the 'C' axis with polarisation
azimuths parallel or perpendicular to the 'C!' axis.

Fig,26 shows that light having a wavelength of less than
about SEOOK is strongly absorbed in CdS, This wavelength
corresponds to photon energies sufficient to transfer on electron
from the valence band to the conduction tand, the band gap
corresponding to 2.42 eV, The absorbance reaches a minimum, in
the spectral region investigated, at about SIOOK wavelength and for
longer wavelengths it shows a local maximum at about 1p wavelength.
This is due to the same traps that cause infra red quenching and
negative photoconductivity.

Table 1 gives the observed values of optical absorption

coefficient as a function of wavelength for a specimen of high

purity CdSe
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TABLE 1
Wavelength Optical Absorption
Coefficient

9 -1

A cm,
8130 1.0
6670 1.8
5710 3¢5
5350 6.6
5260 14,8
5205 29,7

The optical absorption coefficient k is defined by
Lambert's law vhich states that the intensity I of a wave that has
traversed a thickness x of material with absorption coefficient
k is:
=k

3 i Ie
o

Io = original intensity
The cffect of boundary reflections of light has to be

taken into acccunt in calculating k from experimentally determined

values of transmission coefficient. The intensity reflection

coefficient R for a electro-magnetic wave traversing normally the

boundary between two media is given by the Fresnel equation:
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R -] n2- n1 2

n,+ n

nb’ rh‘nre the relractive indicies of the two media, CdS
has n2~2.5 and air has n1~1.0 ¢giving R a value of .18 for the

Cd3=air interface,

Fig,27 shows a light beam incideént on a slab of CdS.

Only two reflections are considered,

Fig 27, Optical transmission throurh CdS

CdS
11 — S It.
"'_—‘"‘Io L )
la b'e ,[
I, = total incident light intensity
I‘b = transmitted light intensity
I,=, Q-7
T =1, Oef™!

t
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I

ie. % = £ - = e-kx
o I1 (1-R)"
I
The experimentally determined values of E— and a

1
knowledge of R and x enabled k to be calculated, es table 1.

Lambert's Law was used to calculate the light intensity
against distance travelled in a piece of CdS, fig,28. Even for
light having an absorption coefficient of 2.9 cm'.'1 there isc o
considerable transverse non-uniformity in resistivity over the
central 3 n.m. of the crystal through ﬁhich the ultrasonics pass.
The uniformity of the crystal resistivity can be improved by using
various enbient temperatures to achieve the required resistivity.
Truell et 319? have investigated the ultrasonic attenuation in CdS
(for no applied voltage) as a function of resistivity using a CdS
crystal having a resistivity of 1010 ohm=-cm, at 20%3 falling to
10* ohm-cm. at 400°C.  lord and Truell 93 have similarly used a
CdS crystal whose resistivity was 10° ohm-cm, at 20°C increasing to
10° ohm-cn. at liquid helium temperatures, Both of these
investigations of ultrasonic attenuztion avoided problems associated
with bonds to transducers by using the CdS crystal as a self
transducer. There are considerable technica) problems in
constructing an acoustic amplifier structure for temnerature
cycling, particularly associated with the ohmic contacts =znd bonds.

Davis and Drews 9 hazve calculated the effects of
transverse and longitudinal variation in crystal recistivity on

ultrasonic propagation. For the geometry they chose (electrical
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contact areas and ocoustic beam covering the entire cross-sectional
area of the crystal) the predicted effects of transverse non=-uniformity
on the ultrasonic attenuation-conductivity curves were considerable

for strongly absorbed licht, The nredicted effects are in general
agreement with Harnik and Yasar 100.

Using filters to select various spectral regions the
author observed that electro-acoustic effects such as ultrasonic
attenuation and amplification were not noticeably dependent on the
spectral composition of the illumination provided the crystal
resistance was kept constant. The acoustic amplifier used to make
these observations had a 3 m.m, dia, beam of ultrasonics propagating
along the central axis of a 1 cm. dia CdS crystal. A typical
experiment is now briefly described. Using interference filters,
having a bandwidth of about 802, a CdS acoustic amplifier was
successively illuminated with light having wave lengths centred on
4sho, 4960, 5470 and 5800i. In each case the light intensity was
adjusted so that the crystal resistance was 1,12 x 105 ohms ard
the attenuation of 46,8 MHz shear ultrasonics was noted (no drift
field was applied to the CdS). The ultrasonic attenuation was
found to be 4,50 .25 db for each case, It was concluded from
experiments of this type, including several with large applied
fields, that for the acoustic emplifier used, the effect of transverse
non-uniformity in crystal resistivity on the attenuation and
amplification of ultrasonics was negligible znd that measures to
reduce the non-uniformity (for example by illuminating crystals

.with light beams into two opposite faces) were not necessary.
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During preliminary experimentetion, using unfiltered light
from an incandescent filement lamp, two crystal breakdowns were
experienced on the front surface of CdS crystals, These breakdowns,
one of which is shown in fig.29, were attributed to the high current
denslty carried in the region near the front surface, In order to
prevent such crystal breakdown the resistivity of the CdS was
controlled by varying the intensity of weakly absorbed illumination.
The radiation from a 100w incandescent filament lamp was passed
through a set of three filters, as listed below, before illuminating
the CdsS.

Filters used:

1l 3 m.m, thick Chance HAl ~ to remove all infra-red

radiation,
o o

2., Interference filter centred on 5800A - 80A bandwidth.

3. \Viratten 23A filter - to reduce short wavelength tail

of the interference filter,

4,2, Acoustic amplificr circuitry

For reasons discussed in section 1,2.2 both the drift field
apd the acoustic input were pulsed. In particular the use of a low
duty cycle drift field pulse reduced the ohmic heating of the CdS,

A block diagram of the acoustic amplifier circuit is given in
fig,30. The Advance pulse generator was triggered externally at
50 or 1CO pps or internally at 15 - 500 pps. It gave a pre-pulse
that was used to trigger the oscilloscope. Within 0.24S it
also delivered a positive going flat topped pulse of up to 50v

and 0.8 - 24 S duration to the r.f, pulse generator. This
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switched the oscillator and an r.f. pulse was delivered to the
first transducer., The ultresonics generated were propagated in
a fused silica buffer for approximately 4 1S before reaching the
Cds, Gate A of the oscilloscope delivered a flat topped pulse of
about 20ve This pulse, whose width could be varied continuously
from 1 to 50U S, was delayed 1 -~ 50 4S from the pre-pulse. The
20v pulse was fed to the high voltage pulse generator thereby °
initiating the d.c. voltage pulse. The second transducer received
the trensmitted ultrasonics and the superheterodyne receiver
provided the amplification and detection necessary for a display
on the oscilloscope. The fused silica buffers of the acoustic
amplifier provided both electrical insulation between the high
voltage and r.f. circuits and a convenient time delay. Some
details of the r.f. and high voltage pulse generators and the r.f,
receiver are given in sections 4.2,1to 4.2.3. An ultrasonic
frequency of about 45 HHz was chosen as a starting point in the
present research and r.f. equiprient was constructed for operation
at this frequency. This frequency was chosen because it was
within the bandwidth of the oscilloscopes available, whilst the
ultrasonic gain predicted by White's amplification theory was
considerable. Subsequently the behaviour of ultrasonics having
other frequencies was investigated using a Matec ultrasonic pulse
generator and receiver. TFig,31 shows the general view of the

experinental arrangement (Fig,32 provides a key to fig.3l.)

4,2,1, Hich voltage vulse generator

The principal purpose of the high voltage pulse generator
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was to produce the d.c. drift field across the CdS. The baeic high
voltage pulse generator gave negative=-going flat topped pulses
that were continuously varisble in height from 200v to 4 kv, The
width of the pulses, which was controlled by the input from gate A
of the oscilloscope, was variable from 1 to 504 S. The output
components of the circuit were of sufficient capacity to supply the
appropriate current to crystals having a resistance of 7 k1 or
more for pulse repetition rates of 15-100 per second. The rise time
of the pulses were typically 0,34 S. The circuit of the negative-
going high voltage pulse generator is given in figs,33 and 34,

The positive going 20v pulse from gate A, fig, 33, was
introduced to the pre-amplifier via a voltage dividing network and
amplified to a 180v positive going pulse. The pulse was fed to
the output valve on the main chassis, fig.3%, The valve, which
had been held off by the negative grid potential, was turned on
by the positive pulse., The current flow reduced the potential
of the anode and produced a negative going pulse. The chassis
included circuits for generating the +300v and =150v H.T. used,

WWhen positive going pulses were required a high voltege
pulse generator phase inverter was attached to the main pulse
generator., The circuit is given in fig.35. The valve was held
off by its negative voltage supply until the negative going pulse was
introduced. The transformer produced a positive going pulse, which
was limited in amplitude by the zener diode, 2nd this turned the
valve on, The output was taken from the cathode, The heater

supplies were from a transformer, and the screen voltage was
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arranged to move in sympathy with the cathode.

4.,2,2. Pulsed r.f. prencrator

The pulsed r.f. generator was driven by a positive going
pulse from the Advance pulse generator, The circuit is given in
fig, 36, The V, stage amplified and inverted the input pulse
and applied it to valve V, which had been operating and effectively
short-circuiting the oscillator circuit of valve V, . The pulse
applied to valve !@ turned it off and the r.f., oscillations from
the Hartley oscillator circuit of VS were brought to the output
via the cathode follower circuit of valve Y4 « The cessation of
the input pulse caused valve Vé to conduct again and quench the
oscillations, The frequency of oscillation was tuneable over the
range 45 I 51Hz. The unit delivered an r.f. pulse of about
38v peak to peak into a 50 fl termination., . The rise and fall
times were 0.3 S. The pulse width could be varied from less
than 1S to more than 20y S.

4,2.3., Receiver

To detect and display on the oscilloscope the small
r.f, signals from the receiving transducer a superheterodyne
receiver was used., The circuit of the 45 MHz receiver is shown
in fig,37. The input was fed via the transformer to the grid
of valve V,, This valve mixed the input r.f. with a signal
of higher frequency and the difference frequency of 30 HHz was
amplified through a three stage tuned amplifier arrangement (for
convenience in presentation valve V3 and its associated circuitry

which is identical to the valve V, stage, is omitted from the
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circuit drawing). After the envelope of the pulse was detected
by a diode circuit a final amplification stage was used, with a
cathode follower output. The output saturated at 120v. The
gain available was in excess of 80 db, with a low noise level,

On occasions when it was desirable to have more gain a tuned
pre-amplifier was used. The circuit is chown in fip.38. The
small amount of noise present in the output of the superheterodyne
receiver was thought to be largely pgenerated in the mixer stage.
The use of the tuned pre-amplifier before the mixer stage cnabled
an additional gain of 20-25 db to be obtained without noticeably
increasing the noise level, A similar receiver was constructed
for use at 75 MHz,

4,3, Electrical measurements

In the following sub sections a description is given
of the methods used to measure the operating parameters of a
CdS acoustic auplifier,

4,3,1, Voltare znd current

The value of the current flowing in the CdS crystal was
obtained by measuring on an oscilloscope the voltage developed
across a small resistor in series with the CdS, fig,3%0. Tae
voltage anplied across the crystal was similarly measured using a
voltage.dividing chain in parallel with the crystal, The crystal
resistivity was coﬁtrolled by varying the illumination intensity.

The measurements of current and voltasge were accurate
to = 3 individually, The crystal resistance was measured with

an accuracy of : 665 by using current and voltage readings obtained
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during pulsed operation,

The high voltage pulse generator produced flat topped
pulses when it was controlled by gate A of the oscilloscope., The
resistance network used in conjunction with the CdS crystal
enabled the current and voltage to be monitored and displayed on
the dual trace plug-in of the occilloscope, To obtain the
current-voltage characteristics directly the high voltage pulse
generator was controlled by sweep A of the oscilloscope, so that
a ramp output was obtained, and the current monitoring lead was
fed into the vertical input whiist the voltage monitoring lead was
fed into the horizontal input. This simple method for obtaining
the current-voltage characteristics was not sultable for voltages
producing supersonic electron drift in the CdS because of the time
delay in the production of a lerge internal scoustic flux which
often involved several sonic transits in the CdS, The arrangement
used for obtaining current-voltage characteristics under these
conditions is shown in fig.39, The pulse applied to the cathode
of the oscilloscope tube was variable in width and could be
delayed with respect to the gate A output. The current and voltage
traces were brightened and the relationship of current to voltage
was displayed after giving theacoustic flux time to build up, if
appropriate drift voltages were used., The current-voltage characteristic
was traced out point by point as the voltage was increased.

4,3,2 Ultrasonic freauency

The ultrasonics were produced by applying r.f. signals

to quartz transducers having a nominal fundamental frequency of




TABLE 2

Transducer nominal measured
harnonic resonant frequency resonant frequency®
MHz MHz
1 15 15.6
3 ks 46.8
5 75 78.0
7 105 109.2
9 135 140, 4
11 165 171.6
13 195 202.8
15 225 234,0
17 255 265.2
19 285 296,.4
2l 315 327.6
23 345 358.8

*

Ixtranolated values after the 7th harmonic
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15 liHz, Ultrasonics of higher frequency were obtained by
operation at odd harmonics of the fundamental, up to the 23rd
harwonics The resonant frequency of the transducers was

‘ neasured by altering the frequency of the r.f. input until the
naximum signal was propagated through the amplifier structure,
with the CdS in the dark, The frequency of the input r.f. signal
was ncasured for the lst, 3rd, Sth end 7th harmonics using a
calibrated Tektronix 547 occilloscope. The measurement of
frequency was eccurate to 1%, The results, which showed
consistent behaviour, have been extrapolated to the 23rd harmonic
and are given in Table 2, For convenience the nominal frequency
of operation eg. 15, 45, 75 liHz is referred to in the following

sections, The bandwidth of the transducers was about 2 llz for

the third harmonic.

4,3,3. Ultrasonic attenuntion

Calibrated step attenuators were used to control the

magnitude of the r.f. input to the tranemitting transducer and the

input to the receiver., The attenuation of the ultrascnics propagated

through CdS under various operating conditions was compared to the
standard conditicn of the CdS in the dark with no applied voltage
by using the attenuators to maintain a constant input level to

the receiver, In this way problems associated with receiver
non-linearity and ageing were eliminated. The attenuators
consisted of switched networks such that the inrut and output
impedances were sensibly constant for all dial settings. The

calibration of the attenuztors was accurate only if the impedences
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presented to them at either end were the samc as their characteristic
impedance. In order to correctly teminate the attenuators the
effective impedance of the transducers was matched to the attenuators
by a transformer, The equivalent electrical circuit for a

75

piezoelectric transducer is shown in fig,40a (from Blitz 7, p 50).

The symbols used are given below:

Co = capacitance between electrodes
M
inductance L = =~ M = transducer mass
% p
o2
capacitance cC = ja Cnm = mechanical compliance
Cm
Rm
resistance R = ';; Rm = nmnechanical resistance
T

a?qy is called the transformation factor and is related
to the velocity of the transducer surface, The values of L, C
and R depend particularly on the mounting of the transducer and
during the present research the optimum values of the transformer
matching arrangement, fig.4O b, were obtained empirically.

The transformers were mounted in an earthed box that was
fitted directly onto the acoustic amplifier housing. They were
tuneable by means of a ferrite core and a capacitor across the
secondary.

The output impedance of the r.f. pulse generator was
equal to the characteristic impedance of the attenuators, The
attenuators were matched to the pre-amplifier and receiver by
means of transfornmers.,

To calibrate the attenuator B1 y fig,30, the output from
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transformer A, wos fed directly into channel 1 of the measuring
oscilloscope. Channel 2 displayed the output from the r,{f. pulse
generator, The transfomer A1 was tuned so that the output of
the r.f. pulse generator did not vary when the attenuator % was
switched from zero inserted db to an attenuation setting of say
10db, VWhen this condition was achieved the input transducer was
adequately matched. The voltages indicated on channel 1 for
various settings of B, , under constant input conditions, were
used to calculate the actual values of the attenuation settings.
For the purpose of adjusting transformer A.2 to prescnt
the correct impedance to attenuator B2 the attenuator was
connected to the r.f. pulse generator instead of the receiving
equipment and the output from transformer A1 wvas fed directly into
channel 1 of the oscilloscope. Transformer Az was adjusted until
it presented the correct impedance to B2 using the technique previously
described for transformer A, . Having matched the transducer to
the attenuator B, by using the transducer to transmit ultrascnics
into the CdS the circuitry was arranged as fig.30 ie. the output
from attenuator 132 was fed into the receiver, A tep-off between
A2 and B2 was fed into channel 1 of the oscilloscope., The input
transformer of the receiver was tuned until the signal oa channel 1
did not vary when the attenuztor %2 was switched from zero inserted
db to an attenuation setting of say 10db. When this condition
was achieved the attenuator 32 was adequately matched.

A sensitive check on the matching and accuracy of the

attenuctors was made by operating the system as fig,30 with initially
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0 db in 31 and for example 50 db in B2 « The CdS was maintained
in the dark to prevent electro-acoustic effects causing non-linearity.
The magnitude of the receiver signal was noted., As the
attenuation in B1 was increased in steps the corresponding values
of B, necessary to maintain the signal at a constant level were
noted. At all settings the sum of the attenuation in B1 and B2
was very close to 50 db for correct matching.

The measurcments of attenuation caused by electro-
acoustic effects were made by altering the attenuators so as to
restore the receiver output to a constant value., This method
was foﬁnd to be more accurate and convenient than a method based on
calibration of the receiver sensitivity.

The procedure used to measure attenuation changes in the
CdS is described below using the example of the variation of
attenuation with applied voltage. Preliminary work necessary in
this experiment was to match the attenuators carefully, measure
the ultrzsonic frequency and ensure that the drift field pulse
had a suitable tine duration and was correctly phased with resnect
to the entry of the pulse of ultrasonics into the CdS. With the
crystal in the dark the aﬁtenuators B 2 and 32 were set with enough
attenuation in the circuit to give a reasonable signal from the
receiver, It was desirable that the signal from the receiver
produced an oscilloscope trace whose heigt:could be accurately
measured. The crystal was then illuminated and the crystal
resistivity was measured until a steady value was obtained. The

attenuators were adjusted to produce the standard receiver signal.
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The voltage across the crystal was raised in steps to a maxinum
whilst the attenuator settings to give the standard signal were
noted. The readings were repeated as the voltage was reduced to
zero in steps. The crystal resistivity was checked to see if
any change had occured during the experiment. Finally the
attenuator settings for the dark condition were checked. 'This
procedure was found to give reproducible results to better than
Z .5 db,

4,3,4, Ultrasonic nower level

Ishiguro et al 2 observed that a CdS ultrasonic amplifier
which strongly amplified small signals showed a saturated output
when large input signals were applied. In the present research
the behaviour of large amplitude ultrasonic signals in CdS was
investigated for a wide range of operating conditions and a measure
of the acoustic power level in the CdS was required in order to
analyse the results,

The peak acoustic power level present in a pulse of
ultrasonics as it entered the CdS was measured by an insertion
loss technique at 45 lMHz, Using the methods described in
section 4.,3,3, the attenuators were accurately matched to the
circuit shown in fig,30. The second attenuator (B, ) and the
receiver were then renoved and the outnut of the transformer A2
was fed directly into the oscilloscone, which was terminated by
the appropriate imredonce, The arrangement at this time is
shown in fig, 41, Using the full output of the r.f, generator,

and a known pulse lensth, the maximum peak to peak height (A)
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of the r.f, pulse displayed on the oscilloscope was noted for a
known setting of the attenuator. During this measurcment the
CdS was kept in the dark, The CdS housing, with both transformers,
was then removed and the attenuator was fed directly to the
oscilloscope which was terminated by the appropriate impedance.
The in-circuit attenuation was adjusted until the oscilloscope
displayed a signal of height A (on the same oscilloscope setting
as before), In this way the total attenuation (insertion loss)
due to the two transformers and the CdS amplifier structure was
Imeasured without having to correct for the oscilloscope bandwidth.
The maximum peak to peak voltage of the r.f. generator was measured,
using a convenient number of decibels in the attenuator, and if
necessary a correction was made for the fall off of oscilloscope
sensitivity due to its bandwidth. Hence the maximum electrical
power produced by the r.f, pulse generator could be calculated,
McFee and Bateman 401 nave measured the non-electronic
contribution to the ultrascnic attenustion in CdS (ie., the dark
attenuation) and found it to be small eg. less than 0.1 db cm:l
at 45 MHz, The small acoustic loss in the CdS under these
conditions means that it is the regions 1 to 2 and 3 to 4 of the
acoustic amplifier, fig,42, that produce the measured insertion
loss. Region 1 to 2 includes transformer Ay, transducer T, ,
salol bond, buffer and one irdium bond. If it was established
that the loss incurred in region 1-2 was i dbs less than that in
region 3-4 then we can calculate the maximum acoustic power

incident into the CdS in the following menner,



93

total loss in the acoustic amplifier structure

(db) = X +Y=2

X = loss in section 1-2
Y = loss in section 3-4
Y-X = |}

fe X = 2~

The peak acoustic power level entering the CdS (Q'max) is thus

1
2

produced by the r.f, pulse generator., Finally the maximum acoustic

dbs down on the measured maximum electriczl power

intensity I entering the CdS was obtained by dividing Q' méx'by the
cross-sectional area of the acoustic beam, The peak acoustic strain

incident into the CdS is given by the following equation:

I = % p‘\l‘-‘:;.?s2 S = strain
VB = zcoustic velocity
p = density

In the present research the difference between X and Y
was determined using the acousto-electric effect, The ratio of
the acousto-electric voltages obtained for a given input into each
end of the amplifier structure in turn was measured with the Cés
illuminated. This ratio; expressed in terms of decibels,
provided the value of Y-X used to calculate the maximum acoustic
intensity entering the CdS.

In detemining acoustic power by the insertion loss

technique it was necessary to consider the effect of acoustic
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diffraction on the measured loss,

The acoustic wave radiated from an extended source has
not,in general, the symmetric spherical radiation pattemn
characteristic of a point source. The acoustic pressure produced
at any point by an extended source is the sum of the pressures
that would be produced by an equivalent assembly of point sources.
{then the radius of the active region of the transducer isc large
compared to the acoustic wavelength the radiation pattern has many
side lobes and the angular width of the main lobe is small., The
acoustic intensity along the axis of a circular transducer is known
to undergo wide variations with increasing distance from the

90

transducer (Kinsler and Frey “, p 175), This intensity variation
shows a series of maxima of constant amplitude and intervening nulls.

The axial intensity has its last maximum at a distance given by

2
. &
o

d = distance from transducer.

v}
n

radius of active region
of transducer,

N = acoustic wavelength.

a2
The region extending a distance ’ in front of a

transducer is known as the Fresnel zone and in this zone the
radiated sound may be thought of as being confined within a cylinder
of .'radius 'a', The region further away from the transducer
than the Fresnel zone is known as the Frauhofer zone. For

2
distances such that d:réﬁ— the beam shows at least approximately

spherical divergence. The maximum half angle of divergence
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is given by the equation

0.61A

a

Sin 0 =

Fig. 43 shows the beam of sound in front of a transducer.
Considerable mathematical difficulties are encountered

in showing how the measured acoustic intensity varies with

distance from the circular transducer, as integrated over the

recelving area, and various expressions and approximation schemes
103

have been developed, for example {/illiams 102, Seki et al ’

b
Papadakin 101, and Bass 105. It is generally accepted that the

apparent attenuation caused by diffraction effects alone emounts

2
to about 1 db per distance of ;%— o Fig.44 chows the apparent

2
loss in db caused by diffraction effects as a function of 2.

10 A
23

(from Seki et al The curve was computed for ka = 100 and

within 2% it is correct for all values of ka between 100 and 1000,

k propagation constant

.ot
A

The transducers used had an active region of diameter
0.318 cm. The velocity of shear waves in CdS is 1.75 x 105 cm.
sec-l. The corresponding value for fused silica 106 is

3.76 x 10° cm.sec-l. Table 3 gives the Fresnel lengths and angles (6)

in CdS and fused silica for operations at three frequencies,
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TABLE 3,
Frequency 6 6
2
(MHZ) ~ (cn) Fused Silica cds
fused silica] CdS

15.6 1,04 2.25 5° 2 2° 28’
46,8 3,12 6,75 | 1° 43" o® 50’

o ' (¢} '
78.0 5.20 11.25 1" 5 0 30

The acoustic amplifier structure used was fabricated with a .74 cm.

long piece of CdS sandwiched by two 1.50 cm.long fused silica

buffers.

To estimate the attenuation caused by diffraction

at various planes in the acoustic amplifier structure the
2
> a .
appropriate cumulative values of = were used in conjunction with

A

fig. 44, Table 4 shows the diffraction loss incurred during the

acoustic transit to three planes in the amplifier structure,
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TABLE &4,
Frequency Cumulative diffraction loss (db)
(MHz) Input transducer to:
1. Silica/cds | 2. CdS/ silica | 3. Output
interface interface transducer

15.6 245 2.6 2.9
46,8 1.3 1.6 19
?800 101 1.2 1.5

For operation at 46,8 MHz the losses caused by diffraction
are only 1,9 db for acoustic propagation through the whole
amplifier assembly. VWhen the acoustic beam enters the CdS 1.3 db
of this loss has already occurred. At this frequency the effective

2
length of the amplifier structure is equivalent to 1,07 £. and the

A
received acoustic wavefront is sensibly plane. For operation
at 78 MHz the attenuation caused by diffraction is less than for
46,8 MHz operation. At 15.6 MHz the diffraction attenuation was
2.9 db for propagation thrcugh the whole amplifier, of which 2.5 db
had occured during the transit to the first CdS ~ fused silica
interface. At this frequency the diffraction effects meant that
the receiving transducer had spherically diverging waves of large

radius of curvature incident on it. The phase change across

the .318 cm, dia. active region of the transducer corresponded to
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only 13% of the acoustic wavelength in Y-cut quartz, Thus

the wavefront curvature was negligible, Using the fipgures quoted
in Table 4 the determined values of acoustic power entering the
CdS for operation at three frequencies were corrected for
diffraction effects.

The error in the insertion loss measurement of acoustic
power at 46.8 Mz was estimated to be about = 2 db, The input
acoustic powers entering the CdS for operation at 15.6, 46.8,
and 78 MHz were compared using the acousto-electric effect.

This comparison was estimated to be accurate to about 2 1 db,
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SECTION 5

EXPERIMENTAL RESULTS

5.1 Introduction

In sections 3 and 4 a description was given of the

preparation of an acoustic amplifier structure and the techniqueg

used to operate it.

In this section specific experiments are described and

the results are presented under the following sub-headings :

5.2
5.3
5ok

5.5

5.6

Current-voltage characteristics of CdS under
various operating conditions.

Attenuation and amplification of ultrasonic waves
of small amplitude,

Acousto-electric effect,

Effects of phasing and length of drift field pulsec.

Experiments with large emplitude waves.

All the experiments were performed. at room temperature.

Full discussion of the results and their inter-relationships

forms the content of section 6,

5.2 Current-voltare characteristics of Cdﬁ

After a CdS crystal had been orientated and shaped,

indium contact areas were produced on the two end faces and the

current-voltage characteristics were investigated. The ohnic

quality of the contacts was judged to be satisfactory if the

current-voltage characteristics were linear for small applied
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volteges.

An investigétion of the current-voltoge characteristics
provided information about several properties of the crystal that
were important if the crystal was to operate successfully in an
acoustic amplifier structure, The resistance of the crystol was

measured for a wide range of illumination intensities down to

9
zero, The desirable range of crystal resistivity ( p) was p>10 ohm=-cm.

with the crystal in the dark, falling to p <10% ohm-cm. for high
illumination levels, As described in section 1.2.3 CdS crystals
can\show departures from Ohmic behaviour for applied voltages large
enough to produce supersonic electron drift. The value of the
voltage at which departures from Ohm's law occurred was used to
estimate the electron mobility.

The quality of commercially available single crystal
CdS is known to vary considerably, The information provided by
the observation of the current-voltage characteristics prevented
the inconvenience of fabricating an acoustic amplifier structure
with a particularly unsuitable crystal.

Some observations of the current-voltage cheracteristics
of CdS, for various operating conditions, are presented in sections
5.2.1 to 5.2.3.

5.2,1 Current-voltase characteristics for unifora illumination

The results described in this section relate to a CdS
crystal produced by Koch-light Ltd. The crystal was originally
cylindrical in shape, being 7.5 m.m. long and 5.0 m.m. dia. A

flat surface 3.0 m.m. wide was ground along its length and indium

N T TN










Fig.no. | Crystal Resistance| Field Oscilloscope-calibrationu.'
ohms x 104 applied | (Values represented by lem.
to CdS of graticule)
V e
Current (A) Volts cmy !
on CdS
k5(a) 1.1 1800 0275 600
n (b) " 1240 " "
n (c) 1" 1080 " "
" (d) 2.25 1800 <0135 "
n (e) " 1440 " ]
n (f) " 1140 " "
46(a) . 33 1800 .010 "
n (b) n 1410 " 1"
" (o) 4.8 1920 0060 "
n (d) " 1500 " t
" (e) " 1396 " "
w (1) 55 2100 .010 "
n (g) " 1540 " "

The time scale of the oscilloscope was S5US emy ! The
position of the current trace was adjusted so that the
section of the trace representing the pulse current was

below the trace representing the pulse voltage.
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contact arecas of 3.0 n.m, die, were produced on the end faces of

the crystal. The orientation of the crystal was such that the

t1C' axis lay in the plane of the cnd faces ond the elcctron flow
was perpendicular to the 'C' wds i.e, the orientation was

suitable for d.. coupling (as deccribed in section 1l.2.1)

15

Flat topped voltage pulses of 20u S duration at a pulse
repetition rate of 20 p.p.s. were applied to the crystal for a
wide range of crystel resistivities (produced by uniform 11lumination).
The voltage and current were monitored by a resistance network, as
fig.30. No ultrasonic signal was injected into the CdS. Fige, 45
and 46 show the voltage and current traces as observed on an
oscilloscope., Table 5 detzils the operating conditions for esch
coSCe

By arplying voltage pulses to the €4S crystal and noting
the values of voltazge and current ot a time 18u S after the
spplication of the voltage pulse & series of current-voltage
characteristics were obtained for crystal resistances between
7.0 x 10° ohms to 8.9 x 10“ ohms, fig.47.

For crystsl resistcnces greater than 8.9 x 10“ ohms the
characteristics were linear., Decreasing the crystal reesistance
from this value gave increasing degrees of non-linearity, as
shown by table 6.

The values of crystal resistance quoted in Table 5
were those pertaining to the first linear region, before the kink
in the current-voltage characteristics.,

The considerable effort needed to produce grephs of
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TABLE 6

Slope resistances of CdS from fig.h?

Slope resistance (ohms)

In 1lst linear region In 2nd linear repgion Ratio of
Ry
R1 Rz =
4
7,0 x 103 2,09 x 10* 3.0
9.9 x 10° 2.90 x 104 2,93
1.5 x 104 3.35 x 104 2.23
2.1 x 104 4,0 x 104 1.90
4,3 x 104 5.8 x 104 1.35
8.9 x 104 8.9 x 104 1.0

A SERee ansE T







TABLE 7

Current-voltage characteristics for CdS

Key to fig. 48,

Fig.lo. Crystal Oscilloscope calibrations
resistance (values represented by 1 cm, of graticule
48 ohms Volts cry on CdS Current (A)
3
a 9.9 x 10 200 JOHl2
4
b 1.3 x 10 " : 035
c 2.6 x 10 " 0177
d 5.3 x 104 " 00305
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current-voltage by noting individual velues when a certain time
had elapsed was reduced by using the circuit ehown in fig, 39, as
described in section 4.3,1, Vith this technique the relationship
of current to voltage was plotted for a fixed time delay whilst
the veltage was increased in steps. Fip.48 shows the current-
voltage characteristics obtained by this rethod for several values
of crystal resistance. The voltage pulse repetition rate weas

15 p.p.s. The traces were made bripght (to produce a single dot
on the photograph) for 1.5u4 S, starting at a time 16.5u 5 after
pulse initiation, by the application of a 10v negative going
voltage pulse to the cathode of the CRT, As the applied voltage
was increased in steps the trace was built up by giving the film
25 exposures of 1/5th sece The scale of the current axis was
adjusted to make the slope of the trace approximately 45° for
moderate voltages. Table 7 gives the details of the oscilloscore
traces shown in fipg.48.

-

5.2.2 _The acoustic flux~-current relationshin

Under suitzble conditions of orientation and illumination

intensity the current carried by a CdS crystal was observed to

decay from its initial value when the applied voltage pulse was lerge

enough to produce supersonic electron drift, for example figs.u45
and 46, No ultrasonics were injected into the crystal. The
observed current decay was caused by the production of a large

acoustic flux that was produced by the amplification of piezo-

electrically active lattice waves, By adding a suitably orientated

transducer to a CdS crystal the close inter-relationship of the
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flux build-up to the current decay was demonstrated, fig.49. The
sane transducer was used to transmit a pulse of ultrasonics into
the CdS whilst a large voltage pulse was applied. The resulting
current trace is shown in fig, 50a, The‘current trace obtained
for identical values of crystal resistance and applied voltage

but no signal injection is shown in fig,50b, The acousto-clectric
voltage produced by the injected ultrasonic pulse altercd the
initial portion of the oscillatory decay of the current.

5.2+3 Current-voltage characteristics for non-uniform 11lumination

In sections 5.2.1 and 5.2,2 the experimental results
were obtained with the CdS uniformly illuminated across its width.,
By illuminating the CdS non-uniformly, for example by interposing
a neutral density filter acress half of the crystal width, the
oscillatory decay of the current was observed to be considerably
modified. The current decay obtained with uniform illumination
often showed a damped oscillatory decay eg fig.45a, By varying
the applied voltage and the illumination intensity and distribution
the oscillations in the current trace were variable in form from
en oscillatory decay to constant amrlitude oscillations and even
increasing amplitude oscillations, In addition the period of the
oscillations was variable, Fig,51 shows the current traces
obtained for several operating conditions. By adjusting the
operating conditions, particularly the illumination distribution
and intensity, the period of the oscillations was variable over
the range 3.5 to €.01tS. The tinme for a shear wave to complete

a round trip in the CdS was calculated to be 8.5uS. The shape
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of the current decay was very sensitive to changes in the

operating conditions,

5.3 Attenuation and amnlification of ultrasonics

The attenuation of ultrssonics in CdS was observed
for a wide range of experimentel conditions, The recults
presented in this section relate to three basic experiments
namely the measurement of ultrasonic attenuation in CdS as a
function of:

1) Crystal resistivity,
2) Ultrasonic frequency.
3) Applied voltages of both polerity.

The attenuation was measured relative to the dark value
using the techniques described in section 4.3.3., The results
described in this section relate to a CdS crystal produced by
Eagle-Picher Co. The crystel was originally cylindrical in sheope,
being .74 cm. long and 1.0 cm.dia, A flat surface 40 cm. wide was
ground along its length. The crystal was orientated for d15
coupling. The dark resistivity of the crystal was greater than
5 x 109 ohm-cm, falling to less than 5 x 103 ohm - c.m. in strong
filtered illumination. The indium contact areas were of .70 c.m.
diameter. The arrangement of the acoustic amplifier structure
is shown in fig, 24.

The results described in this section have been taken
under small signal conditions = in particular this has required
the use of sensitive receiving equipment, as described in section

beo2,3.
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Figures 52 - 54 pive the observed values of attenuation
for ultrasonics having frequencies of 15, 45 and 75 MHz respectively
as a function of electric field, up to +2000 v cm-l. The polarity
of the voltage pulses was such thut electrons drifted in the
direction of acourtic propagation, Figs,.55 - 57 give the
observed values of attenuation for the same frequencies but with
voltage pulses of the opposite polarity. Each curve is an average
of between 3 and 5 separate experinmental runs. As described in
section 4.3.3 the experimental readings of ultrasonic attenuation
were taoken both whilst the voltage was increased in steps to a
meximum and whilst it was being reduced and an average value tsaken.
For fields greater than about +1100 v cm?1 the ultrasonics were
srnplified i.c, the attenuation coefficient became negative,

Figs.58 - 62 give the observed values of attenuation, for fields
sufficiently large to produce acoustic amplification, for ultrasonics
of frequency from 105 to 345 lMHz, For convenience the nominal
values of ultrasonic frequency are referred to: table 2 gives the
precise values, ©On figs.53 - 62 the values of crystal resistivity

used are quoted. On fi.ures 52 - 57 the crystal resistivity is
w

c
represented by ("‘w) « Wo is the dielectric relaxation frequency

v, = g

. 0" = crystal conductivity,ohn™! cm?
€ = dielectric cerstant. F. cm.”!
@ = ultrasonic anzular frequency,sedf

w
Table 8 gives the values of TﬁifOP frequencies of

15, 45 and 75 MHz for convenient values of crystal resistivity.




AW ST N ga3d 14diwg

NOLIVANILIV DINOSYIL N

"t5 9

3 MPO. H.Vmﬂv

(o2 A) 01214 21810313

QCooT

(p)
NOILVNI L1V

"Wy L0 : HIONIT WASAYD

e = e




THW Sy LY a3 13Pd & NOIINIWILIV owWosyaLlm "¢S D14

|
- L ~ i e ON.I.
©
dq.ﬂu nA R RAT e SR N e sl algied ganiban ey o|l—
- - | i
1. __"._.. . :
mo ™ .‘_.\l....l.\llnlil S 4 5/ '
{sto- +1... --e ! : ,,,;// omum 00y )
-3 - ] i - AT T - . =4
(L3P A) 4T3id 1y M..vooa nx_ua_ . L AN " w -0— =~
| . (87)
NOIANNNILLY

‘W $L-O  HLON3T TWLSAYD




R TVEA

313

S510-

1V a3l L3y

———

d “  NOWUWWNNILIY DWNOSYY LN

1
:

|

A B ———— i - o —
i

+S Oid

(,2w> A) @313 1815373

W HLO0 HLHONT

AVLSAYO

1
rlefed

o)
| [CL3)

« NOILLVON3 LY

- ol




(3

(UTETIAIVIIN)  Tp5 NI SONOSVELT ‘RII ST 30 NoOWANILIY 55751

(W A) d1313 HWBLI33
(o) oo — 008 — oot —

®9)

NOILYONILLY !

— - — —

(et

Ol i

¥




(S63E 3nIN53N) "SPD Wl SOINOSYILN HW §b 40 NOIIVANILIY 9§ 9H

(.-W2 A) 01313 DWLO3T3

004 - Q08— oot -
® 1 ! ! ! !
] i P P e e e o $ - STO-
e m—imme® = —@——— == =@ === == =0 B .
P ! M i | ‘_._ ¥ SO

(av)
NOILYNINIL LY

S{ =%

Ol . DU I PN T TRUS I T UL S NP v o b on



(Sa7314 3AILYDIN) SPD NI SoINOSYRLON fHW SL 40 NOILVIWELLY 5914

((WA) g3 D133
Q OO.T - oQR- oot~

g 44

8P

V

NOILVONILLY j. -7

St —
C

313 —=

]
|

m
|
]
|
ON e O [ T SR LI <|.Hi... - L_. 1 _



0~

AMPLIFICATION |

(d8)

B -

30 -

1
tooo ' 400 1800

| =
ELECTRIC FIELD (v eu) CRYSTAL RISISTIITY (Q-cv)
105 1Hy B “osxio*
. " +
-= = =4--0--= 135 MHy & VA lo.’r
® 72-1ixio

FIG. 58. AMPLIFICATION OF 105 & 135 MHy ULTRASONICS,




10+
AMPLIFICATION
(28)

20

30—

. lL -

I
I
- . -
T b
.
I
-

o0 \100 1300 I500 Y700
ELECTRIC FIELD (Vv em.')

CRYSTAL RESISTWATY

—8—4—0— 65 MH; (n-cn)
@ 1o5xitof

- = -A--0-~ |95 ﬂH5 A 1-40n ot
© LiinigT

FIG, 59, AMPLIFICATION OF I5 & 1885 MHy _ULTRASONICS



(o]
o

30

AMPLIFICATION (8 ©

0 —f—
I SOV St WA, . TP TN
; i T
— A :
i . . )
1 % a . c
| s : o
— . - - ---n-——-—-—--—‘- ———m-
t :
. ]
L i l 1 ' i I 1 i i l-
900 lloo 1300 1600 \sco 2000

ELECTRIC FIELD (ven™)

CRYSTAL RESISTIVITY (N-en)

—B—A—0—— 2725 MY
° a] vanlo‘r
- -B--A--0-- 255 Mu; A 1-40x10"
o 2Ux1d
FIG. 6O AMPLIFICATION OF 2925 & 255 MH, ULTRASONICS




)

(J8)

s
o
7 -
J
e
e |
<
a
20 —
30 | —l 1 l -- ] - | 1 ] i
1000 {100 \%00o tboe 1200 2000
ELECTRIC FIELD (v ¢m)
—D—4—0— 285 MH4 CRYSTAL RESISTIVITY (-em)
al I-DSHO‘*
4 4
--0--A--0-- 3|5 Miq & WIeRio
6 21Mx\0
FIG. 6.

AMPLIFICATION OF 9285 R 315 MHy ULTRASONICS




O.—
10
g
i
e
Zl-
9_
L
o
% [
<
20 - ;
|
{
.
4 -.
B | e [
| | I ! [ | I II i
1000 \200 1400 100 1800 2000
ELECTRIC FIELD (v i)
CRYSTAL ReSISTwiTY (SL=CM)
B 1-05xi0"
A \-40»«104'
@ 2-\x1of
FIG. (2. AMPLIFICATION OF 345 WH; ULTRASONMICS




w

TABLE 8

Values of -affor frequencies of 15, 45 and 75 lliz

P o )

ohm=-cm, ohm™‘cm,” ! Frequec:cy (M1iz)

x 10%* x 10”° 15 hs 75

16.9 59 075 .025 .015
8.4k 1.2 .15 +050 020
4,22 2.4 « 30 «10 . 060
2,11 4,7 .60 .20 12
1.4 7.1 .90 30 .18
1.05 9.5 1,20 40 -
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w
. c
The variation of ultrasonic attenuation withj;‘ for

15, 45 and 75 NHz and no applied voltage is shown in figs.63 ond
64,

The voltage pulse was applied to the CdS shortly
. before the ultrasonic pulse entered the crystal and the voltege
rermained constant until the ultrasonic pulse left the crysial.

The typical appearance of the oscilloscope trace
displaying the amplified and rectified output of the receiving
transducer is shown in fig.?4 for various operating conditions,
explained more fully in section 5.5.1.

Using input r.f. pulses of half height widths between
0.6 and 1.8uS it was observed that the attenuation-voltage curves
obtained vwere not sensitive to variations in'pulse width.

An experimental determination of the attenuation-voltage
curves for a given illumination using ultrasonics of 45,8, 46,8 and
47.8 MHz showed that within the limits of experimental error the
curves were identical. ’

The dimensional tolerance of the CdS crystal end‘the
ecoustic buffers ensured that across the 0.318 c.,m. dia. active
region of the transducers the path lengths through the amnlifier
structure were within a quarter of an acoustic wavelength in Y-
cut quartz for operation at all the experimentelly used frequencies.

5.4, Heasurenent of acousto-electric voltare

For the measurements described in this section the
CdS acoustic amplifier structure was used, The acousto-electric

voltages produced across the CdS by the attenuation of pulses of
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ultrasonics were measured using the contacts, at each end of the
crystal, generally used to apply drift field voltages, The
acousto-electric voltage was always measured for no applied
voltage to the CdS.

Fig.65 shows the variation of the measured acousto-
electric voltege with the input acou<tic power to the CdS. The
acousto-electric voltage was measured by feeding the output from
the CdS into the oscilloccope via the measuring network shown

in fig. 660

F\G. 6. MEASUREMENT OF AcousTo-ELECTRIC VOLTAGE,

5 &
R Hua |
a
Fas : . Vv L osciLLoscore
oL > 3
MO INPUT
1295 460 MPEDANCE,

The input acoustic power was controlled by varying the
input step attenuator, The ultrasonic frequency was 4SMHz end
the half height pulse width wes 1,4 S, The variation of acousto-
electric voltage with input acoustic power was measured for 8
different crystal resistivities, On fig.65 the value of the
no-applied voltage acoustic attenuation of 45 MHz ultrasonics is
quoted rather than crystal resistivity, Figs.63 and 64 have given
the observed relationshivs between crystal resistivity (expressed

w
c
in terms of 7 ) end ultrasonic attenuation at 15, 45 and 75 MHz

(for no anplied voltage). Fig,67 shows the variation of acousto-
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electric voltage with the no-voltage attenuation for several
values of input acou;tic rower, This graph was obtained from
fig, 65.

As discusced in section 6,3 the variaticn of the
acousto-electric voltage with no-voltace attenuantion shown in
fig.67 can be explained using Veinreich's relationship. To test
the correctness of the explanation given the rcoucto-electric
voltage was measured as a function of input ncoustic ypower and no-
voltage attenuation with the oscillosccpe terminated by 4.3l
and also with the output from the CdS going directly into the
oscilloscope i.e, the 1CO kfl resistor chain of fig,&5 was removed.
The results are shown in figs,68 and 69.

Experiments were carried out in waich the acousto-electric
voltage was nmeasured as a function of input scoustic power and no-
voltage attenuation for ultrasonics of frequency 15, 45 and 75 MHz.
The results are shown in figs,70 and 71. The half heicht width of
the ultrasonic pulses was set at 1.4 S for each frequency of
operation, The r.f. pulse generator was trigsered at 50 p.p.s.
The no-voltage attenuation and the crystal resistance were measured
for each case. The variation of the measured acousto-electric
voltege with no-voltege attenuation for given attenustor settings
at cach ultrasonic frequency used is shown in fig,72. These
results enabled the input acoustic power entering the CdS for the
three operating frequencies to be compared.

Fig.73 shows an acousto-electric wave-form as the

ultraconic pulse was reflected backwards and forwards in the
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acoustic amplifier structure,

5.5 Experiments involvinm phasinz the apnlied volt-re nmulse,

5.5.1 Ultraconic amnlificetion durine firet ancoustic tronsit

and subsequent transits.

VWVhen an rof. pulce was applied to the input transducer
a pulse of ultrasonics was nwroduced which travelled through the
amplifier structure, Fiag, 74a shows the oscilloscope trace of the
amplified and rectified receiver transducer output. The ultrasonics
were of 45 MHz, The CdS was maintained in the dark and no
voltage was applied. The largest peak was due to the transit of
the ultrasonic pulse through the amplifier structure. The peeks
8.0, 16.0 and 24,04 S delayed with respect to the first trausit
were caused by reflections at the interfaces in the amplifier
structure, The time delsys of the tkree main echoes corresponded
to those expected for 1, 2 and 3 round trips in the acoustic
buffers, as shown in fig ?6. Fig.?4b shows on 11 db reduction in
the received first transit due to illumination of the crystal. As
shown on fig.74C a field of 1050 v cems ! restored the first
transit to its dark level. The 6 5 long voltage pulse was
applied 9u S before the first transit wes received i.e. it was
applied just before the ultraconic pulse entered the Cd5. When
the voltage pulse was apnlied only 24 S before the first trancit
vas received, as fig.75a, the second peek was amplifieds The
amplification was rcceived by the component of the second peak
due to path 2, fig.76. For this condition the first transit

was of the came height as the illumination only case, fig.74b.
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When the voltage pulse was applied 6uS after the first trancit
was received the third peak was amplified. The amplificotion was
received by the component of the third peak due to path 4, fig,76.
For this voltage phasing condition the heights of the first and
second peaks were the same as the illumination only case.

5.5.2 Voltere vhasine for first acoustic transit

In an effort to ascertain if the ultrasonic amplificetion
property of a CdS crystal was uniform throughout its length the
effects of voltage phasing on the propagation of the first acoustic
trancsit were investigated.

Fig.77 shows the attenuation required in the input
attenuator in order to maintain a constant output level of the first
acoustic transit whilst the voltage pulse was applied at verious
times with respect to the entry of ultrasonics into the CdS.

The experiment was carried out for voltage pulses ranging in tine
duration from 2,0 to 8.54 S. Ultrasonics of 45 iiHz frequency
were useds Fields of 1200 v cm ! were used in each case, The
half height width of the ultrasonic pulse was l.2uS.

5.5.3 Svecialised voltare vhasing

The experiment described above was modiiied in order
to gain more inforwation about the uniformity of the CdS. The
width of the applied voltage pulse wos maintained at 8.0uS. The
half height width of the ultrasonic pulse was made 0.54S. The
Matec receiver was used to amplify the cutput from the receiving
transducer for display on the oscilloscope., The height of the

receiver output was recorded as the phase of the voltage pulse

g S g .3 e
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was altered in 0.5 uS steps relative to the time of arrival of

the first transit. The experiment was repcated for several
values of applied voltage. Fig,78 shows typical results obtained.
The receiver was calibrated and found to be accurately linear over
the range used. In this experiment the changes in acoustic
attenuation were souewhat emaller than most of the experiments
reported in this thesis, and for this reason it was more convenient
in this case to record the receiver output rather than maintain it
at a constant level by the use of attenuators. Identical results
were obtained when the ultrasonics were injected into the CdS

in the opposite direction provided the polarity of the voltage
pulce was reversed also.

5.6, _Experiments involvine larpe amplitude ultrasonics.

5.6.1 Innut=output acoustic charecteristics.

In order to study electro-acoustic effects in CdS for
large amplitude ultrasonic sipgnals a series of input-output acoustic
characteristics were taken, 1In this type of experiment the CdS
was maintained in a given operating condition, for example
moderate illumination and an amplifying voltage, and initially the
input attenuator placed a large amount of attenuation in the
circuit whilst the output attenuator placed zero attenuation in the
circuit, The word circuit in this context is used to mean the
link, by r.f. signals and ultrasonics, between the r.f. generator
and receiver, VWhilst the in-circuit attenuation of the input
attenuator was reduced in steps the attenuation in the output

attenuator was adjusted so as to maintain a constant receiver output,



RE. PULSE

GENERATOR AT TENUATOR

B

1 9 1

cds
AMPLIFIER

MEASURING

B, = MATCHING TRANSFORMERS

QScILLOSCaPE

F\G. 79 PIRECT MEASUREMENT OF LWNEARITY

OF CdS AcCousTic AMPLIFIER




INPULT
-IQ 15'_"
TRANSFORMER
(48)

_‘10_._ .

1

=\O =

- . S—— —— oy —— S —

!
|
|
|
1
!

| { |
«20 +30 +40
OUTPUT FROM 2% TRANSFORMER (dR)

!

5 e
-
|

O
s

INPUT  AND  OUTPUT  VOLTAGES WERE COMPARED WITH
THEWR MAXIMUM VALUES  USING THE dJdB CCMPARISON.

DIRTCT  MEASUREMENT USING ARRANGEMENT OF F\G.79.

UWLTRAGCNIC  FREQuUENCY @ 45 MH3
No  APPLNED  VOLTAGE.

FIG. 80. INPUT - OUTPUT CHARACTERISTIC  FOR
CdS MAINTAINED W THE DARNK.




112,

In these experiments the input-output curve obtoined

with the CdS maintained in the dark was used as a rcference
curve. The linearity of the CdS acoustic emplifier, with the
CdS maintained in the dark, was investigated using the arrangement
shown in fig.79.

Ultrasonics of 45 MHz frequency werc used. The input
attenuator was used to vary the acoustic power input to the CdS.

The peak r.f. voltage of the attenuator output was
measured directly on the oscilloscope, The output of the receiver
transformer vas similarly fed directly into the oscilloscope, The
values of the input and output voltage were obtained for a wide
range of attenuator settings., The results, expressed in decibels,
are shown in fig,80. The Matec r.f, pulse generator was used in
the experiments described in this scction.

Wwhen observing input-output acoustic characteristics
the usual circuit incorporating input and output attenuators was
used, fig.30. ‘When the input and output attenuators were
carefully matched to their appropriate transducers by means of
transformers the observed input-output characteristics wvere
linear when the CdS was maintained in the dark. In practice
the observed input-output characteristic for the dark condition
was often not exactly lincar due to the attenuators' not bteing
exactly matched to the circuit. The observed electro-acoustic
non-linearity was small when the CdS was illuminated and either
no drift voltage was applicd or an attenuating voltage was applied.

For these cases the slight non-linearity of the dark-ccndition
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characteristic prevented the elecctro-acoustic non-linearity from
being accurately measured, This problem was overcome by
producing a dark-~condition input-output charscteristic with the
initial attenuator settings exactly the same as for the innut-
output characteristic with the CdS in on attenuating condition.
This reference dark-condition input-output characteristic was
produced by reducing the receiver gain, For example the dark-
condition input-output characteristic may have heen commenced
with 55 db indicated in the input attenuator and 0 db in the
output attenuator, for a certain receiver output,

The input-cutput characteristic for the CdS in an
attenuating state may have comnenced with 42 and 0 db in the
input and output attenuators respectively, for the sarc receiver
output. To produce the reference characteristic the receiver
gain was reduced until the input 2nd output attenuotors placed
42 and O db in circuit respectively whilst the receiver output
was at the standard level, Then the reference characteristic
was taken., Any deviation between the reference characteristic
and the input-output characteristic for CdS operation was attributed
to electro~acoustic non-linearity, Experimental input-output
characteristics, with dark-level reference charsctericstics
obtained by the receiver turm-down technique, are presented later
in this section, A technique now to be described was sometines
used to avoid having to produce a reference characteristic for
each experimental characteristic, If for example a series of

experimental runs vere performed with various amounts of acoustic
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attenuation in the CdS then the input-output characteristic
corresponding to the greatest attenuation was taken first. For
all subsequent experimental runs, involving less attenuation,
the receiver gain was reduced to maoke the initial values of the
.attenuater settings equal to those of the first run, for a fixed
receiver output. In this way a single dark-condition calibration
run sufficed for all the experimental conditions. Input-output
characteristics produced in this manner arc referred to as
normalised characteristics. The normalising technique was applied
to determine’ input-output characteristics for amplifying conditions
also. The normalising technique was convenient fo} determining
the extent of non-linecarity with minimal effort but it did not
provide all the information provided by the individual calibration
method. In particular characteristics obtained by the latter
method showed the basic values of input and output attenuator
settings which.enabled the amount of acoustic attenuation to be
calculated by reference to the basic dark-condition characteristice.
The very large number of experimental results obtained
whilst studying input-output characteristics renders a complete
presentation impractical. 1Instead typical results are presented
for the four main operating conditions, namely no applied field,
attenuating, cross-over and amplifying fields, at two frequencies.
The input-output characteristics presented are cdetailed in table 9.
Experiments to determine the absolute values of
acoustic power entering the CdS corresponding to the settings of

the input attenuator are described in section 5.6.kL.



TABLE 9,

List of input-output charecteristics

Operating frequency Operating condition leasurement Fipure
MHz of CdS technique no.
15 zero epplied field normalized 81
(1)

" " individual 82

calibration

(1C)

" " N & I.C. 83

(comparison)
" 600 V cm ! N 84
" " I.C. 85

" " N & I.C.
(comparison) 86
" cross-over and I.C. 87
amplifying fields
" anplifying fields N 88
Ls cross-over and I.C. 89
amplifying fields
Wo =3
w

" " (.2) ] o0
" n (.1) " ol
] " (.05) " 92




QS- R 1 ; i e ———— g L e 4 e e s

20 -

\5 o -

INPUT
ATTENUATOR

SETTINGS
(48)

lo_-, O

i
i
i
|
f

| |
5 lo \S

OUTPUT ATTENUATOR SETTINGS (d8)

ZERO APPLIED FIELD

—+— DARK CAUIBRATION CURVE

ATTENUATION (dB)
== 93
---- 70
--%-=- 45
—~4&— 25
N -0

FIG. 81. INPUT-0OUTPUT CWARACTER\STICS AT
\5 MMy (NORMALISED)




AN ST IV SolSI831ovavnD  INdLnNoO-LndNI T8 9id

ol S

o-l
5T .
Sb
Oo-L
<b

-

() ROILVAN3LLY
[ & ‘ ;

S3IAYND

M AVANI WY 3S

C

i
]

SNOILYE 1V

|

INOLLIONOD Wyva.

gn3id @

'
e

3IddV Od3Z

il

— 1

_—__.

1 i
po

mm ow S\
|
(@) SONILL3S ¥YOLYNNILLIV indino.
RN BEPARRET
T

TR

il b B
SONILY 35

YQLYNNILLY
103N

R




((35v2 01313 031NddVY 0337 ' WU S ¥od)
JALIYVINTG WO¥d NOILVIASG 30 NoSI¥VAWOD “¢8 H|4

(gp) NOlLLVANILLY

(t8-914) SnorIv¥gIAy> o 8 9 b z 5

AVNOWAYNT WOY¥d ;9T T—— —r— e g
Lol B PRy 4
00 L s Bt 3 B 51 5 iry el 1
(18 '913) S3A¥N> b ke el g A _?_.. SRVLE
= PEE Cae s gatg gy fWill
G3SVIWWWYON WOYd:'N L0k _I_”___ ;_.._”__TM h__
IS EN IS LT
AR Lo L Lt s
i i ! ____ v i —
HER MR TSty Hilk @)
"JOLVNNILAY  ingny SRS B _ L il KLQVANTT
cdue 204 . R Cyd 0
SNILLT Liid dad ; _:_" _:___ I.mlmln_
40 SNIL13S gP ¢ HISHEI N ) m:;_ NOTINIAIG
IV NIWVL NOIVIAGA T T *_t_ o}
Loy ol Koadibamers gt " UARN Li
g ¥4 ! 1 : ! ; EREER
‘N e m___ 1% __ _:_:
didest o b ial fa i lhag di SRRE ENRREE
Fra, 1 bl e bretl HEN Y Bitel ¥
coba e r.:.._.\\. ES3IRERD SN F gy e bk | .
LT I T T s R o
et AREE R EE A R FRA RN R R RS RRRE AR R AR R R




(a3s1vudon) &
HW
S\ IV SOILSWY3LOVAEVHD  Lhdino-LndNl 48
Hid

(eP) SONIL13S ¥Oolwnn3Lly 1ndin0O
oT S ol S

_*q“ i _+““ L_M_. *ﬂm" § o (o]
h__ ? “.. .“. .._..‘.
o IS e l_* BRE
¥¥SITVD NOWIGNOS 23 : _M: Ik _".___.%.“_,
S SIR T NI
2BY4 T 3A805 m_t_:"__mf;m,_., ;“_._;
_|. h : S —“_.u*. -__m
d : 8 ._m___ ;_____._“_ P ___“A_ih
_.._..."”..m_mw._
g1 1L ST LR L
, HE IR S
S-¥ 9 ;____i____;__“__,
SET IR N RS 1 R
9 : S . AE5EEE 0 IE Lo
W m LTI NN
st ot ¥ _ | NHNRIEN
: . _. | _L__,_M*q
L 1 € I LRI T Iy SERNILEA L 1) o
5.0l z e i) a5 ! _______._w___.
S-C : T e AL et et
&P) 5 __.:f_ ity pidl L RENREEE
et d ! p kg i Bl N Pl SR
; rubaifutida it g 1] —
fMIRLI T Aak) £ o] (8e)
EREE I ht SINTLLSS
WA 009 : P SETEIATE S i 11| BoINELY
L lcnlnwb 1 M__"_ _..ww._ — ._n__.‘ el
AR AR ], e
m MHC__”.M__W:;__“: ._:_row
Ly M._”._m._nh_a___nﬁu __ __“_m
: i L__,_‘___.u* S
AT T H Lot
' B _“..m____ e 4. bbby
11 “__ﬁ.____.._w_____ L m"__
——t “ SRR BN 30
i
e
=30




ARSI IV So1LS133LovEvh) 1Nding-1ndNl ‘58 913

(8P) “SONIL13S JOIVNNILLY 1Ndino
Se og . oz S o1 S

! | 1

‘S3IANYM

-5
NoiY¥aIYD NOILIGROD .
A¥vqg —F—
0-1 : 9 e R
81 : S
Sy t b
9 LI |
. S
b R A 8p)
S-0\ T *SONILY 3G
BowynNNa LY
(’p) ThoN
NolLVYNONILAY 0T
r...:o A 009 : 41341

it st



I5v> W A 009 © ‘AWS) 303
- )

CALBVANIT  WO¥3d NOILVIA3G 30 NOS\YV4WOo) 98 914

(587913) SNOLIWNIBNYS
AVNOINGNT WO¥3: "3 1

H1|.4ll. .J.M< «. r . ! " ..._ u;- .I..Hr..l__..i‘l_llu., .wlq. .ﬂl l.ml.”! __ i 14. J.ﬂl = ” s g e ﬂ -l 1 .._rw.l. ) « ¥ s ._. A -¢I
(¥£8 '91d) S3A¥nD v b T . HEBSENE D S SEY Y AT B
n..._ i ".. _ .. - __ _.___“... . N 1 _
03S1TVHY¥ON Woad : N | - iy Tiganad] s | 4 g
L T I . ' [ .. ! My
L1, i v ; __ _” v Eks ot L
e, MR A - i 1 hraa 1
BOXVONILWN INANY N e, fnd o Lot dan dri ] S [ 8 N S P ) O
B _.ff 7 i _J._. _4_,___ h_au_ Y a_.l_l..J. N.
: o ; I, [ (] ' u_ i
IV N3WVL NOUNIAZG ; i+ | WEINEILI R j - 8 :
L L Moy 50 A p ’ =
e 1] | i s ]
H_ .* __ ,__u
” =Sl s

(8P) NOWUNNNILLY o,

KR (@e)

; A g XDBvanm
A SR Wo¥a
A | onviame
b it e
i ._
___H “ . i

0 P |




5o : l ‘ : . . - oo

INPUT
ATTENUATOR

SETTING.
(8

'lo-—‘_‘

10
b
i
T 1
(o] lo 20 30 40
ouUTPUT ATTENUATOR SETTING, (48)
“x _
—, = OO

—_—— DARK ConNDITION CALIBRATIONS

-t

CURVE 1+ : lboo V com.
CURVE 2 * SMALL SIGNAL  CRoSS-oveR FIELD

FIG. 87. INPUT=- QUTPUT CHARACTERISTICS AT IS MWy




T —— .

INPUT
ATTENUANTOR
SETTING
(48)

I DU

ouTPUT ATTENUATOR SETTING (4B)

FIELD : \400 V cwm®

CURVE 1+ DARK CoNDITiIoN CALIBRATION.

ATTENUATION (dB)

s lo
: 7
S
5 3-0
G: 2-0
1

\'O

2
S
4

FIG. 88. INPUT-OUTPUT CHARACTERISTICS AT |5 MHy, (NORMALISED)




i
B R —

INPUT  ATTENUATOR SETTING (d8)

bt .. ) e

OuUTPUT  ATTENUATOR SETTING (d8)

% =3 FIELD (Vv emt')
2: ltoo
CURVE 1: DARK CONOITION 3: 400
CALIBRATION. 4: 1200

£ T SMALL SIGNAL

CROSS-ovER FIELD.

FIG.89. INPUT-OUTPUT CHARACTERISTICS AT 45 MHy




. et
—

i A i i
. .o . . .
. e et s o ———— e = ==
' 5 o Yy
. » :
f LI . .

40

INPUT

ATTENUNTOR

SETTING.
(48)

30 - ——
10 —— -
R R P T R -
— T : W=
o 10 20 20 4o
OUTPUT ATTENUATOR SETTING. (dB)
mC
= 2

CURVE 41: DARK CoNDITioN

CAL\BRATION

FIG.90. INPUT-=OUTPUT CHARACTERISTICS

FleLo (v ent’)

2 + 1600
3 : \%oo
4 1200
5 1 SMALL SIGNAL

CROSS-OVER FIELD.

AT 45 Muy_



40 -

INPUT
ATTENUATOR
SETTING
(de)

20 -

2 — ” '

1O e e

o 10 20

OUTPUT ATTENUATOR SETTING (J8)

t_&c_ . -1

=Rt FIELD (v emi')
2 ' koo

CURVE 1t DARK CONDITIoN
CAL\BRATION . 3+ 1400

4 : \200
5 : SMALL SIGNAL

CROSS-OVER FIELD.

1G.91. INPUT-OUTPUT CHARACTERISTICS AT 45 MW3.




5o

40 -

_—

INPUT
ATTENUATOR
GETTING

(de)

-

OUTPUT ATTENUATCR SETTING, (dB)

clp

‘0%

CURVE 4 : DARK CONDITion CALIBRATION.

FieLe (v ew))

0 N oo
3 ‘400
A SMALL SIGNAL  CROSS-OVER_FIELD

FIG.92. WNPUT-OUTPUT

CHARACTERISTICS AT 45 MM,



400

CROSS-OVER
FIELD (v arit)

1200 ~f—=Gms

T R
—-B—---—.—..ﬂ.—-——ﬂ-"‘-’ = ok

NI s
e, s i“‘ -
1000 - I_ Do —
40 30
INPUT ATTENUATOR SETTING (JB)
&
(7S
- o5
—r— 04
—--@--- O'?_
e 0075

FIG. 93. VARIATION OF CR0oSS-OVER FIELD WITH

INPUT ACOUSTIC INTENSITY AT ISWA:‘._



{Jelo) = - N T -

N ———— - ——— — ._,.....___ —— - - ‘_]
NSRS S '
oo ;
1400 ——— -
— - — . - — P __. o — e ‘
ﬁ SN i S S i
(0T . H
i ~ e SR e ,
um_f_ Iz N oo _ _._:__“__ ‘:_‘; o -
S - L —e D e
o] > R — DY
117 S S . '
v T e s
\8 e - —_— . : oo
& N R o
J —— —— —— e - Jd- .y
[ - e - . i
- - e - —— - e e - - = ow
1200 -t —1
SRS S S I
g —————T e ]

looo

. '
] .
M- H
N l A
0 -L..._n_'_-l-——:.a..l-i _'I-J-

INPUT__ ATTENUATOR  SETTING (d8)

—_—— ]
—-—ta . O5

FIG. 94. VARIATION OF CROS$SS-OVER FIELD  WITW

INPUT __ ACOUSTIC WNTENSITY AT 45 MHs.



1500 -

\400 -

\300 -

CROSS-OVER

FiELp (v ent')

1200 < -
-]
1
]
oo - >
2l
loco - : : -
e ey . o ;.‘.._ i[ e - ; ‘ am -:
_ e e e e s e Sl
] i ] |
40 30 20 1o o
INPUT ATTENUATOR SETTING (d8)
W,
W
—— O -0\5
—_—— 0-:03%0
—— o-\

FIG. 95

VARIATION OF CR0S$5-OVER FIELD W\TH

INPUT ACoOusSTIC

INTENSITY AT 75 MM3,




The electro-acoustié non-lincarity was small for h
the operating conditions pertaining to figs. 81 and 82, Fig. 83
shows the deviations from linearity, as obtained by two methods
of measurement, for a given input attenuator setting. The
results are consistent to about =} db. Similarly fig. 86 chows
a consistency of better than % 3 db for the tw§ methods. The
non-linearity observed at 45 MHz was greater than that observed
at 15 MHz for similar operating conditions.

5,602, Variatiocn of cross-over field with acoustic power

The cross-over field is defined as that field for which the
net electro-acoustic contribution to ultrasonic attenuation is zero.
For the small signal case the cross-over field causes the electrons i
to travel at the velocity of the acoustic wave. In practice the

.cross-over field was determined by reference to the dark-condition
ultrasonic signal level. With the CdS illuminated the applied
voltage was increased until the signal from the receiver was the ?
same as when the CdS was maintained in the dark. That the cross- :
over field varied with the input acoustic power is shown on fig.90
where if 20 db was in the input attenuator the amplification was
about 14 db for curve 3 but with 4 db in the input attenuator the {
CdS attenuated 2 db.

Experiments were performed in which the cross-over

voltage was determined for a range of settings on the input
attenuator. Figse 93 - 95 give the variation of the cross-over
field with input acoustic power for 15, 45 and 75 MHz respectively.

5,6.3 larmonic generation

As discussed in section l1.2.3 the electro-acoustic
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interaction produces higher harmonics of the fundomentnl

acoustic frequency. Also experiments were referred to in which
the second harmonic was measureds The second harmonic is more
intense than the third and higher harmonics. In experiments
reported here the third and fifth harmonics of a 15 MHz input
ultrasonic signal were measured, The third harmonic of a 45 MHz
input ultrasonic signal was also measured.

The basic acoustic amplifier structure was used for
harmonic generation experiments. The input acoustic frequency
was set at either 15 or 45 MHz end the appropriate transformer
was used to match the input attenuator to the transducer. The
receiver was tuned to amplify the desired harmonic frequency,
either 45, 75 or 135 MHz, and the appropriate transformer was
used to match in the output transducer. An input-output acoustic
characteristic was first taken with the CaS in a chosen operating
condition end with generation and detection at the same frequency.
With the CdS in the same operating condition an input-output curve
was taken with generation at a given frequency and detection at
a frequency three times higher. The procedure was repeated for
the fifth harmonic in some cases, Figs,96-99 give the observed
characteristics for a ranse of operating conditions.

It was observed that for small acoustic inputs the slope
of the third and fifth harmonic curves were 3,0 and 5.0 respectively.
The ability of the tuned transformer to tune selectively only the
desired hermonic frequency was confimed by feeding its output

straight into the oscilloscope and observing a sinusoidal
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variation of the correct frequency.

The harmonics could not be detected at all when the

CdS was maintained in the dark.

5,6.4, licasurement of acoustic nower levels,

Using the insertion loss technisue described in
section %,3.4 the peak ultrasonic power entering the CdS was
measured for operation at 45 1iHz, For this measurement the
r.f. pulse generator was triggered st 50 p.p.s. and tke half-height
width of the r.f, pulse was adjusted to 1.4 5. The following

average values werc obtained:

Experinent Result
1. Ouput from r.f, pulse generator: 125 pr into 50 ohm
(Hatec r.f, pulse unit, output
on full,)
2. Insertion loss through entire 53.7 db
anplifier structure (CdS in dark)

3. Amplifier asymmetry. Comparison Acousto-electric sipgnal

of acousto-electric voltage for 1.8 db larger for

pulse propagation from end A propagation of pulse from

and end B of amplifier end B to end A than
vice=~versa,

Using the information above and the relevant diffraction loss
information from table 4 the peak power entering the CdS was

determined as:



118,

Experiment

Pesk input acoustic power to CdS 1,

(from end B) at 45 MHz

Reoult

15 W cm™ 2

The acousto-eclectric comparieon of powers presented

in section 5.4. gave the acousto-electric voltores produced for

operation at three frequencies,

The attenuator settings, pulse

width and resictivity of the CdS had been set to standard values

in each case. The ratios of the acoucto-electric voltages were

directly proportional to the ratios of the input acoustic poviers

to the CdS fdr the three operating frequencics. The results of

fig.72 are summarised in table 10,

Table 10 Acousto-electric comnarison of nowers
Frequency Acousto-electric voltage Power ratio
(MHz) for 6 db attenuation (compared to
45 HHz)
45 « 0058 1.0
75 .0108 1.86
15 +030 5.2

The acoustic powers entering the CdS for operation

at 15 and 75 MHz were calculated to be:

operation at 15 llHz : peak acoustic

operation at 75 lHz : peak acoustic

5.97 7 come 2

2.14 1 com," 2

power

power

The relationship between the input acoustic intensity
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and the settings of the input ettenuator is shown on fig.100.
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SECTION 6

ANALYSIS OF RISULTS

6,1 Current=voltare characteristics

In the present research the investigation of the current-
voltage characteristics of CdS crystals was carried out primarily
to establish the suitability of particular CdS crystals for use in
an amplifier structure. The following information can be obtained
from a typical set of current-voltage characteristics such as
fig. 47:

1) The range of crystal resistivities available by varying the
illumination intensity.

2) The choracteristics may be observed to be non-linear, vhich
indicate that the acousto-electric effect is present.

The field at which the characteristics deviated from
linearity in fig. 47 was about 1150 v ca.! which implies an electron
mobility of 152 cr sed' volt' using a value of 1.75 x 10% cm, sec?
for the shear wave velocity., Some crystals showed a marked change
in the field necessary for the onset of non-linsarity for different
illumination levels, such that the critical field decreased for an
increase in illumination level, This effect is due to the drift
nobility of the electrons increasing when the electron density is
made larpe compared to the trap denéity, Rose 10?. for the
crystal used to obtain fig 47 such trapping effects are not marked.

The diffusion frequencnyD is defined by the following equation,
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Hutson and thite ll:
Wy = (af
D= (37) v
9 = electronic charge f = trapping factor
B - (k)=1 B - electron mobility
K = DBoltzmann's constant v = acoustic velocity
T = absolute temperature

Assuning £ =1, T = 290°K, v =1,75 x 10° cm, sec. | we

obtain wD ~8 x 10% gec™ 1, h’hit:e12 has shown that the angular

frequency (w) for maximum ultrasonic amplification is given by the

equation:
P = W
W, = dielectric relexation frequency.

Thus having determined cuDi‘or a particular crystal fron
the currentfvoltage characteristics the values of resistivity
required to obtain large anmplification coefficients over the
frequency range of interest is calculsted, The current-voltage
characteristics indicate whether the crystal has a suitable
resistivity range.

Figs, 45 and 46 show the current and voltage traces
obtained by applying flat topped voltare pulses to a CdS crystal,
The traces, which were obtained whilst illuminating the Cds
uniformly, show a wide variation in the pattern of current decay
for voltages greater than threshold, The current and voltage

traces shown in fig,5l. were obtained for non-uniform illumination
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and show that the pattern of current decay is sensitive to changes
in the illumination conditionss The same CdS crystal was used
for figs,45, 46 and 51, These results supggest a useful preliminary
test for the homogeneity of CdS ecrystals. If the oscillatory current
decay for largé applied voltage pulses and uniform illumination of
a particular CdS crystal is altered by reversing the polarity of the
voltage pulse then the crystal is asymmetrically inhomogeneous.

The current decay observed under high voltage conditions
is due to the acousto-electric field produced by the acoustic flux
built up by amplification of piezoelectric lattice waves, Hutson35.
Fig.49 shows the build up of the.hS MHz component of the wide-band
" acoustic flux and the corresponding current decay. The high correlation
between the observed current decay and the production of an ultrasonic
flux was demonstrated by fig,.50. In fig,50a the current was decaying
in an oscillatory manner whilst the accustic flux was growing. In
fig, 50b a large amplitude pulse of ultrasonics was injected into the
CdS before the acoustic flux had reached large levels, The acousto=
electric field of the injected pulse modified the initial current
decay.

An investigation of the current-voltage characteristics of
a particular CdS crystal, along the lines suggested in this section,
was considered essential in view of the known wide variations in
quality of commercially available CdS, before the crystal was used
in the fabrication of an acoustic amplifier.

Suzuki's comment at the 1964 IEEE International Convention

where he first presented the trappning theory surmarised the state=-
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of-the-art at that date, One had to find a picce ofﬂgood
natured CdS in order to produce a successful amplifier and that
kind of material was seldom found and then only by luck. During
the present research an investigation of the current-voltage
characteristics of several CdS crystals resulted in a succecsful
choice of a crystal for fabrication into an amplifier structure.

6.2, Small sienal attenuantion and annlifiention

The general shape of the attenuation-field curves
obtained for operation at 15, 45 and 75 MMz, figs.52 - 54, was as
expected from Vhite's amplification theory. With the crystal in the
dark no variation in the level of acoustic transmission was observed
- for applied voltages. With the crystal illuminated the attenuation
initially increased to a maximum when the applied voltage vas
increaseds  For larger arplied voltages the attenuation decreased
until for a sufficiently large voltage the level of acoustic
transmission was the same as that obtained with the CdS in the dark.
This was the cross-over condition. For larger applied voltages
the ultrasonics were amplified and generally there was a voltage
corresponding to maximum amplification. For an increase in the
applied voltage beyond this value the amplification was reduced and
the curve asymptotically approached the dark condition propagation
levels Figs.55 = 57 show the =symptotic approach to the dark
condition signal for negative veltages.

To characterise the extent of trapping effects on the
attenuation-field curves the trapping parameter 'a' was evaluated

. . - ;
by noting the ratio of maximum amplification ( max) to maximum
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'
attenuation ( % min) and using the following equation (which

was derived in section 2.3):

at
max| 'J1+a§-a

l+8° +a

Table 11 gives the values of 'a' for operation at 15 and 45 MHz

as derived from figs,52 and 53,

Table 11

Frequency conductivity x 'max 'al
(1Hz) | ohns 'em. ! al in
45 5.9 x 10 ° (1) 1.0 0
45 1.2 x 10° (2) .89 .06
45 2.4 x 10° (3) .92 .045
45 47 x107° (k) .86 075
L5 7.1 x 10° (5) .87 070
L5 9.5 x 107 (6) .87 .070
15 as (1) 79 115
15 as (2) o71 017
15 as (3) «76 0135
15 as (4) 71 * o17
15 as (5) 69 * 185
15 as (6) N .225

*  The experimental restriction of fields to 2000 v cm. to
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prevent crystal breakdown is not sufficient to define (aﬂ max)
accurately in these cases.

The values of 'a' are plotted against crystal conductivity
in fig. 101 for operation at 15 and 45 MHz. The effects of
trapping on the asymmetry of the attenuation-field curves was more
marked at 15 MHz than 45 MHz. The trapping theory predicts that
'a' is nearly proportional to ! (see section 2.3). This
relationship was observed to be obeyed approximately in fig. 101.

The other trapping manifestation, change of cross-over
field with conductivity, was also much more marked at 15 MHz. At
15 MHz the cross-over field varied from 1000 to 1200 v cmi Y (£ig.52)
whilst at 45 MHz the variation was from 1040 to 1150 v cm: | (£ig.53)

At frequencies from 105 to 345 MHz the change in cross-over
field with conductivity was small. It should be noted however that
the range of conductivities used was somewhat less than in the

experiments at 15 to 75 MHz. At 75 MHz the asymmetries in the
w

attenuation-voltage curves were not consistent. With-5§-= .06 the
w
value of the asymetry ratio was 0.72 whilst at —> = .015 it was

2.3 which meant that the maximum amplification was larger than the

maximum attenuation. Similarly the variation in cross-over field was
-1
unusual in that cross-over was reached at 1000 v cm. for weak
-1
jllumination and 1060 v cm. for strong illumination. It has not

been possible to explain this pattern of behaviour.
The trapping effects observed with this crystal of
CdS were small compared to those reported by Ishiguro et al 14.

The graphs of attenuation versus conductivity for no
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applied voltages, figs.63 and 6It were used to estimate the value of

the electro-mechanical coupling coefficient of the Cd3 by using

White's theory.

The equation derived by ‘hite for the smplification

coefficient @ is given below:

R
n

and

IC"wc 1
2V Yy 2 2
B O 1+°"=

Y RN /

e e

The meanings of the symbols &re given in section 2.1.
For zero applied drift field Yy =1

For low light levels we have:

o
— 2E ]
% > ® 16 9 4
) )
D Wahn

Under these conditionsa is given by:

..l..t......6.1

Thus, for low levels of illumination and no applied voltageQ

-2 is expected to be proportional to the crystal conductivity and

independent of the ultrasonic frequency.
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It was observed, figs,63 and 64, thct the attenuation
was proportional to conductivity for small illumiration levels.
This condition was accurately obeyed for attenuation of up to
about 6 déb at 15 MHz, and 11 db at 45 and 75 lHz. Over these
ranges the ratio of attenuation to conductivity was almost the
same for each frequency of operation, Theoretical curves are
plotted on figs,63 and 64 in addition to the experimental curves.
The theoretical curves were obtained using White's thcory., Values
of the square of the electromechanical coupling coefficient were
chosen to obtain reasonable agreement with the slope of the experimental
curves near the origin, for cach operating frequency. The values

. of K2 used to obtain a reasonable match were:

FREQUENCY (3Iz)
15 0112
L5 .0107
75 +0097

An average value for K% was ,0105. This values for K2
is considerably below the figure of .0355 quoted by Jaffe et als.
63

Vilson obtained an initial value of K = «005 for a CdS crystal
produced by Zagle Picher Co, He observed that the magnitude of the
electro-mechanical coupling coefficient increased when the CdSs

was annealed and was able to correlate the increase in K with a
reduction in the number of etch pits observed for a given area on the
[0001] face. The etch pits were thought to indicate a localised

reversal of the 'C' axis., Although a similar annealing procedure

was not carried out on the Cd3 crystal used in the present research
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it seems probable that it contained a similar number of the crystal
defects observed by Vilson,

In section 2.3 the value of y giving maximum attenuation
and amplification was derived using the White theory. It was

shown that:

w w
&
¥ == ey * 5 )

For operation at 15 !z we have the condition:

w CIJD
so that
Yy = i .a—,(.:.
w
In fig.63 the experimental curve has reached a peak when = = l.2e

For this curve ¥ = 1 (no applied voltage)e There is reasonable
agreement between exneriment and White's theory for the variation
of no-voltage attenuation vith crystal conductivity.

Fig,102 shows the experimentally observed attenuation =

w
field curve for operation at 45 1Mz such that -5:,20. The

electron mobility was deternined from the cross-over ficld and used
to calculate Wpby the formula given in section 6,1, Attenuztion-

w
field curves calculated for three values of —= for operation at

W
45 MHz using White's theory are shown on fig.102, A value of
.0105 vas used for X% .  The values of maximum attenustion and

amplification predicted by White's theory were greater thsn

experimentally observeds Also the fields required cxperimentally



W Sy IV 01313 13lgg ~ NOILNNNI3LIV JINOSYYL N “TOol D)3

- 07~

e ol

(M2 A) @314 Fd3a3
- . (o]
(F7 I35 335) ote= 2 ; ! _
[t} . ' )
AJO03HL SNOINIDTHSHN) ¢ g | ' a———
e LRSI T _,_._ I (37)
b L0 T S L ; NOTLVNNIL LV
mw.uﬂm A¥03H L ALIHM &4 o | . i ! !
TR EE AT v g Ol
_ire . TR E DR o (s i
or. =2 XYOIL ILWM:EL SO TN
2 3 i R
€SI = XYOIL TWRR: T THE T | J_..m_
..... v FHETERE
0p- =55 WANIWYIGNI TIANS T AT - =07+
M I M
W HLOT HIONIT VASAYD hE b gairl f S
PEEad a8 EEr o bk




Lod L

38

i
b =
T v s
A
i T
30 e
t
1
1
11
' =1
o
= o
s T
1 =1

26 :

48)

N

) 8 . S
1 1 i 1
s o T T
ry -
‘B - 1 g et T aan g $Pe
=11 = p i Pt 2 B
Y (ot -, 4
- - Sl
A -
-l
ph-tat-g g S
T 5 = = 1 v e e
. + : - . N

4

‘]

MAXIMUM  AMPLIFICATION

e st v
1 I I —t—t-
- — - =4 e e - aoaa
o
T — —Frir-—A 1~ DY Deveertim ernad Pooa] Sebes Peitl fore Shurans et e mh ] S Sawnd Dot eethd | s
1 — o bors oo s i3 i 1 By e s T By B34 e bt
=+ i - P i e b v Bttt ot [ S, WY poews)
I - Jr p [ —
+ -+- ?— e
1 i By
10 o i
e — - —
H 12 T
L Y g s rardre —
¥
L T
iadd L <
el TL T e
L < re
v —
T T .
’Elx - = 3 )
i
3+
b o i T — i O -
+ 4 I . il il i
T : P e o 9 i y——— 11
6 2 1= "

‘10
ULTRASONIC _FREQUENCY (MHy)

CRYSTAL LENGTH : 074 Cm.

EXPER\MENTAL. RESISTIVITY(Ai-¢n).  “THEoORETICAL.
e 105 = 10¥ -——a--] .
——— *4o » lo+ A k-sroeq
—— 2\ = ot ——o--

FIG.103. MAXIMUM AMPLIFICATION v. ULTRASONIC FREQUENCLY,




129,

for maximum attenuation and amplification were smaller and

larger respectively than predicted by Whites! theory. Earlier

in this section it was shown that the trapping effects were small
for operation at 45 MHz i.e. the effects of trapping produced only
a small asymmetry in the attenuation-field curve. As shown in

fige 7 for the case of high conductivity the trapping effects cause
only a very small change to the fields required for maximum
attenuation and amplification even when the asymmetry is nmuch
larger than that of the experimental curve of fig, 102, It is
believed that the deviation of the experimentally determined curve
from that expected from theoretical considerations was at least
partially due to the presence of regions of high resistivity in the
CdS near the electrical contact areas. The experimental investigation
of these regions is discussed in section 6.4, A theoretical curve
is shown on fige. 102 in which the presence of the high resistivity
regions has been allowed for. This curve is somewhat closer to the
experimentally determined curve than the curves given by Vhite's
theory assuming a homogeneous crystal,

Figse 52 - 54 and 58 - 62, which show the experimentally
observed values of amplification achieved for ultrasonics having
frequencies between 15 and 345 MHz, were used to produce fig. 103
in which the maximum amplification achieved at each frequency for
a given crystal resistivity is plotted against frequency. The
experimental curves had maximum values of amplification at the

following frequencies:
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Crystal Resistivity Frequency for nnx, amnlifiention
(ohm=-cm) (1a12)
1,05 x 104 103 =3
1,40 x 104 129 &5
2,11 x 104 mwo L5

White's theory predicts that the value of the clectron drift
parameter Y needed for maximum amplification is given by the following

equation:

e

-y = (-O.-lg+ ) 00000.000000602

J1 ®

Substituting this value of 9 into the Vhite equation for
the attenuation coefficient yields the following eruation for the

maximun amplification coefficient (% min):

K2
amin=m 1+m‘d2 t.o-..co-.603
w W

¢ D

This equation was used to calculate the three theoretical
curves on fig.103, Values of .009 for K® and 7.1 x 10° sec, ! forch
were used in the calculations. The theoretical curves correspond
to greater anplification than observed experimentally, but there
was considerable agrecment between theory and experiment in the values
of frequency corresponding to maximum amplification. By differentiating
equation 6.3 with respect to frequency and setting the resultant

expression equal to zZero the following equation giving the frequency
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for maximum amplification ( a’max) is obtained:

T o

max = wccuD

Using the experimental values of aé and CL’D the following

w
values of (  max) were obtained using the formula above:
w

Crystal resistivity max
(ohm=cmJ) iHz)
1.05 x 10% 104
1.40 x 10 127
2,11 x 10% 147

It can be seen that these values correspond well with
tho;e obtained experimentally, fig. 103, Fig. 104 shows the values
of electric field that were nceded to obtain maximum amplification
at various frequencies. TFig. 105 shows theoretical curves, calculated
using equation 6.2., of the field needed for maximum amplification.
The experimental curve shows a minimum at the frequency corresponding
to maximum amplification, as does the theoretical curves., The
experimentally observed fields for ( % min) are larger than expected
from White's theory and in particular the fields required for ( % min)
for frequencies greater than ( ¥ max) are considerably in excess
of theoretical predictions. The experimental curve plotted on
fige. 104 corresponded to a crystal resistivity of 1.05 x 104'ohm-cm.
Figse 52 - 54 and 58 - 62 show that the curves of field necessary
for maximum amplification versus frequency for resistivities of
1.40 and 2011 x 10 * ohm-cm. were almost identical to that
obtained for a resistivity of 1,05 x 10* ohnme=cnm. Although it
is considered that the presence of high resistivity regions at

either end of the CdS caused the value of field required for

( % min) to be greater than expected from White's theory for a
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uniform crystal it has not been possible to explain the variation
of field for(“ min) with frequency.

To summarise the findings of this section it has been
shown that the crystal used had an electro-mechanical caupling coefficient
about 30% of that reported by Jaffe et al > but comparable to the
pre~annealing result of Wilson 63. The extent of trapping, as
characterised by asymnetry in the attenuation-ficld curves, was not
large even at the lowest frequency used, Whilst many features of
the attenuation-field and no-voltage attenuation-conductivity
curves were shown to be in agrecement with White's theory there were
several observations which could not be satisfactorily explained.

6.3. Acousto-electric voltares

Fig. 65 shows the measured acousto-electric ?olltage Vae
to be proportional to the input acoustic power for a given value
of no-voltage attenuation, For convenience both vae and the input
acoustic power are given in logarithmic form. The \leinreich
relationship derived in section 2,2, is given below:

Eae = 20QT
nquB

Ege is the acousto-electric field produced across an element of
the crystal having an acoustic attenuation coefficient o and en
acoustic intensity I . E'ae is the acousto-electric voltage

produced across the whole crystal,

= '
e k1 Elae
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k, is a constant which is determined by the time duration of the

acoustic pulse.

Blae = & vae

k2 is a constant,
As shown on fig.66 E'ae is the eacousto-electric voltage developed

across the crystal and vae is the value presented to the oscilloscope

by the resistance network, For constant values of a and n, we have

vae = kal k3 is a constant

lo% vae = lo%ks + 1c>g10 1 g

Hence the Vleinreich equation,is consistent in fom with
the observed relationship between the input acoustic power and the
measured acousto-electric voltage for a siven no-voltage attenuation.

Fig,67 was obtained from fig. 65 by reading off values of
vae for different values of no-voltege attenuation for given values
of input acoustic power. The graph shows V;e to be proportional
to o for small values of a and gradually becoming less sensitive
to changes in @« This behaviour can be explained by considering
the equivalent circuit for the generation of accusto-electric

voltages, given below:
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The CdS crystal in which the acourto-clectric voltage
was generated was represented by a battery of e.n.f. E'ao and a
series resistance R which was equal to the recistance of the CdS.
The voltage Vae was measured across a resistance r, Vle have
the relationship
r

V&e= mE'ae-ooooooooooGOS

The two cases of interest are r<<R and »> R.
Case 1 1 <<R

we have V
ae

ae

"
o] ke |

k4 E'ae o- *® & & & & ® B o ° @ 6.6.

1 is proportion to o

R

. o~ = crystal conductivity
k4 is a constant

The Veinreich relationship is:

E = 2IT
ae e
DR Vg
- 1
Ky B'ee

= ]
hence ¢ I l;' E e noqv

8
2

= k:s E'neU' (o= naqH )
k s is a constant

Using eqn. 6.6, we have:

0 X= ks Vae 'k6 is a constant
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Hence for constant power the mecasured acousto-clectric
voltage should be proportional to the attenuation, provided r<<R.

Case 2. Irs>>R

We have Vae =E'. using eqn. 6.5,

andal = K,E'aeo' k_’ is a constant

Equation 6.1.(section 6.2,) shows that \thite's theory predicts the
no-voltage attenuation to be proportional to conductivity and fig.64
show this relationship to be valid experimentally for attenuations
up to about 11 db at 45 Mhz

Hence I = k’g Vae
k-a is a constant

The measured acousto-electr:i.c voltage should be
independent of the attenuation provided r>>R.

The acousto-clectric voltages shown on fig.67 were
measured- across about 100k 2 , fig.66 For o = 1.0 the crystal
resistance was 450 k1, whilst for = 14 the crystal resistance
was 30 k1 « Thus for a < 3 db we have r ¢ R and Vee 18
proportional to ¢ . Fora > 5db r>R and Vae becomes decreasingly
sensitive to changes in g« Thus the observed acourcto-electric
voltage behaves in the manner expected from theoretical considerations.

The variation of Vae with ¢ was further investigated
in two scts of experiments in which the value of rwas 1 M N
and 4.3 kN . Fig.68 shows the variation of Voe With input

acoustic power in the two cases. Fig,69 shows the variation
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of Vae with ¢ for a given input power. /4ith r having a volue

of 4.3 k .V, "as proportional to o as expected, Forg = 17.8ab,
R=21kN. \ith r having a value of 1 M.ﬂ.,vﬂe was observed to
be nearly independent of @ . Thus the variation of VM vwith o
for a given acoustic power depends on the value of the measuring
resistor compared to the crystal resistance.

The development of the acousto-electric voltoge in a
CdS crystal shows directly the strong coupling between acoustic
waves and electrons. The phenomena was utilised in the investigation
of ultrasonic attenuation and amplification to compare the acouctic
power entering the crystal for opcration at different frequencies.
It was also used in the insertion loss technique measurement of
input power for determining the extent of asymmetry in the acoustic
anplifier and transformers,

A measuring resistor of 4,31 was used whilst Vae was
measured as a function of input acoustic power and attenuation for
operation at 15, 45 and 75 MHz, The results, shown on figs. 70
and 71, have been used to prepare fig. 72 which shows vne azainst o
for a given setting of the input attenuator, The values of ¢
were chosen to be 8.5 db or less and for this condition the constant
of proportionality between a and 0~ is sensibly constant for the
three frequencies used. For a given value of  and 0" the

Weinreich equation reduces to:

V =k I k is a constant,
ae 9 9

From fig, 72 the values of Vae for o = 6db are:
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FREQUENCY Vﬁe Ratio of Vne
MHz compared to 45 MHz
case
15 0030 5.2
45 00058 1.0
75 .0108 1.86

The Matec r.f. generator used in these experiments
had separate oscillator coils for each of the three frequencies
used above and it was not surprising that its output varied for
_each frequency used. The acousto-electric comparison of input
pover was used in conjunction with the insertion loss determination

of input acoustic power at 45 MHz to estimate the input power level
for operation at 15 and 75 MHz,

6.4, Voltare pulse phasing

As shown on fig. 74 the voltage pulse had a risetice of
about 0.314 S and & fall time of about 54 S. \When a voltage pulce
having an 8.51S flat top was applied to the CdS 22u S before the
ultrasonic signal reached the output transducer then the voltage
pulse had decayed from its peak value for over 51 S before the
ultrasonics entered the CdS. The ultrasonic propagation time for
one buffer and the CdS was 8.154S. 1In fig. 77 the detected
signal height for an 8.5 5 voltase pulse applicd 22 [ S before the
ultrasonics were detected corresponded to ultrasonic propagation

through the CdS with no-applied voltage. The same voltage pulce
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applied 18 u S before signal detection provided a ficld thst

averaged less than the pseudo cross-over ficld (cee below) during the
ultrasonic propagation through the CdS, Accordingly the detected
signal was smaller than in the previous case., The pseudo crosc-
over fiecld is defined in this work as that field on the attenuation-
field curve which corresponds to an attenuation equal to that for

no applied field. \When the voltage pulse was anplied 16.6 45 before
signal detection the average field applicd to the CdS during
ultrasonic propagation through it corresponded to the pseudo cross=-
over field. In this case the level of ultrasconics trancnitted
through the CdS corresponded to the case of no applied voltage that
vas achicved by applying the voltage pulse 221 S before signal
reception. For smaller time intervals (T) between the application
of the voltage pulse and the detection of an ultrasonic signal the
average field during ultrasonic propagation exceeded the crosc-over
fields. Vhen T was 12uS the field was at its full value during

the propagation of ultrasonics through the crystal. The diffcrence
between the signal heights corresponding to T = 22 ond T = 12 uS was

w
16,5 db, For this experiment-a?= 18. Fig, 53 chows that the

E1E

difference in attenuation for the -~ = ;20 case for zero applied

field and 1200V cm. ! was 19.5 db,

For voltage pulses that were of shorter duration than
the time of acoustic propagation in the CdS the emplification
obtained was not as large as in the previous case e.g. fig. 77.

If the CdS crystal was markedly inhomogeneous in its

amplification properties and for example one half cmplified more
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strongly than the other half then the position of maximum
amplification achieved with short voltage pulses would be

different from that obtained if the crystal was homogeneous,

Very short and well defined voltage pulses would have to be used if
this method of assessing the degree of crystal inhomogencity was

to be sensitive to localised variation in amplification properties.
Fig. 77 shows that the 2,0 uS voltage pulse had to be applied 7185
before signal detection to achieve maximum amplification. Hence
the voltage pulse was applied while the pulse of ultrasonics
traversed the middle region of the CdS. For a uniform crystal

the maximum amplification achieved by a short drift field pulse of a
given length would be expected when the pulse was applied at this
time. Thus the voltage phasing experiment, the results of which
are shown in fig. 77, was not sensitive enough to provide information
about the degree of crystal inhomogeneity.

As described in section 5.5.3 a variation of the above

experiment was devised in order to establish the degree of
homogeneity of the CdS crystal, By varying the time of application
of an 8.0 uS voltage pulse with respect to the entry of the pulse
of ultrasonics into the CdS an interesting series of curves were
obtainéd, fig.78, The ultrasonic pulse length used was 0.5 uS.
For a field of 400 V cms ! the curve representing signal height
versus time of pulse application rose in height from one level
to another without any '"overshoot", The curve for 600 v cm, 1
initially dipped down before climbing to a higher level then

falling back to a plateau. For fields near the pseudo cross=
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over field the curves showed the largest'overchoot", For a
field of 1400 v cm™!the curve was rather 1like a mirror image of
the 400 v cm~' case, It was established experinentally that
identical curves were obtained if the ultraconics were propagated
in the reverse direction and the polarity of the voltaze pulse weos
reversed. Using negative voltages the curves obtained did not
have any overshoot., The term negative voltages refers to
voltages which cause the electrons to flow in the opposife direction
from that of the acoustic wave., Such voltazes produce attenuation-
field curves of the type shown in figs, 55 = 57, Thé uce of
positive voltages produces electron drift in the direction of the
acoustic wave and can lead to acoustic amplification, e.g. figs.
52-54, The attenuation produced by negative voltages asymptotically
aﬁproaches the dark propagation level for large voltages, whereas
for positive voltages the asymptotic approach to the dark level
is preceded by regions of enhanced attenuation and amplification.

It was thought that crystal inhomogceneity was responsible
for the observed effects. If large electric field varistions
were present in the CAS then for rositive applied voltages the
acoustic wave would be attenuated at markedly different rates in
different regions. For negative applied voltages the variation
in the attenuation of different regions would be less marked, for
a given field variation, and no rerion could amplify the acoustic
wave, To experimentally test the possibility that the observed
effects, fig. 78,were caused by crystal inhomogeneity, neutral

density filters, that transmitted 50" of incident light, were
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placed over a 1,5 m.m, distance at either end of the CdS and
the crystal was illuminated as before, The curve obtained
(curve 7 f£ig.78) showved a double overshoot at one ends Thio
indicated that it was the end regions of the CdS that were
largely responsible for the observed effects,

If a drift field equal to the pseudo cross-over ficld is
applied to a homogeneous CdS crystal then the effect on ultraconic
propagation of phasing the voltage pulse with respect to the entry
of the ultrasonics into the CdS is zero for a voltage pulse with
extremely rapid rise and fall times, curve 1 fig, 106, Curve 2,
fig. 106, shows that for a voltage pulse having a rise time of ,35uS
the phasing produces a change of only 0.2 db, again for a homogencous
crystale, This figure was obtained by assuming a value of?é’: .18,
for operation at 45 HHz, and using the experimentally determined
curve of attenuation-field to find the average value of attenustion
whilst the field was rising to the pseudo cross-over value. It
was convenient for calculation purposes to assume that the acoustic
pulse length was short compared to the rise time, Thus the
ultrasonic pulse was in the CdS for 4,2uS, as shown in curve 1.

A longer ultrasonic pulse is partially in the CdS for a total time
given by the transit time plus the pulse time duration. In this
case the effects of voltage phasing are apparent for a period
somewhat in excess of the transit time and the effect on the
acoustic propagation of a localised region which is different

from the bulk of the crystal is not quite as marked as for a very

short pulse. The assumption of short acoustic pulses was not only
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convenient for calculition purposes but showed the maximum effect
that inhomogeneity could cause to acoustic propagation, For
curve 3 it was assumed that at each end of the CdS there existed
a region 0.06 cm. long having a resistivity twice that of the
rest of the crystal (during the rise time period of 0.3514 S the
ultrasonics moved .060 cm). A voltage was assuded that would
produce a field of 800 V cm.~ across a uniform crystal,

The steps necessary to obtain curve 3 are now briefly
outlined,

A field of 800 V cm, ' would be produced by a voltage
of 600 V applied to a uniform crystal of 0.74 cm, length. For
the end regions, which have a resistivity twice that of the rest
of the crystal, the application of this voltage produces a field of

1380 V cms ! whilst for the rest of the crystal the field is 690 V cm.~!

w
The bulk of the crystal is assumed to have E;p= .18, The field

in the end regions was calculated at time intervals of ,05uS and
the appropriate attenuation was read from the experimental
attenuation- field curve and averaged for the 0,351 S rise tinme
periods This procedure was repeated for the middle region of the
crystals The attenuation produced in each region for the
application of the full field and for no applied voltage was also
taken from the experimental curves.

The éxperimentally deternined curves of attenuation-
field used to obtain data for the calculation of voltare phasing

effects were themselves affected by the crystal non-uniformity,

As referred to later in this section very similar results are
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obtained for the calculation of voltage phasing effects using
White theory attenuation-field curves, Thug for convenience
the experimentally determined curves have been used 25 a working
basis.

Fig.107 shows the position of the acoustic pulse with
respect to the time of application of the voltage pulse, In
fig.107b for example the short acoustic pulce was in the silica
when the voltage pulse was applied and it just reached the CdS-
silica interface when the voltage pulse reached a maximum, The
right hand column of figures shows the acoustic attenuation for
each phasing condition, and they are plotted on fig. 106, For
convenience in presenting several curves on fig.106 the attenuation
scale has not been used to show the actual attenuation in each case
but only the change from the starting condition. It is seen
that curve 3 on fig., 106 is very similar to the experimentally
observed curves, Curve 4, fig, 106, was obtained for a similar
case to that of curve 3, namely 600 V applied and the middle region

w
c
having 7; = +18, but low resistivity ends were used. The ends

w
used were ,06 cm. long Withg, = ,36 i.e, half the resistivity of
the middle region, For this case it can be seen that the
tovershoots" are in the opposite direction from those experimentally
observed and those obtained by calculation using high resistivity
ends.

To obtain curve 5 the CdS resistivity pattern was as

the diagram below @



Shaded areas hmre—:; = ,09

Besides the high resistivity ends a high resistivity
region was inserted in the middle of the Cd5. Ags chown on
curve 5 the presence of the central high resistivity region couses
a considerable dip in the theoretical curve. A voltege of 700 V
was used to calculate curve 5,

Fig. 108 shows the theoretical curves for a given CdS
resistivity configuration and a range of nominal applied fields.
For example when a field of 400 v cm, 'is quoted it refers to the
field that would be produced if the CdS were uniform. For fig.108

w :
—&,g=.18 in the middle region of the CdS and there are hich resistence

ends: .06 cm, long such that'zc= «09. The theoretical curves

exhibit the behaviour pattern observed experimentally, fis.78 .

Curve 11, fig, 108, shows the result for a CdS crystal with resistivities
as for the other curves on fig.108 but having high resistivity ends

of .2 cm.lengths This case was chosen to simulate the effect of

placing filters at either end of the CdS, fig.?8. The theoretical

curve, like the experimental curve, showed a double overshoot at

one end only.
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The voltage phasing experiment thus yielded curves
which were explained on the basis of a short length of high
resistivity material in the acoustic path near the ends of the
CdS. The high resistivity regions were believed to result from
the effects on light absorption produced by diffusion of contact
material into the bulk of the CdS. As shown in fig.26 light of
wavelength 58001 is more strongly absorbed in indium rich CdS.
Fig. 26 was produced by obtaining first the absorption curve of a
0.11 cm, thick plate of high purity CdS. 1Indium was evaporated
onto one side of the CdS and the crystal was maintained at 250°C
for 1 hour in a nitrogen atmosphere whilet the indium diffused into
the CdS, The excess indium was polished off the surface and the
absorption curve retaken. The absorption coefficients for the
untreated and treated CdS were 2,9 and 6.2 cm,”!respectively for
a wavelength of 5800?. Fig.,28 shows the variation of illumination
intensity inside the CdS for the two absorption coefficients,
Fig.109 shows that beam 1 traverses .15 cm., of normal CdS followed
by 2 cm. of indium doped CdS before traversing the acoustic beam
region of «3 cm, of indium doped CdS, The averane light intensity
over the acoustic area is about 10 of that when the beam had just
entered the CdS, For beam 2 the traverse to and across the
acoustic beam region is entirely in normal CdS, The average light
intensity over the acoustic area is about 26¢) of that when the bean
just entered the CdS.

Szeto and Somorjai 108 have shown that the dominent

mechanism by which light of wavelength longer than that corresponding
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to the band gap of Cd5 is absorbed is the excitation of elcctrons
from the valence band to traps, from which the electrons Jump to
_the conduction band by thermal means,

For beam 1 the intensity falls from 19.5 to 3.0% of Io
during the traverse of the acoustic beam i.e, energy representing
16.5% of Io was used for production of conduction elcetrons in
this region. For beam 2 the beam intensity fell from 365 to 16¢ ,
a fall of 20%. Thus the local density of photo=-electrons in the
acoustic beam region is somewvhat greater in the bulk of the CdS
than in the region ncar the contacts, The CAdS amplifier was
maintained at 125°c for 24 hours during the indium bonding procese.
It is quite pocsible that the CdS specimen doped with indium for
1 hour at 250°C did not have such a high indium concentration as
that in the end regions of the CdS amplifier., If this were so then
the variation in density of photo-electrons in the two regions of
the CdS amplifier would be 1arger;

The diffusion of indium into the end recions of the CdS
amplifier would be expected to be approximately exponential, For
convenience in calculating the theoretical curves it was considered
that the regions were localised and sgharrly defined.

The reason why the voltage phasing experiment using
fast rise time pulse could easily detect a region of about §% m.m.
long having a resistivity twice that of the rest of the crystal
can be seen by consilering fig. 107. For the situation represented
by fig.lO07b the end rezion had a field of 1380 V t:t:l...m1 anplied

and the acoustic pulse was amplified 0.8 db during its transit ecross’
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the region. For fig.107c the voltage pulce was rising to ita
maximun value as the short acoustic pulse propagated across the
end region. The acoustic pulse was attenuated 0.2 db during
this transit of the high resistivity region, For fip,107d

the acoustic pulse propagated throuszh the end region with no
voltage applied and suffered an attenuation of 0.4 db, Thus by
moving the voltage pulse by 0.7uS with respect to the acoustic
pulse the propagation level through the CdS altered by about 1 db.
The general agreement of theory with experiment supports the
explanation given, that the observed effects were due to high
resistivity ends that amplified when the voltage applied to the
crystal did not cause amplification in the bulk of the crystal,
The investigation of homogeneity of CdS crystal by Robertson ond
Ash (& using an amplitude modulated light beam showed many crystals
to have high resistivity end regions. However the electron
mobility in these regions appeared to be almost a mirror image of
the resistivity i.e. the resistivity increased as much as the
mobility decreased. Under these conditions the end regions would
be much less likely to produce that supersonic electron drift and
consequently amplification which the present results strongly
suggest. Comparison of the experimental variation of attenuation
produced by voltage phasing with the megnitude expected from the
resistivity profiles adopted in the theoretical model shows that
at least the values of amplification calculated for the end regions
are needed. The relative resistivities of end region to central

region in the model were of the same order as those given by
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Robertson and Ash. However if their spparent decreace in mobility

were present this would very much diminish the chance of amplification

in the end regions.

Robertson and Ash formulated their equations for
resistivity variation under the assumption that there was no
variation in current density in the plane normal to the direction
of current flow. Fig. 28 shows that even with weakly abrorbed -
light there is a considerable varigtion in the density of primary
photo-electrons throﬁghout the thickness of the crystal, Robertcon
and Ash used CdS crystals having electrical contact regions extending
completely over the end faces of the crystal., The variation in
current density in the plane normal to the direction of current flow
must have been considerable under these conditions. They obtained
the resistivity variation by measuring the a.c, combonent of current

- —produced by the modulated light beam incident on various cross-sections
of the CdS. It is considered that the geometry of the emplifier
used (in particular the electrical contacts extending across the eﬁd
faces) meant that the current modulation measured did not relate
particularly to the region of the cross-section traversed by the
acoustic beam but to the cross-section of the whole crystal, As
such the resistivity variation obtained cannot be stated to be
characteristic of the region of acoustic tranemission. In contrast
the voltage phasing experiment monitored the level of acoustic
propagation produced by phasing the drift field voltage pulse and
the variation of attenuation of different resions of the CdS was

obtained for the acoustic beam region exclusively, Accordingly the
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alternating optical probe measurement of resistivity would not be
expected to record expressly the high resistivity regions of the
acoustic beam produced by the effects on light absorption of indium
diffusion. However the measured variation of the a.c. component of
acoustic propagation would have been expected to reveal any such
regions. The heat treatment given to the CdS in the present research
was more prolonged tpan that used by Robertson and Ash and the extent
of indium diffusion in their crystals would be expected to be smaller
than that in the present research. D.J. Larner (private communication)
has used an acousto-electric technique to confirm the existence of

high resistance ends in a piece of CdS given a similar heat treatment
to that used in the present research. The acousto-electric voltage
produced by a pulse of ultrasonics of short duration comparcd to the
acoustic transit time was observed to change sign when the field was
increased so as to produce acoustic amplification instead of attenuation.
For a field corresponding to the small signal cross-over case the

acousto-electric voltage appeared a&s below,

+
ACousTo -

ELECTRIC o /\ » TIME

——p—————, I
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VOLTAGE, \/ Y t, =TRANSIT TME

The pulse of ultrasonics was eamplified whilst traversing the

end regions of the crystal and attenuated during passage through
the central portion of the CdS., This behaviour was as observed

in the voltage phasing experiment,
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The experimentally determined curves of attcnuation-
field were used in this section to calculate the expected results
of voltage phasing experiments, The theoretical curves for
voltage phasing showed the same pattern of behaviour as observed
experimentally. Very similar results have been obtained when the
WWhite equation for the attenuation coefficient was used in conjunction
with exponential variations of resistivity at each end of the crystal,
Cotterhill 109.

The effect of high resistivity ends on the determination

of the electro-mechanical coupling coefficient was investipated

using the White equation for ¢ and a resistivity profile as telow:
74 en.

~— END_REGIONS OF
RESISTWITY i_sfg_

Ny
-
NI

1| cn, e o len f—

The variation of acoustic attenuation for no applied
field with conductivity was calculated for a uniform CdS crystal
having K? = ,0105 for operation at 45 MHz. The results are
plotted on fig.110. The attenuation for no applied voltage as
a function of apparent resistivity was calculated using the
resistivity profile above, If the measured resistance of the
uniform crystal was such thatz-g—f = ,2 then when the non;)uniform

crystal had the same resistance the middle portion hadac =,229
w

and the ends had £= «153. The results, shown on fig.110,

indicate that if the electro-mechanical coupling coefficient was
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determined by measuring the slope of the curves at the origin then
the sandwich structure would yield a value for K2 only come X%

different from the value for the uniform crystal.

Fig.102 shows the experimentally obtained curve of
attenustion-field for% =,2 at 45 llHz, Also shown ure three curves
calculated using White's theory and assuming a uniform crystal.

If a resistivity profile the same as the case above was ansumed

then the theoretical attenuation-field curve was considerably
different from that for a uniform crystal. The positions of the
maximum attenuation and amplification regions moved ncarer to the
experimentally obtained curve both in the magnitude of the attenuation
and the field required. The situation would still be the same if

a slightly lower value of cross-over field had been chosen for the
White theory curves such that the attenuation-field curve for the
sandwich structure had the same cross-over field as experimentally

observed,

6.5, Large amplitude ultrasonics

Fig.80 shows that the propagation of ultrasonics in
cdS maintained in the dark, was independent of the acoustic
amplitude for the range of acoustic powers available from the
Matec r.f. pulse generator at 45 MHiz. The graph was obtained by
direct measurement of the input and output voltoges of the acoustic
amplifier, The results have been expressed on a decibel scale,
With the CdS in the dark the crystal recistivity was greater than
5 x 10° ohm-cm, Under this condition the propagation of ultrasonics

was not observed to change at all for applied fields up to =2000 V cm.™ !
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Thus with the crystal in the dark the electro-rcoustic interaction
was very small and the CAS behaved as a pascive material., Vhen
the input attenuator was correctly matched to the input transducer
the maximum acoustic intensity entering the CdS was 1,15 VW cm,"2
for operation at 45 MHz, The maximum strain produced was 3 x 10™8
Thus the maximum strain was smsll cnough to ensure that a linear
relationship existed between applied stress and the resultant strain.
For the measurement of input-output characteristics
shown on figs. 81 = 92 both attenuators were matched to their
respective transducers. The input attenuator was used to regulate
the input acoustic power level to the CdS and the output attenuator
was adjusted so as to maintain a constant receiver output level,
One of the most remarkable features of the input-output
characteristics was the saturation of gain that was observed for
large acoustic inputs, fig.90. For the dark condition the
attenuators were set at 4330 db, For convenience the nomenclature
used is to quote the setting of the input attenuator followed by
the output attenuator setting, both figures being decibels, \Viith
%- = ,2 and a field of 1400 V cm,~'the attenuator settings were
57:0 for the standard receiver output i.e. an acoustic gain of
14 db, With 15 db in the input attenuator the output saturated.
The attenuator settings at this pdrt were 15:34,5, For the dark
condition curve the appropriate settings were 15:26.5 i.e. the scoustic
gain had fallen to 8 db. With the input attenuator set at 8 db
the net effect on acoustic propagation in the CéS was neither

amplification or attenuation compared to the dark level propagation.
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For a smaller setting of the input attenuntor the
acoustic wave was attenuated during propagation in the CdS, For
attenutor settings less than 4 db there was an ineresse in the level
of acoustic output and the attenuation remained censtant at 4 db.
fthis break‘away frqm a saturated condition hos not been reported
in the literature. The saturation plateau has been reported by

Ishiguro et al 14, Hanlon 10 and Hickernel et al 2l

e« 1Itin
generally accepted that the saturation occurs when the acountic
power level is such that the limit of concentration of bunched
electrons is reached i.e. the electron density involved in bunching,
n_ is equal to the average elcctron density in the conduction
band n,e

For curve 3 ,fig.9Qq the saturation started vhen the
attenuator settings were 15:34.5 and the acoustic gain was 8 db,

Thus the acoustic intensity in the crystal just before the pulse

jeft the CdS was 7 db down on the standard figure of 1,15 1 cm2

The equation for n_ given by the Uhite theory is given

below:

B e -
Ngo = qvge ¥+ (5 +
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n, was calculated from the conductivity equation:

The following values were used to calculate n., and

1102
B, = 1.30 x 10°°
e = 0.22 coulonbs M;?
¢ = 1le6 x 10°'? coulombs
vg = 1.75 x 10°® M.sec™!
€ = 9.0x 10 F?
w = 295 x 10°%° secT?!
wy = Telx 10° sec:!
0 = Le75 x 107°% ohm~' M3!
y = =033

For this example n_ = 1,82 x 1012 cm~3 compared to n, = 1.7 x 10 203
Table 12 gives the calculatedl values of nm corresponding to the
onset of gain saturation, The agreement between nso and n, is
regarded as satisfactory considering the possible error in the acoustic

power measurement, as described in section 4.3.4,



TABIIE 12 ®

Input-output characteristics at 45 Wiz

Wg FILLD n_ n,, FCR
W CISFT OF
Vv cns ! (x 10'%en; ) %AEU13?’I§S.'“)
2 1600 1.7 1.5
" 1400 " 1.82 . i
" 1200 " 1.7 i
3 1600 2.5 2.6
" 1400 LU 2.3
" 1200 i 2.2 }
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W
c
The case of == .2 with a field of 1koOo V ems?, ig.90,

is now considered in more detail and a possible exnlecnation of
the behaviour is put forvard, With 15 db in the inzut attenustor
the acoustic signal was amplified 8db during propogation throupgh
the CdS. The n_ = n_condition was achicved only at the output
end of the CdS, The acoustic signal was amplificd by the
interaction with the drifting electrons vhilst at the cane time it
lost energy due to the generation of hamonics, the net omnlification
being 8 db. With 4 db in the input attenustor the CdS was in an
attenuating state such that the input acoustic intensity was 0,46 W efi2
and the output acoustic intensity was 0,205 V! ca.” 2

The output acoustic intensity corresponded to the nco = n
condition whilst at the input end the electron density in the
conductioﬁ tand also limited the density of bunched elcetrons such
that n50.= n e Under these conditicns the drifting electrens were
unable to amplify the acoustic wave., lLosses incurred by the generation
of harmonics produced an attenuation of 4 db. For larger acoustic
inputs to the CdS the input-output characteristic becaze parallel
to the dark condition curve, The attenuation resulting from the
generation of hammonics remained constant at 4 db whilct the setting
of the input attenuator was altered from 4 db to O db, Thism
behaviour suggested that the amplitude of the harmonics gencrated
increased proportionally to the emplitude of the input signal for
input attenuator settings of less than 4 db. Later experinments,
e.g. £ig.97, confirmed this hypothesis and are discusced later,

The curve corresponding to the small signal cross-over
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field, fig.90, did not exhibit gain saturation. For sottings of
the input attenuator between 43 and 20 db the input-output
characteristic was within 1 db of that corresponding to the dark
condition, Thus under this illumination condition and this range
of input acoustic powers the applied field maintained the attenuation
at the level characteristic of the dark level propagation., Smaller
values of input attenuation produced an increase in the acoustic
attenuation due to the generation of harmonics, Settings of the
input attenuator below 5 db produced a constant acoustic attenuation
of 8 db, lhen the characteristic became parallel to the dark
condition curve the value of n_, was 1.8 x 10® en"3at the output
end of the CdS, Thus for the case of small signal cross-over
field the input-output characteristic became parallel to the dark
condition curve when the CdS was in an attenuating state and the
bunching limitation was produced at the output end of the CdS.
The breek-away from gain saturation previously discussed occurred
under similar conditions.,

For operation at 45 MHz the input-output characteristics
obtained for illumination conditions such that;g;= 0,1 and ,05 did
not show marked gain saturation mainly because the amplification
available was small. In all cases the input-output characteristic
becane parallel to the dark curve when the condition nso=n° was
attained at the output end of the CdS. Table 13 gives the

calculated values of B, for the onset of this parallel condition.



Input-output characteristics at 45 lilz

TABLE 13

Field

nso for onect

EEE o
w . of parallel
condition,
V ens ! x 10" em?3 x 10" cml®
.2 1050 C.0. 17 18
| 1600 8.8 7.8
.. 1400 n 9.1
" 1200 " 9.k
n 1070 C.0O. i 7.7
.05 1600 R 5.1
n 1400 " ko3
. 1130 C.O. " 5.8
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It was observed that the extent of non-linecarity in
the input-output characteristics was less marked at 15 MNiz than
45 MHz the probable explanation being that the acoustic ecrmlification
available at 15 MHz was less than at 45 liHz (see for cxomple fig.88).
Fig.87 shows typical input-output characteristics obtained
for operation at 15 MHz for cross-over and amplifying fields. For

this case n_ = 1.7 % loucm.'?’. For curve 1 it was calculated

that n_ = 2.0 x 10”2 cm':a at the output end of the CAS when it
became parallel to the dark curve, For curve 2 the corresponding
figure was 1.8 x 10'% em®
The generation of the second harmonic of a fundamental
acoustic wave propagating in CdS has been rerorted by ceveral
workers, as referred to in section 1.2.3, 1In these experinents
the input transducer was operated at its fundaomental frequency
and the output transducer, which was chosen to have a fundamental
frequency of twice that of the input transducer, detected the
second harn;onic which was produced by the non-linearity of the
electro-acoustic interaction. In the present research toth transducers
had a fundamental frequency of 15 MHZ and the third and fifth
harnonics were monitored rather than the second. The advantage of
this approach was that an experiment was carried out with generation
and detection at a given irequency and then repeated under identical
operating conditions but with one of the harmonics being conitored,
Fig. 96 shows the input-output characteristics for a
15 MHz fundamental and third and fifth harconics, The slope of

the fifth harmonic curve was 5,0 when the settings of the input
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attenuator were 25 db or greaters The slope of the third
harmonic curve was 3.0 for the same range of input attenuator
settings. At a setting of 25 db in the input attenuator the
fundamental signal was within 0.5 db of the dark condition curve,
For less input attenuction the slope of the harmonics approached
that of the dark-condition curve. The hamonics were enzll
compared to the fundamental signal and the receiver gain was set
at a higher level than was usual when generation and detection were
at a given frequency. In the present research the shape of the
harmonic input-output curves was studied and an absolute calibration
of the harmonic intensities was not carried out, In the graphs
presented of harmonic generation the settings of the output
attenuator applicable to the harmonic curves corresponded to a higher
receiver gain than used for the fundamental and in all cases the
amplitude of the fundamental was larger than the amplitude of the
third harmonic which in turn was of larger emplitude than the fifth
harmonic.

Fig,97 shows the gain saturation of a 45 Miz- signal
and the behaviour of the third hamonic at 135 M=, When the
fundamental signal deviated from gain saturation the level of the third
harmonic moved in sympathye. For sufficiently large input sipnals
such that the electron bunching is limited by the equality R ™0,
throughout the CdS the gain mechanisn provided by supersonic
electron drift is ineffective and the fundamental sipnal is
depleted during propagation along the CdS by harmonic processes.

For larger acoustic inputs than required for break-away froz
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saturation the attenuation was constant and the behaviour of
the third harmonic was such as to maintain the attenustion at a
constant value,

Fig.98 shows the behaviour of the third harmonic for a
quite different case, namely for emall-signal cross-over field and
weak illumination. Again, when the fundaomental curve became
parallel to the dark condition curve the third hnrmonic curve also
had the same slope,

Fig.99 shows similar behaviour for the third and fifth
harmonics of a 15 liHz input for both cross-over and amplifying
conditions.

Thus the behaviour of the third e&nd fifth harmonics was
consistent with the observed input-output characteristics of the
fundamental, No previous record either of the Lreakaway fron
saturation or the measurement of the third and fifth harconics
was known.

The nog-linearity observed for attenuating field conditions
was in general much smaller than observed for closs-over and
amplifying fieclds. For example on fig.86 the deviation between
the dark-condition curve and that obtained under operating conditions
was less than 4 db, For convenience the appropriote valuc of no-
voltage attenuation was quoted rather than %5: £fig.03 provides the
relationship between thems The deviations from linearity observed
for no applied field were even smaller, fig.83. For no applied
field and an attenuating field results were obtained by the normalizing

technique and by individual calibration, as described in section 5.6.1.
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The results were consistent to + 0.5 db, Vihen the CdS wos

biased into an amplifying state the propagation of large cignels
not only reduced the efficiency of the amplification procesc but
the amplification of the fundamental was further reduced by

energy lost to harmonics,

For attenuating corditions however

the two effects woﬂ: in opposite directions. ¥For very lorge
signals the limitations of electron bunching nrevent the ncouctic
wave from being attenuated as severly as a small sipgnel, thus the
attenuation is reduced. On the other hand the loss mechanien
provided by harmonic gencration can incressce the attenuation, The
deviation shown in fig.86 is thought to result from the competition

between the two mechanisms. It is considered that the quantitotive

analysis of such effects would require knowledge of the abmolute

intensities of the major harmonics i.e. the 2nd, 3rd, 4th ete.

and such investigation was not carried out in the precent recearch.
The curves on fig, 82 having ¢ between 2.5 and 9.3 db

have not achieved the parallel condition with their respective

calibration curves. Table 14 gives the calculated values of ..

at the output end of the CdS;, for 3 db input attenuntor setting.

TABLE 14,  Input-output characteristics 2t 15 13z (For fir.82)
3 x
c::'v:f db x ZI.O“n::Jm."3 x 101:?5(:3:.3
4 2.5 3.4 3.15
3 L5 6.8 S.b
2 7.0 12 2
1 93 18 vd
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Thus the deviations would te expected to incresse for
larger acoustic inputs, with the possible exception of curve 4.
For the attenuating field case of fig.85 several of the curves
have almost reached the parallel condition. Table 15 gives the
calculated values of n_ at the output end of the Cds, for an
input attenuator setting of 3 db,

TABLE 15
Input-output characteristics at 15 M=z

(For fig.85)

Nno, (04 n n
o 80
of curve db x 10Y cn=3 x 10"en=3
5 1.8 2. 3.6
h‘s ?ol 7.6
1 10.5 27 21

For this case curves 5 and 4 have almost reached the
parallel condition but curve 1 would be expected to show a much
larger deviation from linearity for larger acoustic innuts,

The input-output characteristics gave the mininum value
of input attenuator settings such that the CdS behaved lincarly,
for the full range of operating conditions. This knowledge was
essential if experiments such as attenuation-applied ficld were
to be carried out under sm2ll sipnal conditions, Table 16 gives

the minimum input attenuator settings for sensibly lincar operation
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under various conditions,

TABLE 16

Minimum attenuator settings for lincarity

Frequency Operating conditions Minirum input
attenuntor cettings
MHz {br lincarity to
-2 db
db
15 no applied field 10
" 600 V cm,~ ! 15
" cross~over field 22
" anplifying fields 25
45 no applied field 10
1 600 V cn,~ 1 a7
" cross~-over field 22
n amplifying field 25

Thus for operation at 45 MH= where the attenuation caused

by the applied field was up to 24 db the receiving equipment had to

be sensitive enough to produce a suitably large sipgnal for display

on the oscilloscope whilst the input attenuator setting wes in

excess of 40 db and the CdS was maintained in the dark.

Figs. 93 - 95 are the result of an experiment in which

the cross-over condition was achieved for a small acoustic input.

For small signal conditions the variation of cross-over field with

crystal conductivity is attributed to trapping effects, Ithiguro et 2l 1

4

.
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For an increase in acoustic input the loss to harmonics increased,
as shown in fig.96, and the field applied to the CdS was increased
in order to amplify the depleted fundamental signal up to the
standard levels The cross-over field was ceen to vary drastically
for large acoustic inputs. The results confirmed the nced for a
stringent limitation on input acoustic power when carrying out

attenuation-field experiments,



164,

SECTION

Conclusions and sugrestions for further work

7.1 Summary of the research and renersl conclusions

CdS was chosen as the moct suitable material availabdble
for an investigation of the propagation of ultrasonics in piezo-
electric semiconductors, The objects of the research werei-

(1) To investigate the attenuation of MHz ultrasonics in
CdS as a function of ultrasonic frequency, crystal
resistivity, applied field and input acoustic power level.
(2) To assess the extent of non-uniformity in the material

used and its effect on the attenuation measurenents,

Both objects were carried out as described in previous
sections of this thesis. ‘

Techniques were developed for the fabrication and
operation of an acoustic amplifier structure. Consideradble
attention was paid to the accuracy of orientation and the mechanieal
tolerances of the amplifier components, The effect on ultrasonic
propagation of illuminating the crystal with light of various
wavelengths was investigateds The fabrication procedure was tice
consuming and only one acoustic amplifier was assembled, using a
selected crystal, The wide scope of the mcasurements undertaken

would not have been possible if each exneriment was carried out

for more thon one crystal. The choice between crystals was cade

on the basis of their current-voltage characteristics. The
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properties investigated were expected to be general features

of the material although the magnitudes of the effects concidered
may vary from crystal to crystal. Thus the conclusions are of
Imore general application than might otherwise be thought,

The investigation of the acousto-clectric voltoge
produced in CdS by ultrasonic pulses showed in a direct manner
the interaction of acoustic waves and electrons. The obgerved
variations of acousto-electric voltage with acoustic power for a
given crystal conductivity and with attenuation for a given acoustic
power were explained using Veinreich's relationship, The mcacurement
of acousto-electric voltage was used in the insertion loes determination
of acouctic power to quantify the acoustic transmicsion asymmetry of
the amplifier and it was also used to compare acoustic power for
operation at several frequencies,

The attenuation-field characteristics taken under small
signal conditions shoved many features which were explained on the
basis of Vhite's amplification theory. These included the
variation of amplification with frequency and the attenuation-
conductivity curves for zero applied field, The fiecld required
for maxinum amplification however did not vary with frequency in
the manner of the theoretical curves derived from White's theory.
The application of trapping theory to the attcnuation-field
characteristics observed at 15 and 45 MHz revealed a consistent
pattern of. behaviour, The asymnmetries observed in the attenuction-
field curves for 75 MHiz were not as expected from trapping

considerations.
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Theoretical attenuation-field curves were derived by
applying White's theory to a model of a CdS crystal containing
a resistivity variation corresponding to that determined by a
voltage phasing experiment at 45 MHz. The theoretical curves for

such a model were closer to those experimentally observed than ones

calculated under the assumption of crystal uniformity. The

observed variation of the field required for maximun gain as a

function of frequency and the asymmetry of the 75 Mi= attenuation -
field curves could not be accounted for by the experimentally determined
crystal non-uniformity.

The methods developed to study the propagation of large
amplitude ultrasonic signals were based on inputeoutput characteristics.
Analysis showed that many of the observed effects such as gain
saturation and the development of the 'parallel" condition were
related to limitations of electron bunching. The third and fifth
acoustic harmonics generated by the propagation of large amplitude
signals were monitored and their behaviour was shown to be consistent
with that expected from the input-output characteristics of the
fundamental signale The input-output characteristics established
the upper limit for acoustic intensity in the CdS, under various
operating conditions, such that linear behaviour was observed. This
jnformation was used to ensure that the attenuation-field curves
were taken under small signal conditions.

An important feature of the research was the determination
of the degree of crystal homogeneity by means of an experiment in

which the time of application of the drift field pulse was varicd
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with respect to the entry of the ultrasonic pulce into the Cds.
This method of investigating crystal inhomogeneity did co only
over the cross-sectional area of the acoustic beean unlike optical
methods which produce an average value for the whole crystal
cross-section or methods involving surface probes which again do not
relate directly to the region of acoustic propagation,

The investigation of the propapgation of ultrasonics in
CdS was comprehensive and many previously unreported findings were
observed which are of importance in assessment of the possibilities
of amplifiers using the electro-acoustic interaction.

0 Surzestions for future work

The Qeasuring techniques used in the prezent research
could be used, without modification, to study the electro-acoustiec
interaction in other piezo-electric semiconductors as these becone
available in single crystal form of convenient size ond reasonable
quality. Although the quality of individual CdS crystals and the
variation in behaviour between different CdS crystals is not very
satisfactory the quality of piezo-electric semi-conductors such as
CcdSe, CdTe and Zn0 is generally regarded as considersbly inferior to
that of CdS at present,

It is considered that the type of smplifier structure
incorporating buifers used in the present research is more cuitable
for a wide range of electro-acovustic experiments then the bufferlees
type amplifier favoured by many workers interested in device
applications. The attenuation of shear waves in fused silica is

not large at nomal operating frequencies end does not contritute
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much to the measured insertion loss of the amplifier, Frager

et al i have reported the attenuation of shear waves in fusced

silica at room temperature to be 3 x 1002 db co'at 45 1z

rising to 1.0 db cm at 280 MEz and 4.1 db caT! at 500 Mz,  If

experiments were to be undertaken at frequencies in excess of

500 MHz the attenuation in the buffers could be reduced considerably

by the use of such low loss materials ac sapphire (n, 03‘). yttriua

iron garnet, yttrium aluminium garnet (YAG), and rutile (Ti QJ Y:

Olsen et al e have given attenuation data for these materials

for frequencies up to 4 GHz, The attenuzation of shear weves in

YAG at room temperature was observed to be 0,16 db cm.'at 500 iz

rising to 0.9 db cad. at 4 Giz. .
One éf the advantages of attaching transducers to buffers

with an organic material such as "Salol' is that the trencducers

can be easily changed if they suffer breskdown or transducers of a

different fundamental frequency are required. For a bufferless

system where the transducers are usually bonded to the C4S by an

indium bond the effort involved in changing a transducer may be

equivalent to fabricating an smplifier. With a buffer-type

amplifier a series of experiments could be performed with gereration

and detection at a given frequency then one transducer could be easily

changed for one having a fundamental frequency twice that of the

renaining transducer and the second harmonic efficiently detccted.

Spector and Southgate 50 believed that interaction of the

piezoelectrically active shear wave with the shear wave polariscd

at 90° to it was responsible for an observed saturation of
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attenuation in CdS., VWith a buffer type anplifier the receiving
transducer could easily be rotated 90° to detect such a spuriousn
modes The salol bonding process has the advantage that extremely
thin transducers, having a fundamental frequency of 150 Mi= and
more, can be attached to an amplifier in order to ochieve higher
efficiency transduction than obtained with high overtone operation.
On the other hand considerable pressures have to be applied to the
CdS and transducers during the indium bonding process ard extrezely

thin transducers cannot be affixed without breakage,

In practice at high frequencies the acoustic bonds would
be expected to cause considerably more attenuation than coused by
prop;gation in buffers of low loss dielectric crystals, The optical
113

contact bonding process, Smith » offers the possibility of

reducing bond losses. .
In the present research the limitation of electron
bunching was not attained for certain operating conditions, The
input acoustic power could be increased by an increase in the output
of the r.f., pulse generator. An alternative approach would be to
combine the best features of the buffer and the buffer-less
amplifiers. An input transducer affixed directly to the CdS, as
the buffer-less amplifier, would enable the ultrasonics to cnter
the CdS with the very minimum of attenuation. By attaching a
pbuffer to the other end of the CdS and affixing a transducer
with '"Salol" one of the advantages of the buffer type amplifier
would be availzble, namely the ability to change the receiving

transducer easily for detection of harmonics or orthogonal shear
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modes.

The work reported to date on harmonic generation in Ccds
has been restricted to the second harmonic only. As shown in
the present work higher harmonics are detectable, It should be
possible to measure in a quantitative way the intencity of the
first six harmonics in order to estimate how much energy is being
channeled into harmonic generation under various operating conditiones.
The experimental arrangement envisaged would be a large tronsaitting
transducer with two much smaller transducers in the acoustic beas
at the other end of the amplifier. One receiving transducer would
be of the fundamental frequency and, as in the present rescarch,
detect the 3rd and S5th harmonics, The other transducer, of double

the fundamental frequency of the transaitting transducer, would
‘detect the 2nd, 4th and 6th harmonics. Such an arrangement would
enable the intensity of the harmonics to be monitored whilst the
cdS was in a given operating condition.

The high resistence ends observed with the present
amplifier were believed to be caused by the increased adsorption
of light in indium rich CdS near the contact areas. 4An
interesting and useful line of research would be to investigate
this phenomena in a quantitative and thorough way. A CdS crystal
could have indium evaporated on one end face and then receive
an identical heat treatment to the amplifier structure before
being sectioned in order to monitor the extent of indium diffusion

quantitatively using an electron-beam microprobe analyser. Thin

CdS specimens could be prepared with measured average anounts of
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indium diffused into them and their optical absorption curves
- measured. In this way a chart showing optical absorption of
1light ;f 58003 wavelength against indium concentration could be
prepareds From this chart the intensity of the light traversing
different regions of the indium doping profile revealed by micro=-
probe analysis could be calculated. lHence the relative numbers
of photo-electrons produced in different regions of the acoustic
beam could be calculated,

The extent of indium diffusion into the CdS could Le
reduced by reducing the time allowed at elevated temperatures for
bond formation. In the present research a pressure of 250 = 300 p.c.i.
was applied to the amplifier whilst bond formation occurred. This
pressure was held far below the figure of 1200 - 3500 p.s.i. quoted
4in the patent literature 945954 in order not to fracture the Cas
which is more delicate than the delay line materials that were the
subject of interest in the patents. It is possible that the CdS
will withstand a much higher pressure and that by this means the
time that the amplifier is maintained at elevated temperatures could
be reduced possibly to a quarter of the 24 hours period used in the
present research. It should be noted that the references given

above suggest that temperatures below 95°c do not produce satisfactory

bonds.



APPENDIX 1

Growth and heat treatment of sincle crystal Cds

The CdS crystals obtained for the precent research were
grown by vepour phase deposition. The procedure uced for the
growth and heat treatment of CAS crystals is outlined in this
section,.

The CdS powder is first sintered inside a clear fuced
silica tube at 800°C under vacuum for 1 hour, and then fired
under argon at 120000 for 1 hour. This densifies the powder and
also removes the more volatile impurities,

The sintered CdS slug is removed from the quartz tube
and then grown into a crystal by subliming the sintered slug and
allowing it to deposit in a cooler section of the quartz growth
tube., The actual sublimation of approximately 500 grams of
sintered material requires about 4 days at 130000 at a pressure
of about 800 m.m. of Argon absolute. However the resulting
crystal boules obtained in this manner are seldon, if ever, single,
Instead a polycrystalline ingot forms, but due to grain boundary
migration, one crystal may become lerger at the cxpence of another
which becomes smaller, Therefore the run is rerzitted to remain
at growth temperature for 2 to 3 weeks so that the polyerystnlline
ingot will tend to become more neerly single. Unfortunately the
run cannot be held indefinitely to obtain a completely single

crystal because devitrification of the quartz is constantly



occurring. This could eventually become a source of anilica
contanination. At the end of anproximately 19 days on the

average the furnace is slow-cooled to room temperature over a

4 day period. This is done to minimise cracking and relieve
strains that are encountered if the furnace power supily were
abruptly turned off. These strains develop because CdS, being
hexagonal, has different coefficients of expansion depending on

the orientaticn, and since the ingot is s5till polyeryctulline the
interlocking crystals tend to set up strains. Hence these strains
are minimised with a slow cool.

After removing the boule, single crystal scctions are then
sliced out. The CdS has typically a resistivity of 0,1 to 5 ohneen.
To produce high resistivity and photoconducting crystals the CdS
is sulphur compensated by further heat treatment. The crystal to
be heat treated is sealed under vacuum into a quartz tube that
contains enough sulphur to give a pressure of sulphur of about 0,2
of an atmosphere at 85000. After about 24 hours in a furnace at
this temperature the tube is withdrawn and quickly quenched in
cold water, This entraps the sulphur and gives the crystal high
resistivity and photo-conductivity.  The quenching procedure is,
of course, cnly done on single crystals thot have been cut out
from the polycrystalline boule.

The CdS crystal fabricated into an aaplifier was Epgle-
picher Co., material designated "high purity CdS, Grade 3", The

grade refers to the range of resistivity aveileble by verying

the illumination iIntensity,



An analysis of a piece of CdS having the eore
classification was carried out using an AE.I. m.8,? cpark
source nass spectronmeter, The sanmple was ground in an agate
mortar and mixed with ultra-pure carbon powder and corprescred to
form conducting electrodes. The impurity concentration measured

is given in table 17.  The impurity contribution from the carbon

is given in the second column of figures,

TABLE 17

ms,7 Analysis of CdS semple

Elenent " Impurity concentration (p.v.n. atomic)
Cas Carbon Blerk
P.b 1,2 1.2
In 61 n.d.
Ag 4.0 1

Br ‘ 1.0 n.d,
Zn 4,700 n.d.
Cu 2. n.d.
Cr 21 n.d,
K 0.7 0.7
cl 26  n.d
Al 19.5 n.d,
F 0.6 n.d,

n.d. = not detected



APPENDIX 2

X=ray orientation

The CdS crystals and quartz traneducers were orientated
using X-rays as described in sections 3,2.1 end 3.2,3. 1In thin
appendix the relevant X-ray diffraction patterns are discucsed,

The thickness of the CdS crystals used prohibited
X-ray transmission, therefore the Laue back reflection techinique
was used for CdS orientation,

A beck reflection photograph with the incident X-ray
bean parallel to the CdS 'C' axis shows hexzgonal symuetry, fig.lla.
If the CdS is rotated zbout the 'C' axis so that the hexagon
represented by the six inner images has two faces in the vertical
plane then the crystal has a plane of the group [11§bl vertical
and a plane of the group [iiOO} horizontel. For fabrication of o
shear wave device the crystal weuld be cut to ecxpoce these faces.
For the introduction of shear waves into CdS the faces [1130} and

{1700 } are equivalent as the appropriate piezoelectric constantso

(a d24.) and elastic constants (344_, 355 ) are equal, ‘hen

15’
using the orientation-grinding device described in section 3,2.3
back reflection photographs were taken with the ¥-ray beanm
perpendiculer to these faces, fig.11 b, c. The reflected
diffraction patterns from these planes were symmetric,

The reflection diffraction patterns show in fig.11 were

obtained using a nickel filter to suppress the X B8 corponent of



the characteristic radiation, A relatively zmall nusber of
additional images appeared if the filter wos removed.  Analysis,
using the Ewald sphere construction, showed that thc imzges were
not due to the K . and K B components but to the twaite!

radiation background. The oscillating-crystol method was used

to obtain diffrasction patterns where the inages were due to the %x
component. lHeasurement of the layer line sepsration gave e value
for the lattice constent C o in agreement with the value quoted in
the ASTM Index. The diffraction images observed with the
oscillating-crystal method were indexed and the orientation of the
surfaces established.

The transducers, of a-quartz, were thin enough to &llow
transmission diffraction patterns to be obtained, fig.21. Analysis
showed that the majority of images were due to the 'white' radiation
background, The oscillating-crystal method was used to obtain
lattice constants and index images in order to confirm the crystsl

orientation,.
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LIST OF SYNMBOLS

These and minor symbols are also explained in the text.
T.Ts = trapping theory.

Trapping parameter, 7,7,

Optical absorbance

Trapping parameter, T,T,

Elastic constant

Modified elastic constant
Piczoelectric constant

Electron diffusion coefficient
Electrical displacement (general)
Piezoelectric constant ( e = % )
Electric field (general)

Applied d.c. electric field
Acousto=-electric field

Fraction of space charge not trapped
Acoustic intensity

N =1

Electric current dencsity

Propagation constant

Modified propagation constant
Electro- mechanical coupling coefficlent

Electron mnmean free path
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Number density of electrons - without acoustic propagation,

Number density of electrons - producing space charge Q.

Electronic charge.

Space charge.

Elastic constant. (s = )
Strain,

Tine,

Stress.

Physical displacement of medium.

Phase Velocity of acoustic wave (passive material).

Phase velocity of acoustic wave (active material).

Electron drift velocity.

Electron drift velocity. T.T.
Attenuation coefficient.
Amplification coefficient. T.T,
Electron drift parameter.

Electron drift parameter. T,T.
Electrical permittivity.

Acoustic wavelength.

Electron mobility.

Cyclic frequency of acoustic wave.
Mass densitye.

Electrical conductivity.

Electron trapping relaxation time.
Angular frequency of acoustic wave.

Dielectric relaxation frequency
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Diffusion frequency.

Diffusion frequency. ToT.
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