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Sumnary.

Acoustic émplifiers, operating at frequencies of 1GHz end
above, have been constructed from hexagonel cadmium sulvhide crystals.
The nain préblem in making these devices was in obtaining efficient
acousto-electric trensducers for microwave frequencies. Iivapor:ted
thiﬁ‘films of CdS were used as trunsducers, and a close study was
made of their properties, in order to obtain efficient generastion
of both shear 2nd longitudiral accustic waves, above 1 GHz.

The transducers were deposited on hested substrates by direct
vacuvum evaporstion of CdS crystels. X-ray analysis showed that under
nost deposition conditions, the films(were ﬁolycrystalline, composed of
héxagonal phase crystallites of Cd3, preferentially oriented with
their c-axes perpendiculer to the substrate. The degree of
structural order increased with film thickness, and. films under
O0.5u thick had a high degree of disorder. Acoustic waves were
generated by applyinz an r.f. electric field perpendicular to the_
substrate, and rarallel tc¢ the trsnsducer thickness, so that normal
films were thickness rescnant longitudinal mode transducers.
Evaporztion at an oblique angle to the substrate, and at a derosition
rate in excess of 0.,1p/min, caused the c-axes of the crystallites to
tilt away from the normal, and grow towsrds the direction of |
evaroration. With the electric field normal to the substrate,

end the c-axis at about 58.50 to the normal, thefe is no courling
N

to longitudipel waves in CdS3, and only shear waves are generated.



A finite thickriess was required to bend the c-axis to 38.50

to the normel, and-i% was theought initially, that this linited the
frequency for which this trpe of furdamentally resonsnt sheer
transducer could te maﬁe. A teolnique was developed to extend the
frequency rznge, by making the transducer a two-layer structure. The
bottom layer, in which the c-axis was bending; was cadmnium doped to
render it highly condueting, and the top layer was of high resistivity
CdS. The r.f, electric field wes developed acrosz the top layer,
which acted as a resonant transducer end domirnnted the transducer
frequency respcnse, while the bottom layer acted as an qcoustic
transmission line, rroducing a ripple in the response.

When excited from a 502 line, the trensducers had broad band
resronses, andvthe untuned insertion loss was typicslly 30 dB. With
tuning, the insertion loss could be reduced to less thezn 10 dB. The
imped§ncé presented by the transducer is determined by a number of
parameters, such 2s the electromechanical coupling constznt, resistivity,
active erea end contact resistance, which are difficult to measure
indevendently. The high level of inserticn loss is due to the
impedance mismatch between the transducer and the excitaticn systen,

By considering the properties of the acoustic waves launched in a
trensducer, the thecretical input impedance and frequency devendence of
the insertion loss were evaluated. Good agreement was obtained between
the theoretical znd exgerimental transducer frequency responses, and

in order to investigate further the various transducer parameters,
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impedsance mepsuremen@s were nade on a nunber of transducers,

CdS transducers are frequently non-stoichiometric in comyosition,
and cen hove low resistivities, which increase the insertien loss., A
new nethod of comrensaticn was developed, ‘in which deep trarping levels
were introduced.into the CdS lgttice by thermal neutron bombardment.
Resonance 9nti-resonance.measurements on single crystsl CdS, showed
that the dawege caused by neuiron bvombardment reduced the electro-
mechanicel coupling constant, z2lthough the d=magze could be psrtially
rerioved by annealing.

Acoustic anrlifiers were constructed by bording slices of CdS
betwee:: sapphire deley rods, which had evaporated CdS transducers on
their free ends. Thermo-compression indium bonds, mede completely
in vacuvum, were used, ond measurements made between 1 and 2 GHz showed
that transmission losses could be very low (€3 dB), for both shear
and longitudirnal waves. Ohmic contacts were made to CdS by indiun
diffusion, and a relationship was observed tretween the degree of
difficulty encountered in making ohmic contacts, and the dislocation
density in CdS. The inplication is that diffusion inte dislocations
is an important mechanism in contact formation.

The observed beraviour of acoustic anplifiers, above 1 GHz,
was compared with the linear theory, and differences were attributed
to either the generation of accustic noise;.or non-uniformities in
the CdS. Gzin of up to 450 dB/cm was observed in shear mode anplifiers,
and up to 100 dB/cm in longitudiral mode amplifiers, but a much higher

level of acoustic noize was generated in the longitudinal amplifiers.



The mest significent neasurenents were made on CdS transducers,
showing that longitudinal and shezr accustic waves could be generated
efficiently at microwave freguencies, using double layer tronsducers.
Although it was clear from the measurements that net gain aéoustic
amplifiérs could be constructed to bperate at micfowave frequencies,
fhey would not be comparable devices to transistor amplifiers, because

of their greater comnlexity, =snd the generation of acoustic noise.
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CHAPTER 1

INTRODUCTION

1.1 Historical Review

o Piezoelectricity was discovered by the Curies in 1880, and was
of ‘largely academic interest until the First World War when Langevin
discovered that quartz covuld be used to generzte acoustic waves. Fron
this time, quartz, and other insul=ting piezoelectric crystals, were
used as electromechanical rescnetors and transducersz. In the 1950s,
interactions between electrons and acoustic waves in piezoeléctric

3

materials began to be studied”, and large, conductivity sensitive,

attenuations were observed in such raterials4. The electrons were
thought to be absorbing energy from the acoustiic waves, and theories
were developed to explain this phenomenon5’6. Hutson,}McFee and White7’8’9
studied the interaction between electrons and acnustic waves, when the !
electrons were drifted at velocities up tc and exceeding the velocity cf
sound. They observed the acoustic wave to be aipplified whern the elctrons '
drifted faster than the vélooity of sound in the same direction as the
wave, and to be'attenuated when the electrons travelled zt less than
the velocity df sound.

Figure 1 is a diagram of a simple acoustic amplifier, showing the
‘essential features. The original work on acoustic amplification was

8
’9, but measurenents

have been published on amplifigation 2t higher frequenciess’lo.

rerforned =t frequencies between 10 and 60 1Hz
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Figﬂre 1. Schematic diagram of acoustic amplifier,

O Cadmium
© Sulphur

- Figure 2, Wurtzite crystal structure of CdS.



1.2 Aims of the Investigation.

The object of the work described in this thesis, was the
construction and stud. of acocustic amyplifiers at frequencies of 1 GHz
and above. Enrhasis was laid on the development of techniques which
might be used in zractical devices. The principal lechnical difficulty
was the manufacture of efficient acbusto—electric trznsducers for this
frequency range, and suitable thin film evaporzted CdS tronsducers were
developedll. Thin filus can readily be deposited for the appropriste
resonant thicknesses of 2y and less. The study of transducer properties
was directed towards finding how the crystalbstructure, and the electrical ,
‘and mecharical properties, of the evsrorzted films, sffected the insertion
loss. 1In particuler, e new method of efficientiy cenerzting shesr waves
above 1 CHZ had tc be found, because shear amplifiers produce less

9

acoustic noise”, and hzve longer delays, than longitudin=2l mode amplifiers.
It was thought that operation of accustic amplifiers sbove 1 GHz
would be zdvantzgeous, since very high gains per unit length are
predicted theoreticallya, and an integrzl a::;plifier and del=~y device
might have uses as a store, or lossless delay line. CdS was used in the
exreriments, becauce it wss a readily aveailable piezoelectric
serniconductor with reasonzbly strong riezoelectric propertiess.
1.3 The Piezoe}ectric Effect.
Crystals czn be divided into T systems end 32 clssses, depending
on the symmetry they possess,and of these 32 classes, 20 possess the

property of piezoelectricityz. The criterion which deterunines whether

or not a crystzl is piezoelectric is the existence of a centre of



synmetry. If a crystel lacks this property, the arplication of stress
can serarate the centres of the positive and negative chsrges, and a
dipole is produced. The converse effect also exists in thet an electric
field produces astress within the crystzl. Cadmium sulphide has a
Vurtzite structure (point sroup symmetry 6mm), and ccnsists of two
interpenetrating hexagonal l2:tices, one of cadmium atoms, and the
other of sulphur atoms, s shown in figure 2.

The basal plzne of sulphur atons dces not lie nidway hetween
two basal planes of cadmium 2toms, and so this érystal has an obvioué
lack of symmetry, and the orposite directions of the hexagonsl axis are
not ecuivazlent. Thus the sign of an induced piezoelectric field is
reversed by changing the sign of an applied stress., Ezch ztom sits at
the centre of a tetranedron of atoms of the other type under equilibriunm
conditions, but the charge centres sererate when stress is arplied.

A complete descriztion of tne piezoelectric ypreperties of a
crystal involves a trestument in termskof electrical, mechaﬁical and
piezoelectric effects, since thess are all interdependentz. A crystal
with no symrmetry at all (triclinic) possesses 21 elastic constants,

18 piezoelectric constantis énd 6 dielectric constants. As the symuetry
is incressed, the number of possible constznts decresses, until the
nost symmetricél type of crystal has only 3 elastic constants, no
piezoelectric constant, and 1 dielectric constant.

The courling between mechanic:l and electrical stored energy
in a particular crystal czn be described in terms of an eleétrcmechanical

coupling constant K, where

K2 . ez/sc, if K is small,



end e, € and ¢ are the piezoelectric, dielectric and elzstic constants,
. - 1.n2 . .
respectively, for the crystal . Before a unigue meaning can be
ascrited to each cof these constants, the approriate exrerinental
‘s 2 . . . . .
boundary conditions must be knowvm. K~ arises in calculaticns involving
coupling between mechznical and electrical energy in piezoelectric

materialss. The K2

for II-VI compounds increeses, as the relative
weights of the atoms increszces,
1.4 Plane Wave Propagztion in CdS.

The piezoelectric equations of state, derived from thermodynumic

. . 2
consideraticns by lason™ are

- N - L} T;’ 9 e e 000000000 0008000
Ti5 = Ciqa0 % ®115 * 4 1

D = € .C' + oy @ T. DR R N NI NS WY . 2

K kin *“lm fik* %1 ¢ .
where rererted suffices mesn sumnation. T is the stress, S tre strain,
E the electric field, D the electric disrlacement, and e, € and ¢
the piezoelectric, dielectric and elastic stiffness corst nt tensors

resyectively.

For hexagonal C4S these ternsors are as follows

¢4 b12 c15 0 0 0
1o c11 013 0 0 0
elastic constants

c13 013 035 0 0 0
0 0 0 gy 0 O ®iskl = %mn
0o 0 0] 0 044 0
0 0 0 o oc1-c15)

2




0 0 0 0 e1 0

> piezoelectric constants
(0] 0] 0 el5 0 0 . ) .

klm - kn

e31 331 e33 0 0 0
€4 0 0
0 ell 0 dielectric constants eik
0 0_ 833

In eguation 2, eklm'slm is the piezoelectric polarisation Pk

produced by the strzin, end Pk has the following componentsl3.
Pl = 2-91,13.813 ®0e0seccsscssscsrsesene 3.
P2 = 2.e2’25‘ 823 ."......‘.‘l..'.l..... 4

¢S22+93’53o8330-oooonoo'o 5

P3 = e3,11. %l+ e3,22
The 1 ard 2 sxes are orthogonal directions in the busal plane
perrendiculer to the hexagcnzl, or 3, axis. Tne shear strain 813
(or 823) is thg resulting deformation when a plane shear wave
propag=tes in the 3 direction, with particle displacemert in the
basal plane. It is also the straiﬁ produced when a plane shear wave
propagates in the bassl plane, with pzrticle displacement in the 3
direction. In the forimer case the piezoelectric field is perpendicular
to the directicn cof propagation, and in the latter, the riezoelectric
field is in the difection of propagation. Equ:ition 5 shows that a

plane longitudinal wave (Sll or 522) rropagrting in the basal plane

produces a piezoeiectric polarisation in the 3 direction, whereas,



for a plene longitudinel wave propagatirzin the 3 direction, the
piezoelectric pol:risaticn is in the 3 direction. Equations 1

_and 2 show that the acoustic wave equations will contain electric
field terms, and conversely, that Maxwell's equations will contain
terms involving stress. In a piezoelectric medium there is a
coupling between the acoustic modes (two trensverse and one
longitudinal) and the two trinsverse electrcomagnetic modes. An
electronagnetic wave nropagating in a piezoelectric medium will

be accommanied by an acoustic wave, travelling at the phase velocity
of the electromagnetic wave(ve.m?,Conversely, an acoustic wave will
be eccomuanied by a iransverse electromagnetic wave, produced by

the displacement current arising from the piezéelectric polurisation,
and travelling with the acoustic weave phase velocity (VS). This

3,14,

problem hzs been anslysed in detail by Kyame and as expected,

the effects of this electromechsniczl coupling are small, because the
velocity of light is five orders of magnitude larger than the velocity
of sound.

The piezoelectric polarisatior also gives rise to electrostutic
fields, which produce the significant effects of piezcelectricity on
accustic wzve propasgation., Hutson and White have shown that the acoustic
wave dispersion, crused by coupling to the electronzgnetic waves, is
smaller,by a factér approximstely (vs/ve.ﬁ.)z, then the acoustic

5

dispersicn cazused by coupling to the electrostatic fields”., Hence it
is justifiable to ignore the elecirom:gnetic wzves travelling at the

velocity of sound., For the plane wave assumption to be‘valid, the



acoustic wavelengthr must be rmch less than the dimensions of the
sample being considered, and so transverselccmponents of piezoelectiric
rolarisation give rise tc charges only at the boundaries of the szmrle.
Components 6f the polarigaticn which are in tne direction of
propzgation produce charges which are separated by half an acoustic
wavelength., These "lon:itudinal" electrostatic fields are therefore
much stronger than any transverse electrostatic fields arising from
charges at the sanple boundaries. Consequently, only waves which have
a "longitudinal" piezoelectric polerisation sre accompenied by a
significant electric field, znd need be considered as piezoelectrically
active in the presence of chargsed carriers.

Considerirg provagsticn along the crystalline exes, onty
the longitudinal wave propagsting in the 3 direction (along the c-sxis)
with polsrisaticn along the c-oxis, snd the shear wave prorsgzting in
the basal plene, with polarisation along the c-axis, are piezoelectr ' cally
active. In general, one longitudinal and two shear waves can propagute
in any crystallograrhic direction in CdSlS. The pure shear wave is
non-piezoelectric, =nd in the 3 directicn the sheer niodes are degenerate
in velocity.
1.5 Acousto-Electric Interacticns in Semiconductors.

(a) Carrier Bunching and Acousto-Electric Current.

If an acoustic wave is trensmitted through a material which
is piezoeiectrically active for the particulzar mode of prdpagation,
theﬁ an electric field will travel vwith the accustic wave. Should

cherge carriers be present in the material, then in general, the



piezoelectric field will cause currents to flow, and energy will be
dissipateds. Vhen- the riezoelectric field is in the direction of
wave propagation, it will cause the carriers to bunch, and they will
move to and fro in response to the field. A space charze wave will
thus acconrany the riezoelectrically active zccustic wave. The
burching will take plesce in the regions of potentisl minima, and
since the cgrriers nove in response to the wave, the wave loses energy
to the carriers. This can be treated ss a quantum effect, in which
the vwzve, by colliding with the carriers, loses cuarta of momentum to
the cérriars, which, in turn, lose momentun by collisicns vwrith other
carriers ard the lattice,

Thus far, the discuséion has been on the behaviour of carriers
noving about equilibrium positions in response to a moving accustic
wave, and causing the wave t§ ve attenuated. Now, considering electrons
as the carriers, if a D.C. electric field is arplied to the nuteriel,
so that the carriers drift in the direction of the accustic wave, the
position of the carrier bunchas with respect to the net piezoelectric
fieid is changed, and so the energy transfer is altered. When the
carriers drift at the velocity of sound, they ére bunched at positions
of minirun potential energy, and there is no erergy trensfer. The
situation for a lopgitudinal‘piezoelectric field is givern in figure 3,
which sho''s the niezoeleciric fieid, the carrier density modulution it
produces; and the space charge field due to the bunched carriers, which
oppoces fhe arrlied piezoelectric field. The carrier density varies
about a mezn value, sand the piezoelectric field is -?Vgx , where V is

the potential of the wave. In figure 3, the electric field and the
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Figure 4., V-I characteristic of a piezoelectric
seniconductor.
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space charge waves are 900 out of phace, so that no energy dissipaticn
is taking place.- If the phsse is not 900, energy end nementum transfer

take rlace. When the drift velocity of the carriers v,, is greater than

d
the acoustic velocity, then the carricrs lose mcmentunn teo the acoustic
wave, and it is amplified.

The forward momentuin of the carriers is depleted by the
anplificaticn processl6. This effect represents an electron flow
counter to the diréction of drift, end is hnown as the acousto-electric
current. Consequently, fhe V - I characteristic of a piezoelectric

17

semiconductor has a saturation region™', which develops when the
carriers are drifted faster than the velocity of sound (Figure 4).
This is true even when there is no input zcoustic wsve, and the
nomentun given up by the electrons drifting faster than the velocity
of sound amplifies the rardom moticn of the lzttice, and results in
2 high level of accustic noise.

Shear waves. trzvel st a loﬁer velocity than longitudinz=l waves
in CdS. If an attempt is wade to drift electrens faster than the
longitudinal sound velocity, they exceed the shear.velocity at a nuch
lower drift field, and start to lose momentuﬁ to shear accustic noise,
If is clearly impractical to design longitudinal mode auplifiers, and
strong amplificaticn may only; be expected from shear mode amplifiers9.

W'einreichl6 defined the zcousto-electric field Eac’ vroduced
by momentum change cf the carriers as Eac = a.Sd/qnvs.(............G

where a is the acoustic wave attenuation rer unit length, Sd is the

acoustic power density, qQ the charge on an electron, n the carrier

density, and v_ the velocity of scund. The acousto-electric field is
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a D.C. quontity, ~nd is determined rurely from wave dyn=nics, without
reference to the detailed mechanism of the process linking electrons
and acoustic waves., Since momentum is conserved, the result is obtaired
by equ=ting the rates of change of mniientum, which are fordes, irn the
acouztic and electrical regimes,

- The rate of chinge of momertum of the electrens in the acousto-

electric field/unit volume = Eac.q.n.........7

Wave Momentum/unit volume (Wave Energy)/ﬁs

(Power Density)/vi

. « Rate of change of Wove Mbmentum/unit volume = a.Sd/vs R -

(b) Relaxation Effects.

The acoustic gain avajlable in a priezoelectric semiconductor
is a function of the conductivity modulation. .Any influence which tends
to debunch the carriers therefore ternds to reduce the gain. Two
important mechanisms are invclved, and these 2re dielectric relaxation
and diffusicn,

The diélectric relaxation frequency w, = d/e s where o is
the cornductivity and € is the dielectric ccnétant, defines the rate at
which charged carriers in a solid can move, under the influence of a
local electric field, in an attempt to cancel that field., Consider an
acoustic wave, with angulsr frequency w, to propsgate in a piezoelectric
materiai, in the absence of a drift field. If w((wb, the carriers can
move fast enough to cancel the piezoelectric field, end sit exactly in

potertial wellé so that they do not interact with the acoustic wave,
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If wh W, s the carrier distribmticn is not disturbed by the wave.

In the absence of drift field end diffusion effects, the interzction
between the =couztic waves znd bunched carriers is maximised when

w = wce. In C4s, gt frequencies of 1GHz and above, a suitsble
resistivity is 5002 cm or less, When a drift field is present

the condition for maxinum interaction is (1 - vd/vs).w = W,

The random motion of the carriers tends to cause the bunches
to decay by out-diffusicn. As the frequency increz:es, and the
acoustic wavelength X, falls, the concentraticn gradient between
carrier bunches increzses, and diffusion out of the bunches tecones
significant. If the number of carriers crossing unit area per unit
tine is No, and the concentraticn gradient is grad (N), where N is
the particle density,

No = Dn' grad (N)....................... 9
where Dn is the diffusion constant, defined as
D = WKT/Qeeereerurernernrsnrennsanss 10
where p is the carrier nobility, k is Boltzmann's constant, T is
the absolute temperazture, snd q is the charge on an electronls.

A loczl non-equilibrium concentration §f carriers will decay

D«fh%ﬂb y where A is the distance over which
n

a concentration gradient exists, and can be identified with the

with a time constant

acoustic wavelength in this case.

Diffusicon effects are important when t, is less than the

X 2.2
veriod of the ultrasonic wave, i.e. vhen o < % °F w A /D < w,
n

w\ is of the ofder of the acoustic wave velocity vs,énd (vz/Dn) hzs
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D Diffusicn is ingportant

been defined as the diffusion frecuercy, w
therefore when u))wD.
A further understsnding of relaxation effects cen be

obtsined by evaluating

w . W. v 2

C™D o S 1 A

\2 = € X D X 2 = ( ) eeevevose 11
w n W 2nL

D
X 8 :
2 is the Debye screening length~. Screening

vhere Ly = (ekT/qzn)
is the reduction of the piezoelectric field-accompnnying an gcoustic
- wave, by the oppositely directed field due to the carrier bunches.,

When K'VLD, diffusion effects become importsnt, #nd carrier bunching

on a scale miuch smaller than LD ((i.es N<< LD) will tend to be

smeared out by the theri2l mction of the carriers. When7\<<LD

the piezoelectric field is not screened by the carrier bunclies, gnd

nomentun trunsfer between the carriers and scoustic wave starts to
1

decrease when Ly > \, i.e. when o > (wc wbjg.

1.6 Microwave Transducers.

If the acoustic amplifier is to be a2 practical device at
microwave frequencies, efficient zcousto-electric trunsducers rust be
used. At 1 GHz, the thickness of a resomont half wavelenzth trensducer
will lie between 0.5 and 2.0p, dererding cn the materiel, znd the
acoustic mode to be genercted. Thih vlates of single crystel
piezoelectric materizl cennot therefore be ﬁsed if bresd bend
fundamentel mode trznsducers are required, althoug: there is the

possibility of bonding a slice of the transducer material on to tue

required substrate, =nd opticaily polishing the slice down to the
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recuired thickness. Surface excitation of piezcelectiric materials is

- . .. 19 . .
not an efficient method of acoustic wave generstion ., Diffusion

20 s . . . .

layer tresnsducers ~, made by diffusing converscting naterinls into
seniconductcrs (e.g. corzer into CdS) are linited in freqguency to
about 300 MHz for shezr waves, because the compensating materials
continue to diffuse zt room te:perature, and it is difficult to make
abrupt boundaries with short diffusion denths. Depletion layer

21 . .
transducers ~, using the Schottky barriers formed between metals
and semiconductors as the resonant eleiments, are a further possibility.
The high resistivity layer acts as a trensducer, and the upper
frecuency limit should be in X band., Conversion efficiencies have,
however, proved to bte low.

The use of eviporated CdS transducers appesrs to be the
mest promising method of cb%aining efficient, brozd tand, scoustic wave

. R . 11,22 .
generation at microwave freguencies . When the project was begun,
published measurements showed that evaporated CdS transducers could
be operated efficiently above 1 GHz for longitudinal waves, but not
' 11 . .

atove 600 IMHz for sheesr waves o, At microwave frequencies, a good
conversicn efficiercy is essential, for exrerimental, as well as
practicel, devices, as the acoustic loss in most materials becomes
quite high, and experiments have to be performed under conditions of
high. total losss,
1.7 Theory of Accustic Amplificetion

(2) The White Linear Theory

D.L, White8 produced a small signsl anslysis to describe



16

the interaction discuesed qualitatively in section 1.5. The analyvis
is performed fer extrinsic semiconductors, with electrons as carriers,
and an zllowance is‘made for the fadt that some of the free carriers
may be trappad. A one dimengicnel ireatment is given, and it is not
necessary to invake bourdary conditions to solve the problem. Only
. one acoustic node is considered and, as explained in section 1.4,
there is only one piezcélectric field associzted with the wave, and
this field is longitudinally rolarised.

-The piezcelectric equations of state may ve written in the

forn

C.s - eoE .lo.oo'ocooo....o.0‘.'0000012

T

et‘S + E'E 00...0’...0.'l"-......'ll.l}

D

B

where T is the stress, S is the strzin, E is the piezoelectric field
in the x directicn of propag:zticn, and D is the electric disnlacement.
c, e, and € are the aprropriate elastic, piezoelectric and dielectric
constants,
If u is the particle displacenent
S e A e, 14

ox

Newton's Law is

aT 2%u
a_ = . 2 O 9 ® 9 0006000900 S O OO OCOOETSOSOCNC 15
* 3t

where p is the density of the waterial,
Equation 13 shows thzt the piezoelectric effect can be
represented an an additional stiffening effect on the lattice, and

may therefore be represented by a modified elastic constant c¢'.
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The wave equaticn is

o u ok
el——-

ox

cveeseess 16

V]
+
¥ 13
Qs
»”

Gauss's equation, div D = Q, where Q is the space charge, reduces to

aD
ox

= Q €000 0000000000000 000000000 00 17

and the eguation of charge continuity is

& _ e
ax = at oo-'aoa.-oo.t.ooooooo.o.'ls

The density of electrons n, in the conducticen band, may be written as
n=mn + ft' N eeetsecscecscocesscecsns 19
where ng is the mean electron density, and ng is the excess electron
density necessgiy to preduce the space charge @, so that
Q= - q.ns P ~(¢
where q is the charge on an electron. ft is the fraction of the space
charge which is mobile, where 0¢f, ¢ 1. The fraction (1 - ft) of
the srace charge is assumed to be trapred in sites with a relaxation
time much shorter than the period of the acoustic wzve. When the
mean free path of the electrons is much shorter than the acoustic
wavelength, the current density J, is given by'

on
: s
J-q (no+ft.ns) p'E +an. ax LK B B BN B BN B BN B N BN B BN MY 21

where the first term on the R.H.S. represents conduction by D.C. and
piezoelectric fields, znd the second term represents diffusion.

2

e aJ an_ 9 (n.E) °n
-a;=q5-€—=q.p,gx +q. Dn 2 tecocoeo e 22

ax
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Eliminrting J, n end ng from the zbove equations lends to

-62D

- 2. By & 9’D
. dxdt = P'ax ( (Q'no = ft X ) L) - Dno ax3 sesescccscrse 23
The electric field nay be written as
. 2 . od(kx-wt)
E = EO + ml' e TS G OP TOTOLOTDDIOROCIOINORONN 24

where Eo is a D.C. field, and El the piezoelectric field accompanying
an acoustic wave in the mediumn.

. . W . .
The propagation constant is k = P + Jja, where a is the
, s
attenvation constsnt in Nepers/cm, and vy is the phase velocity of

the acoustic wave. The other varizbles associated with the wave
are taken to have the same space and time dependence as El’ Equation
13 is used to eliminate D in equation 23, resulting in an expression

for E,, in terms of u (if D.C. ard hzrmonic terms are omitted).

1
Substituticn in the wzve eaustion 16 yields

2

00 0000 0000000000000 0c00bs00RcO0RCOIOITIE 25

pcw2 = C'.k

e2 - K 2 -1 -1
Wherec'=°(1+§(1+ng(l+ftp 2 +3ant('u-)> Y ) ) .. 26

€I~

e}

*The solution of k is sinmplified since|31<<$ s K2 = gb
8
2 ' . .
Wy = Vg /fthn’ eand ¥y =1 - ftEop/vs. w, and wy are the dielectric
relexation and diffusion frequencies discussed above,
Using these identities, exrressions can be developed relating

the main variables,

i.e. J 3‘— —S' X secsseecccece s 27
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_ _c ’ S
n_ = =" X ) - tessersnan 28
y o+ 3 (5 )
( @
Y +.§ w )
= =€
El —e X wc B Soo-ocococool 29
' Y+ (=+2)
R
( v+ 32)
. 2 . “D
Cc - Ce ( 1 + K W ) e cesv0000000 0 30
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@ %
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K2 wb w02 uJ2 2 -1
a = — X e—— ( 1 + _—'(1+ ——') ) ssec e 31
2 VY Y2w2 w Wy
2
wc w
(1+ =5+ 5)
K2 wﬁf \¢
Vs = Vo ( 1 «+ ‘E‘ X 2 2 2 ).ono-. 32
ug w
@+ 35 0e—) )
Y cwD

c/\%
where v_ = ( /p)

The main results of this theory can be exrressed grephiczlly (figure 5),
where the electron drift velocity Vg = - ftpE.
Calculation of these curves for shear waves, at 1 GHz, and

3

at rcom temperature, for CdS with a resistivity of 10”Rcm and ft.p =

200 cm2/v sec, predicts maximum gein and loss of 1400 dB/cm, and a

change in vg at y = 0 of less than 195, so that dispersion csn be ignored,
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" Figure 5. Attenuatlon o{, and sound velocity vs, as
functions of drlft field,

ALJ
<El Sv
vns
a) e ¥>0 b)) ¥=0

--- ¥<0

Figure 6. Phasé relationships between strain S,
current I, carrier density n ,and
piezoelec%ric field El‘
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The phase relations iys of n_s J, El end S czn be
represented diégrgmnaticallyl5 (figure 6).

The power exchznsed between the carrier bunches snd the
acoustic wave is given by J. El’ and the phase angle between J and
El ihdicates whether the acoustic wave is geining or losing energy.

The gain per unit length a, is given in equation 31, and
the gain per wavelength is a (E&gﬁ) « The greatest gain per wavelength
occurs when w = w s end w2<?chD and is K2/4. Yhen w2 = ® Wn, the
g2in ver unit length is a meximum. Although the gain per wavelength is
independent of frequency, there are more wavelengths in the path at
highcer freguencies, and ccnseguently higher gain per unit length.

By differentiating eéuation 31 with resrect to y, the

turning values of the attenuation curve (figure 5) can be found, and

they occur when

w w

-Y = ';c" + - 000000000000 000000000000000000 33

“p

(b) Trapping Effects.

The above theory has been derived by assunming that the
relaxation time of the carrie;s in traps ié much less than the period
of the acoustic wave. If this is not the caée, tren the bunched
carriers in treps are out of phase with those in the conduction band.
Thus the trafping factor ft becomes complex, and Ishiguro, Uchida,

.Sasgki, and Susuk123’24

» have arrlied t:is corndition to the White
theory. The imaginary part of ft leads to a phase shift between J

and the nret piezoelectric field El’ which reduces the ragnitude of
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the interaction. The size of the out of vhese conponent is
provortionzl to the drift field, so that the reduction in the electron
phonon interactic-n is nore marked in the gaining region, than in.
the attenuating region. The attenuntion against drift field curve
then bheconmes asymetric.

If only one kind of trap is assumed to exist and ny and n,
are the concentraticns of the free and trurped bunched electrens

resyectively, t is the trazp relexation time, and the O subscript refers

to the parsmeters when 1. <<-(];')- .

s 1 2 so 10 20

no= feng "0 = fto * Mso

np = Q- f'l:)ns oo = (- f'l:o)nso
P . . (27 T 34
at 1 @ ® 0006000000000 000Q00 00000

: 3 .
Using 3t - Jw
t - l-jm - 1+ja 090 9000 0P 0000000

fto is real, and is defined by Hutson snd White‘5 as the ratio of the
change of mobile srace charge to the change of total space charge,
when the latter czuses a small change of the electron Fermi level.

I1f wr«fto, then ftxfto‘

The seccnd statement in equztion 35 is written for ccnvenience, so

that y =1+ bfto“Eo/vS , end a is the wrtio of Re(f,)/In(f,).



23

Fqustion 31 is wodified, =nd it can te si:own thet

a.max(gain) — J1 + a2 - a
amintlossj ,fl + a2 + a

White_z5 proposed a different explanation for the obgerved

000 ev00evececscsecree 36

asyrmetry of the attenuatien versus drift field curves in practical
amplifiers. He suggested that variations in resictivity in the path
of the acoustic wave would tend to reduce the gain ..ore than the loss.
In practice, both effecis are likely to be present.

(¢) Linits of the Linear Theory.

Fer the sneall éignal analysis to be vzlid, the bunched
electrens musi be cnly a smell fraction of the total free currier
concentraticn in the conduction bande.

i.e. ft.ns<( n

Using ¢ = nqu and equafion 28, it can be shown that, this
conditicn is equivclent to

S <ev /T .u.e 37

In practise this meens that the strein must be less than 10-5.

For linearity |a| << g/vs, which mears thzt the gsin per
wavelength must be small. Thé linesr approximstion involves neglectiny
the tern QpnsEl in the current density expressicn, equ=ntion 21. W:-en
bunching is large, this term cannot be ignored. A pure hurmcnic wave
is no longer a solutibn, and each verizble is then deterﬁincd by a
Fourier series. Each frequency componént may interact with the others,
by virtue of the non-lircarity, and apprecizble harionic generaticn

will occur,
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(d) Choice of Material for an Acoustic Amplifier.,

Several conpounds of the I1 - VI and III - V groups are
piezoelectric, and their thenreticel behaviour as acoustic amplifiers

. 26 AP . .
can be compzred . The significant properties are the electro-
mechariczl coupling constant, aveilable gain, and power hardling capacity.
In table 1, data is presented for a number of piezoelectric waterials.
The coupling constents anpropriate to shear mode operation are given,

znd are K,  for the hexagonal materizls, =nd K14 for the cubic2.

15
The meximum gain per unit length at 1 GHz is given, vsing the condition
2 . s 2 .
w = wcwD in eq?gtlons 31 and 33, whence Cax = K w/8vs. The drift
‘power corsumed per unit gain, for the optimim conditicns, is
3
Pdc . €.V "
¢ ° 4.34(uk?) wp
The quantity pK2, which occurs in the dencminztor, is

described as a merit factor, =nd a high merit factor indiecates low
power consumption per unit gain. The data in table 1 refers to
- amplifiers of the type sketched in figure 1, excert for InSb, for
which the vzlues refer to the situation of crossed electric and

° 27. The corductivity and mobility of the

megnetic fields, at 77
InSb are modified to give useful results., For room temperature
operztion, Zn0 apprears to te the best material, but CdS has

comnparable properties,



- Max. Gain Merit Factor
Compound Structure K at 1GHz 'iKz
dB/mm cm2/Vsec

Zn0 Hexagonal | 0.3 220 18

Cas . Hexagonal | 0.19 140 11

CdSe Hexagonal | 0,13 78 10

Zns Cubic 0.079 20 0.6

InSb* Cubic 0,068 6.7 37

Table 1. Basic data for acoustic amplifiers,

® For cgossed electric and magnetic flelds
at 77 K.




26

CH:PTER 2.

2. Transducers.
2.1 General Introduction.

In this chapter, the techniques used to rrcduce efficient,
longitudiral and shear,mbde, evaporated CdS trensducers, for
freguencies of 1GHz znd above, are described, =nd the behaviour
of the transducers is aralysed. Evaporzted CAS films used as
trensducers must possess a high degree of structurel order, and be
of good stoichiometic composition., These properties zre deternined
by the evaporation conditions, and a review article by de Klerkze,
shows thet evagorated CdS transducérs are norimally polycrystélline,
consisting of hexagonal crysta;lites which 2re oriented with their
c-axes perpendicular to the substrate, «nd their a-axes randonly
directed parallel tc the substrste. The films have a tendency to be
sulphur deficient, thus lowering their resistivity and making then
inefficient transducers. The resistivity can be increased by
"annealing or doping, zlthough this may cause the c-axes of some
crystellites to rotate away from the rerrerdicular,

Evaporated trensducers are required to generate_either a
shear or a longitudinal acoustic mode, and are usuzlly excited by
an electric field directed normal to the substrate, and parszllel té the
trensducer thickness. An intense electric field is therefore developed

between the metal electrodes sandwiching a thin film transducer.
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Since, in evaporated CdS films, the crystalline c-zxis usually grows
perpendiculer to the substrate, the films are most readily used as
longitudinzl mode trznsducers, ond the approprizte piezoelectric
332. If a transducer is de;osit;d on a substrate

without metal electrcdes, rure shear wuves may be generzted by

const=nt is e
direéting an electric field, in a cavity, par:llel to the sqbstratel9’28.
el5 is the arprorriste piezoelectric co§stant2, but this is zn
irefficient method of generaticn, as wecker electric fields are
developed in the trasnsducer. Shear weves, efficieﬁtly generated,

are nore useful than longitudinal waves in acoustic amplifiers

(section 1.5).

If the c¢c-axis of the transducer can be tilted zvay fromn the
substr:zte normel, the electric field, directed along the normal,
generates both shear and longitudirnal wuves. Calculations have been
peYrformed to determine how the eleciromechanical coupling constuants
for each mode (for thjckness resonant CdS trsnsducers) vary as the

d15’29. The

c-axis is tilted away from the noin=l electric fiel
behsviour of the coupling constants is given in figure 7.

The inportant result of the calculations is that there are
severzal orientations of the c-axis,with respect to the electric field,

in which only one unode is generated. 1In pérticular, with the c-axis
inclined at 38.50 to the rormel, only a stear mdde is generated.
There are two methods of depositing CdS transducers; a
direct evaporation tecknique in which a tesznm of evaporated CdS
inpinges directly on a substratell, and an indirect technique, in

which cadmium and sulphur are separately evaporated, and the
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x 4 _ shear
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Fijure 7 Variztion of thickness longitudinal

and thickness sheur coupling constants

for CdS, with tilting c-axis.
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.vapour beans nin:sle at the substrate” . The latter "co-evaporation"
technique produces very highly ordered filuis, becruse of the slow
o

deposition rate (1C4/min), tut only films with the c-axis

. ‘ 28 . e
perperndicular tc the substrate nay be grown™ . The direct evaporestion
‘technicue gives a much higher rate of depositicn (grester than
O.lp/min if required), and so produces films which have lesswell

28 . . . . +
ordered structures™ . Direct evaporation hes the advantiee however,
that if the -depositicon rate is high, =2nd the CdS is evaporated at an
angle tn the substrate, the crystsalline c-axis grows towards the
. . . 11

direction of evaporation, and not rerrvendicular tc the substrate .,

. . cqys . o
A method is therefore evailzble for tilting the c-axis to 38.5 to
the rormal, so that pure shazr waves can be penerated,

When CdS is deposited at an =angle, the first layers to be

deposited zlways have the c-axis perpendicular to the substratesl.
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On metallic and amorphous subsirstes, the c-axis bends towards the

direction of evzporstion only after a finiie thickness of material
hazs teen depositedBl. Thus any shesr evaporated trinsducer has a
base layer in which the structure is varying, and the thiickness of
this layer vuts 2zn uppér frequency iinmit on efficieht shear mode
genersticn, ZEfficient operaticn (leés than 104B inserticn 1oss)
of skear trensducers.has rot beenlreported above 6OO'HHz11. A
technique.has been develored for extegding the frequency ran;e of
éfficient generation by shear trirnducers. The region in which the
c-axis is bending is rendered irective as a tronsdecuer by cadiium
doping, and the hizh resistivity top layer cf the CdS film, which
has the suitably tilted structure, is then the resonant trarsducer,
The uoper fréquency 1init, for efficient operution of fundarmental
node shear transducers, will then te determined by the acoustic
less in €4S, but X band operation should be possible,

In this chaptexr,iiost of the work described was performed
with longitudinal CdS tr:rsducers, derosited by the "direct
evaporation" technique. * A theoreticzl full mode analysis of
trensducer operztion, experimental meesuremenis and analysis of

structural properties, =2nd nezsurenents of the acousto-electrie

properties of transducers, are presented.

2.2, Transducer Depositior Procedure,

A direct eveporation technique was used, and the srperztus,

shown dingrammatically in figure 8, is basically that described by

¥ By Mr. R. H, Hutchins of these laboratories,
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.Fosterll. It is contained in a 12" bell jex, on a liguid nitregen
trap and oil diffusion punp. The substrate holder is an 2luminium
block, drilled to accept two substrstes, =nd mounted on two cosxial
thin walleq stzinles: steel tubes, l6em above the evaporation source.
The block was heated by two 65V heszters, znd the ternerature of thre
substrate holder wes monitored and controlled by 2 Honeywell control
unit, using an jron-constzntan thermnoccuple. During eviporation the
subsir:tes were meintained at the required tenmpernture within + IOC,
end evaroration did not comience until a period of two hours had
elapsed; after the substrate teipersture reached the required value.
The films were evsporated in a residual gas pressure of less then

2 X lO-5 torr, and the source materizl wes either New Met~ls and
Chemicals "dlectronic grade" CdS powder, or A.E.I, '"Ultra Fure'" CdS
This was evaporated from a tubulzsr cusrtiz crucible overwound with &
platinun heater, and the source temperzture was slso monitored end
controlled by a Honeywell contrcl unit. Two additionel source
crucibles were inserted, to evaporate cadmium erd sulrhur independently
end a filzment was included for the ccevarporation of doping metals.
The rate of evaporation dépends on the source.temperature, and
temperstures between 600°C and 86000 were used. The thickness

of the CA4S filus was nonitored by an AT cut quartz crystzl located on
the subsirzte holder, =zdjecent to the substratesze. The crystal

- menitor waé calibrated by an optical interferometer, as a function

of frequency change agzinst thicxness of deposited CdS.’
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Single crystzl serphire rcds, 1l.0cm in dizineter, znd 2.5 cn
long were used as substrates. These rods were criented with the c-axis
parallel to either the rod diameter or the geometric axis. After
intensive chemiczl clezning in "aqua. regia" and alcohel vapour, the
rods were iﬁserted intc the substirate holder. Metal layers, usuzlly
gold, were deposited on the sapphire rods, tefore the deposition of CdS.

The substrate helder could be tilted, so that the angle of
incidence of the CdS vapour beam on the substrate could be varied,
in order to produce shesr transducers,

Longitudinal transducers were nride by evarorating CdS at
600°C or 1e§9, and doping with silver or sulrhur s reguired, on to
a substrzte at 200°C. Sheaf transducers were fabricated ¢s doutle
layers of CdS, with the vipour bean at 40° to the substrate. The
bottom layer of hignly conducting materiel was derosited af a rate
in excess of O.lpyhin, end with a source teupersture of 700°C, and
coevaporating cadnmium at 24000, on tc a substrate 2t 100°C. The
top layer, of high resistivity materisl, was eveporated at GOOOC,

with coeveroration of sulphur at 1lO°C, on to the substrate at 200°C.
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2.3 Transducer Theory
2.3%.1 Introduction

The analysis presented here was carried out to predict the
behaviour of evaporated CdS transducers resonant in the frequency range
500 MHzAfo 10 GHz., The bandwidth and insertion loss characteristics of

piezoelectric transducers are usually calculated from equivalent circuits,

in vhich the mechanical elements are transformed into electrical elemen%g’46.

The treatment given here does not use an equivalent circuit for the trans-
ducer, Starting from the equations of state for a piezoelectric medium,
the impedance represented by the transducer is evaluated, by considering
the properties of the acoustic waves excited in the transducer by an

33

applied field. This analysis is based on work by Greebe””, and the system
considered is shown in figure 9,
The transducer layer is sandwiched between two metal layers,

so that an electric field can be developed perpendicular to the substrate,.

The thickness of the metal layers is comparable with a wavelength, at the

frequencies of interest, and they therefore have an effect on the transducer

A B

Transducer —m00— ___  —

Delay Medium

Metal Films

of |z .

Figure 9 Transducer on Delay Line
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response., The acoustic load on each side of the transducer was evaluated
by treating the metal films and the delay medium as acoustic transmission
lines, Digital computation was used to calculate the transducer impedance

and insertion loss as functions of frequency.

2.3,2 Assumptions

a) , The transducers are considered to be uniform and homogeneous

in structure., In practice, it was found that the evaporated transducers
were very uniform in thickness, and that the same conversion efficiency
(within the limits of experimental error) could be obtained at different
points on the same transducer. The degree of structural order is a
function of thickness (see section 2.5.2), and transducers more than 1 p
thick are quite highly ordered.

b) It is assumed that mechanical losses in the transducer and
metal layers can be ignored. Extrapolation of lower frequency measurements
in C4dS, suggests that the acoustic loss at 1 GHz is around 80dB/cm.69 It
can be shown from the following calculations, that this loss in the
transducer becomes important,IOnly if there is a gross impedance mismatch
between the transducer and its mechanical load, a situation which ig not
considered here, Extrapolation to higher frequencies of acoustic loss
measurements in metals made at 10 to 40'MH246, assuming that the loss
increases as the square of the frequency, suggests that the loss at 1 GHz
is of the order of ldB/p; In practical transducers, the behaviour.of which
is to be compared with the predictions of the following theory, the metal

layers were normally less than 0.5p thick, and so mechanical losses can
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be ignored. : .
The absence of mechanical loss implies that all the mechanical
impedances are wholly real, and all the propagation constants are wholly
imaginary. The media are also considered to be non-dispersive.
c) h The delay mediuh is considered to be infinite., These
calculations were performed to meke comparisons with transducer insertion
loss measurements made by a pulse echo technique, in which pulses shorter
than the round trip delay time were used. It is not necessary therefore
to consider a reflected wave in the delay medium, at the metal delay

medium interface,

a) Wave propagation in the transducer is considered to be one

dimensional, so that the equations of state can be written accordingly.

24303 Acoustic Waves in the Transducer

The piezoelectric equations of state are

T.- c.S - e,E 1

D=e,5+¢e.E 2
where T is the stress, S is tﬁe strain, E is the electric field strength,
D is the electric displacement, ¢, e and € are the appropriate elastic,
piezoelectric and dielectric constants., D and E are parallel to the x
direction.

The strain S is given by

ou
S = = 3
ox ’

where u is the particle displacement, and veriations in T,S,D and E

occur in the x-direction.
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If the transducer is of high resistivity material, interaction

with free carriers can be neglected, and Poisson's equation reduces to

aD '
= -0 4

Newton's second law gives

o M_azu
ox at? 5

where M is the mass density of the transducer. These form a set of
linear equations, and the solutions are considered to be plane waves with
space and time dependence of the form

cexp (§ (kx - wt) ). 6

Combining equations 1 to 6 and rewriting them gives

T -jk.cou  + e,B = 0 7
jkD : = 0 8

D -jk.e.u = e.E = 0 9

JkT +w2M.u = 0 10

Equations 7 to 10 are four homogenevus equations in four unknowns, A

non-trivial solution exists if the determinant of the coefficientsis

zZero.
1 0 ~jke e
(¢] Jk 0 0
= 0
0 1 -jke- -€
Jk 0 w2M 0
cv.o jksc (1 + Kz). (k2 - 0’2III/C(1 + K2) ) = 0 11

where K2 = £ is the electromechanical coupling constant,

«Co

The solutions given by equation 11 are




36

k=20
. 2
kai'( w M ) %‘
c(1 + Kz)

1

=t e (1+K%) 2

. . C
since the acoustic velocity Vg = /M

The solutions correspond to two acoustic modes, one
propagating in the forward or positive x direction, and the other in the
reverse or negative x direction, and a uniform electromagnetic mode, None
of these modes is being attenuated, and since K2 << 1 in €4S and other
riezoelectric semiconductors, the dispersion of the piezoelectrically
coupled waves is small, The forward and reverse acoustic modes, and

the uniform mode,; are denoted by the subscripts 1, 2 and u respectively,

2.3.4 Effect of Free Carriers on Acoustic Propagation

If free carriers are present in the transducer lattice, the
equations 1 to 5 no longer describe the conditions. The equation of
charge continuity.

on

aJ 8
x =% 12
ans
and the current J = q.p. (n  + ns).E +a.D 3¢ 13

must ba introduced. n, is the space charge density, n, the mean electron
. density, p the carrier mobility, Dn the diffusion constant, and q the
charge on an electron.

Poisson's equation becomes

aD
3x " -ang 14
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The same method of algebraic solution for k gives five solutions; a

uniform mode énd two acoustic modes as before, and'two carrier modes,

Greebe 53 has shown that carrier modes are heavily damped, and may be )
neglected when w <<’9D. In C4S thin films, at the lower microwave
frequencies, this condition'applies, becausg of the low carrier mobilities
(sectionk2.5;2).

The propagation constants of the acoustic modes, when

diffusion effects cen be neglected, are

ky

2
w JK fe) . 1
= k= g (L (R y) ) 15
If the conductivity is large, w, ==CZ/3 is large, and the dispersion and
coupling are small, If o, > ® the conduction current in the transducer

is greater than the displacement current., w and @, become comparable

3

in CdS at microwave frequencies, when the resistivity is 10°% cm or
less., Qualitatively, wb> w means that the electrons can move fast
enough to cancel out the piezoelectric field, and inhibit the transducer

action, The piezoelectric field is "shorted" by conduction,

2.3.5 Transducer Input Impedance.

The schematic representation in figure 10 is used in the
discussion,

The metal films'are represented by transmission line
equivalent circuits, and the delay medium, which is effectively infinite,
is represented by its characterisfic acoustic impedgnce. A series resistance
Rc is included to account for contact effects. No contact capacitance -

is included, because the depletion layer set up between a metal and a sénk
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Figure 10 Schematic representation of transducer

conductor with free carriers is of the same order of width e&s a resonant
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transducer at microwave frequencies, This effect is therefore more

accurately represented by a double layer transducer with layers of

different resistivity, than by a sim:'le series capacitance. A depletion

layer is of high resistivity, and so if the transducer itself is made

of high resistivity material the capacitance can be ignored (page 3).
The total voltage V acro:s the transducer is given by

k..x
ej N dx,

2 L
V=E.L+ . E,.
u i§1 So i
where L is the transducer thickness,and i = 1 or 2,

skioX
2 (eJ 1 ) L .
Q'QV’EOL"' (E-' /k_) 16
u 3§i i | Jk; 0

Substituting equation 10 in 7 gives
ik
T.+jkC.L.T.+eE=0
i w2M i i
2

"eoEO, k. o4
Ti = l/(l - 12
w M

) 17



An expression must be derived for the current flowing in the transducer.

Maxwell's equations give

oD
curl H J + 6t

]

div (curl H)

=0
D
.o dlv (J + = 3% = 0 18

Equation 18 is valid for the whole system of transducer, electrodes and

leads, gnd within the transducer, the equation is valid for each mode of

propegation.

J

.o abl
** 3x (Ji

) =0 19

since propagation is one dimensional,
Jjk. .x

For any mode which has a dependence e on x, equation

19 leads to
oD
Jok, (J. +1y= 0
1lat)'
D4 )

oo either k; = 0 or (J + 1
ot

aD
For the acoustic modes k. ;!0, SO (J +—==)=0.

but for the uniform mode ki = 0,
dD
hence (T, + u/at) F 0

The external current I is therefore carried by the uniform mode,
oD
. u .
o0 IgA(Ju‘l‘at ) 20
where A is the active area of the transducer.
From equations 2 and 5, Du = e.Eu
Also = Ju = a'oEu,

where & is the conductivity of the transducer material,
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I=4(o- j_we).Eu ' 21

The negative sign in equation 21 arises from the sign convention chosen
in equation 6, where the variation with respect to time is eIt

The transduceriimpedance Z = v/I is c¢btained from equations 16 and

21, It is necessary therefore to express Ei in equation 16 in terms of

Eu’ which is done by using equation 17, and the boundary conditions, to

express Ti in terms of Tu.

| 2,3.6 Boundary Conditions.

Acoustic propagation velocities in the positive x direction
are considered positive, and in the negative x direction are considered
negative,

At the interface A in figure 9.

T, 4Ty + T =T, 22
The continuity of particle velocity v = g%, at a slip free boundary,
requires that

vyt VY, =V, 23

Since mode 2 is propagating in the negative x direction

T

vV, = - 2/20, where Z0 is the acoustic impedance of the transducer medium,

2
If the medium on the negative x side of A was infinite, then the transuitted

signal would clearly propagate in the negative x direction.

A
Hence VA = - /ZA
S Ty
e 0= ‘2—' = - 'Z_' 24
Zo 0 A -
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Similarly at interfacé B

Tl jle 'I'2 jk2L ) TB .
'Z-oe -‘2"’..6 =E‘ 25
0 0 B
k. L kL
} il 2 -
Tl . € + T2. e + Tu = TB 26

By eliminating TA and TB from equations 22 to 26, ’I'l and T2 can be expressed
in terms of Tu' ZA and ZB can be evaluated by means of the equivalent

circuits given in figure 10.

2.3.7 Transducer Ihsertion Loss

Due to leakage resistance and contact effects there are two
aspects to the evaluation of transducer insertion loss. There is loss
due to reflection from the transducer, and loss due to internal dissipation,
The power absorbed by the device is determined from a knowledge of the
input impedance, by calculating the reflection coefficient W, of the
transducer, with respect to the impedance of the energising system,
X (1 -2

Hence Pa.bsorbed = Pincident

The fraction of the absorbed power which is converted into acoustic power

is obtained by evaluating the ratio Pacoustic/Pabsorbed'

The transducer insertion loss which is actually measured is

P . P P
Pacoustlc x Pabsorbed - ac x (l _ ,w'2) 27
absorbed incident ab :

The power absorbed by the transducer is 12, Re (Zin)

y P = v2 x Re (2in)
e absorbed |Zin|é
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2

The acoustic power into the delay medium is EQ X A, where TD is the stress

produced in the delay medium, at the boundary., Hence the transducer insertio

loss in dB is )
TD2. A |zin| 2 N

. = 130 .
Pincident) logyg (ZD * V2 Re(zin) *

P
10.10g, ac

TD is evéluated in terms of TB’ and TB can be expressed in terms of V from
equations 16, 17 and the boundary conditions,

It can be shown that when there is no contact resistance, and
the transducer is insulating, (i.e. R,=0and & =0 ) the ratio

Pac/Pab is unity., The above theory can be reduced to the equations normally

used to describe transducer equivalent circuits (Appendix Al).

2.3.8 Computer Progcramme

An Algol computer programme was written to calculate the
theoretical performence of transducers, Most of the computations were
carried out for CdS transducers, with gold electrodes, on sapphire deley
rods, since this was the structure of most experimental transducers, The

data used was taken from published measurements of the basic acoustic

35 36 32

and electrical constants of single crystal CdS””, sapphire”’ and metals,
Longitudinal CdS transducers were studied principally, and

the appropriate electromechanical coupling constant is designated Kt’ where

2
K2 = __°33
CD S
33°%33

Mason2 has demonstrated that this is the appropriate coupling constant

for a thin plate, resonant in its thickness mode, with the 3 axis (the



c-axis in CdS) parallel to the thickness. This relationship is valid
when there is no strain in the plane of the plate perpendicular to the

3-axis.

2.3,9  Theoretical Transducer Behaviour

In this section results are presented for various transducer
configurations., A shortened notation is used to describe the structures;
for example, a longitudinal CdS transducer, tin bonded to a sapphire

delay rod, with an aluminium backing layer is described in the notation

43

as Al—CdS—Sn—AlQO3 (long.) Computed results are presented for the condition

in which the transducer is energised directly from a 502 system, and not

thrcugh any tuning or matching network, This was done in order to

investigate the performance of the transducer alone, since a tuning systenm

has a bandwidth which would be superimposed on the transducer response.

| In figure 11 is given the calculated inseftion loss versus
frequency characteristic for the system CdS-Au-A1203 (long.) i.e. without
& backing layer. The CdS transducer and gold layer were 0,5\ thick at
1 GHz (= fo' where A is the aéoustic wavelength). The transducer was
considered to be insulating, and to have no contact resistance, and the
acoustic beam area used was 3.10"6 uF. It is significant that the
minimum insertion loss of 183dB occurs at 500 MHz, which is where the
transducer is 0,25\ thick, The shape of the harmonics is very similar
to that of the fundamental, and the minima occur at frequencies where the

transducer is n\ thick (where n is.an integer). In this condition there

is minimum stress at the transducer metal layer interface., Below O.Sfo



44

the insertion loss increases as the frequency falls. The bandwidth
is about 40 at O.Sfo and»consequently very broad bandwidths will be
available from transducers which are fundamentally resonant at higher
frequencies (say X band). It was shown in sections 2.3.3 and 2.3.4 that
the dispgrsion of the coupled acoustic waves is iﬁsignificant, and
consequently the transducer resvonse is determined by the mismatches between
the transducer and the electrical energising system, and between the
transducer and its acoustic load. The latter mainly determines the shape
of the respoﬁse.

The longitudinal acoustic impedances of CdS, gold and sapphire

6 6

are 20.7.10°, 62.5.10° end 45.2.10° ¥8%/52,o, . respectively, Gold is

clearly a very poor acoustic match between transducer and delay rod, and
if tin, with longitudinal impedance of 24.6.106, is used in place of gold,
the transducer resoponse becomes single peaked, with the peak close to the
7"/2 frequency. The response of CdS-A.u-A12O3 (Shear) has the same shape
as figure 11, for the same conditions, but the level of insertion loss

is different, since the coupling constant K15 is different from the
constant Kt’

.In figure 12 isvshown the effect of varying the gold tand
thickness in the system of figure 11, over a limited frequency range. The
minimum insertion loss is obtained by using a gold bond 0,5\ thick, but
the difference in shape produced by varying the gold bond from OA to I.QX
is very small. A subsidiary resonance begins to appear at fo as the gold
bond thickness is increased. If the bond is made of a material which is

& good acoustic match between transducer and delay rod, varying the thickness

has a marked effect on the shape of the response.
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The thicgness of the bond layer does, however, have a
significant effect on the phase response of the transducer. The phase
of the stress launched in the delay rod with respect to the voltage
applied to the transducer, for CdS-Au—A1203 (lohg) is given in figure 13,
for a number of bond thicknesseé. Por signal processing, it is essential
that the phase response of the device should be either constant, or

smoothly verying, with frequency. A smooth variation in phase can be

remnoved by the use of a corrective electrical network., In figure 13, for

most bond thicxnesses, there are regions, up to 400 MHz in width, in
which the phase résponse varies'smoothly. By using different bond and
backing materials the phase response can be modified, and the phase
response for the structure CdS—Sn¥A1205 (long.) is shown in figure 14.
This has a‘smoothly varying response, which is particularly good for the
case of a 0.5\ bond.

A transducer acts as an impedance transformer between the
acoustic and electrical systems., Since it is a passive device, it can
be argued that it has a reciprocal conversion efficiency between the two
systems.

Figure 15 shows that a backing layer, which is a significant
fraction of a wavelength, has a marked effect on the response of a
transducer., The response is for the structure Au-CdS-Au-A1205 (1ong.)
with a 0,5\ gold bond, and the effects of gold backing layers of 0.25X
and 0.5\ are shown, Although the overall shape of the responses with

backing layers, is very similar to that for the unbacked case, the whole

response has been shifted down in frequency. Increasing the backing
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thickness shifts the fesponse even further down in frequency, so that a
1.0M thigk backing layer reduces the frequency of minimum insertion loss
to 0.1 f,.

Basically, this transducer analysis evaluates the input
impedancé, and figure 16 gives the series impedance (R + jX), presentedv
by the transducer whOSé frequency response is given in figure 11. The real
part is highly resonant, and the reactive part beheves aé a capacitance,
except for a slight distortion at the principal (X/ﬁ) resonant frequency.
Since K2<<'l, the real part of the impedance will be small, and for most
of the frequency range the impcdance is less than (0.1 - j2)2, which is
a gross mismatch to 502, thus accounting for the high values of insertion
loss. At resonance the impedance is (0,17 - j 2.68)%2. The transducer
impedance is inversely proportionel to its active area (equation 21),
assuming that there is no fringing, and the active area, corresponding to
the acoustic beam area used in the calculationg, waé 3.10°6‘m2. This was
tﬁe nominsl beam area in the experiments described below, The transducers are
normally excited in coaxial mounts, in which the centre conductor has a
smaller area than the transducer. In the absence of a backing layer, the
centre conductor is assumed to define the active area, It should be
possible to evaluate an optimum beam area to give the best matching conditions
to a 509 system; without any electrical matching. For the conditions used
to evaluate figure 11, this area was predicted to be 10-7‘m2. The input
impedance of the same system for this area, at the 4 resonance is

(5.1 - j 80.4)% . At beam areas less than the optimum velue, the insertion

loss is worsened, and the frequency response is flatter. The theoretical
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improvenment in iﬁsertion loss which can Be achieved by reducing the beam
area from 3.10°0 m® to 1077 m® is 11dB, at the “/4 frequency. As the
operating frequency rises, the beam area for matching falls.
| It was demonstrated in section 2.3%.4 that free carriers

in the transducer can inhibit its action, and will cause a conduction
current to flow. The coupling to acoustic waves is reduced, and the leakage
path provided by the carriers shorts out the real impedance presented by
the transducer, hence the conversion efficiency is reduced. Figure 17
shows the effect of transducér condﬁctivity on the insertion loss., When the
resistivity is 1039bm, the effect is almost negligible, and so if the
resistivity is 104§bm or higher, conduction effects can be neglected.
This gravh is for the structure CdS—Au—A1203 (long.), with the 1/2 frequency
for CdS and gold at 1,2 GHz, and & beam area of 3,107° nZ.

If there is a series resistance in the transducer thin film

metal contacts, or mounting jig, the impedance loading the energising

system will be changed, and the insertion loss increased.
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2.3.10 Conclusion

Since the electromechanical coupling constant of CdS is small,
the impedance presented by a microwave C4S transducer is a bad mismatch
to a SOQIenergising system, These transducers thgrefore tend to have high
insertion losses, if operated without a matching system, but do have
large fractional bandwidths., The shape of a transducer frequency response
is determined mainly by the acoustic impedances of the materials mechanically
loading the transducer. Several factors, such as the electromechanical
coupling constant, fhe conductivity, coﬁtact resistance and active area of

the transducer, affect the absolute level of the insertion loss.

2.4 Acoustic Measurements on CdS Transducers
2.4.1 Measurement Technique
Acoustic measurements were made in the frequency range 0.9
to 2,0 GHz., All the transducers were deposited on metal films on sapphire %
substrates. The metal was normally gold, and the sapphires were single
crystél delay rods, polished flat to one quarter of a fringe of sodium
light, and parallel to better than 6 seconds of arc. The transducer and
v delay réd were held, for acoustic wave excitation, in the 50% coaxial brass
mount shown in figure 19. The centre conductor of the mount was an indium
" tipped brass post, lightly spring loaded to make contact with the transducer, ?'

Most films did not have a backing layer acting as a top electrode. The

outer conductor of the mount made good electrical contact with the metal

e mv—— e .

layer between the -CdS and sapphire. In this configuration the electric

field was perpendicular to the substrate, and parallel to the cfaxis in



films deposited normal to the substrate, thus generating longitudinal
waves. Pure shear waves are generzted by an electric field normal to the
substrate, when the c-axis of the CdS is ihclined at 38.50 to the normal,
The measurement system is shown as a block disgram in figure
20, A C.VW. signal generator and a travelling wave tube constituted the
r.f. source, and had an available C,V. power output of 1W. The output was
pulsed by a PIN diode modulator, with a pulse width of lusec, and a
repetition rate of 1 msec, The pulses were coupled to the transducer
via a three port circulator, and the reflected delayed pulses were passed,
via a blanking PIN diode modulator, to a superheterodyne receiver with
e sensitivity of - 90dBm, The receiver output was displayed on an
oscilloscope, To obtain acéurate measurements of both the transducer
conversion loss, and the acoustic attenuation in the sapphire delay rod,
& comparison circuit was included. A signal was tapped off the main
signal generator output, via a coupler and precision attenuator (accuracy
3 1dB), passed through a PIN diode modulator providing variable delay, and
returned to the main circuit via a.ZOdB coupler. The observed echo
rattern from the transducer and delay rod decayed exponentially, and
the acoustic attenuation due to the sapphire delay rod was obtained from
the difference in amplitude of successive echoes. The total loss incurred
in conversion from an electromagnetic to an acoustic signal, propagation
in the delay medium, and reconversion to an electromagnetic signal, was
measured by comparing the amplitude of the firsf echo with that of the

incident pulse, using the comparison circuit. Hence the difference

between the measurement of total loss and the acoustic loss in the delay
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rod, is twice the one way transducer conversion loss.

2.4.2 Acoustic Loss

The acoustic loss in sapphire was measured for both shear
and longitudinal waves, At room temperature the longitudinal sacoustic
loss, between 1 and 2 GHz was found to be very similar to the measure-
ments published by Fitzgerald, Chick and Tru31137, for their normal
specimens of sapphire. They also present lower loss measurements on
samples which they claim to be almost perfectly pure, and attribute the
higher loss in normal specimens to impurity scattering., The accustic
loss was found by them to vary as (freqﬁency).1°7

De Klerk38 has published acoﬁstic logs measurements for shear
and longitudinal waves’ in sapphire at 1 GHz, He observed a loss of
0.2 dB/cm and 0.6 dB/cm for longitudinal and fast shear waves respectively,
at room temperature. The sapphire used in the experiments descfibed here
‘had acoustic loéses of 0,63 dB/cm and 1,9 dB/cm for longitudinal and
fast shear waves respectively, under the same conditions of frequency
and temperature. Thé ratio of fast shear to longitudinal acoustic loss

. was the same as found by de KlerkBs, and the frequency dependence of the

loss was found to be around (frequency)l'7 for both modes.

2.4.3 Typical Experimental Results and Comperison with Theory
Before transducer behaviour is discussed in greatér detail,

the sctual frequency responses of two evaporated transducers, with the

structure CdS—Au-A1203 (long.),are presented in figure 21, to illustrate
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the relevance of the theory. The gold bonds were 0,3p thick, and the
centre post of the coéxial mount was 3.10-6 m2 in érea. Both responses
were measured with the transducer untuned, so that direct comparison
can be made withAthe theory. The half wavelength resonant frequency fo’
is marked on the graphs, and it can be seen that there is reasonable
agreemen£ in shape with figure 11 over the same range of frequency.
The absolute level of insertion loss for the experimental measurements
is different from that predicted by the theory, which is to be expected,
since the theoretical curves were evaluated using the data for single
crystal CdsS,

These results are fairly typical of those obtained from
transducers, If the transducer has a significant conductivity, the
absolute level of insertion loss is much greater, although the shape of

the response is similar,
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2.5 Transducer Properties

The measurements and discussion of transducer behaviour
are presenfed under three headingss crystallographic structure;
resistive properties and compensation techniquesy and the use of
transducers in microwave circuitry.

The basic properties of a CdS transducer which affect its
ccenversion efficiency are the érystallographic structure and the
resistivity., A review of the literature28 on C4dS derosition shows that
with standard evaporation techniques, and using heated substrates, C3S
films are deposited as hexagonal phase crystallites, preferentially
oriented with the c~-axis pervendicular to the substrate, The films are
frequently sulphur deficient leading to low resistivities, and film
resistivities ranging from 107 to 10129 o have been reported.28
Attempts have been made to compensate for this lack of stoichiometry
by coevaporation of sulphur, or metallic dopants such as silver.or
copper, during growth, lMany post evaporation treatments are réportedzs,

‘ mainly annealing procedures, and diffusion of metal compensators., The
annealing procedures frequently resulted in the c-axes of many of the
crystallites tilting away from the normal, so that these films could

not act as single mode transducers. There are relatively few publications
in which the crystal structure of CdS.films is related to their behaviour
as acousto-electric transducers38 (mainly for the longitudinal mode),

and only Foster has studied the structures of CdS films acting as shear
mode transducers.31

The work described in this section, on the structursl
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properties of transducers, is concerned with finding suitable structures
for efficient longitudinalland shear transducers, for microwave frequencies,
and evolving compensation procedures to give these transducers high
"resistivities., The structure, and degree of order,-of tne evaporated
CdS films were determined by X ray analysis. A néw method of compensation,
by thermzl neutron bombardnent, to introduce trapping sites in the CdS
lattice, was investigated with significant results.

As demonstrated in section 2.3 theiinsertion losses of
untuned CdS transducers tend to be high at microwave frequencies, due to
the impedance mismatch between the transducer and energising system.,
Impedance measurements were made on transducers to investigate this

effect, and any other sources of loss.

2.5.1 Crystallographic Structure of CdS Thin Films,
a) GeneraI.Observations

X ray diffraction was used to structurally analyse CdS thin
films. The analysis was performed by a technique which is commonly
used for examining péwdered specimens of‘crystalline material.39 If
a collimated beam of monochromatic X rays is incident upon a random
polycrystalline powder, cones of diffracted X rays are produced at the
- appropriate Bragg angles,"defiﬁed by n\ = 2d sin 6. (where nfis an
integer, A the wavelength, d the spacing between planes, and 6 the Bragg
angle,) If the polycrystals have a preferred orientation, the diffracted
rays comprise only segments of cones. Evaporated CdS films. are known
to be polycrystalline, with crystallites, usually about 10002 in diameter,31

which téhd to grow with the hexagonal c-axis pérpendicular to the substrate.
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These films can then be analysed by treating them as polycrystalline
powders, whose crystallites possess a preferred orieﬁtation. The natural
tendency of the crystallites to grow with the c-axis perpendicular to the
substrate, means that it is relatively easy to produce longitudinal
 cds transducers by direct evaporation., As discussed in section 2.1,
it is possible to produce evaporated shear transducers by tilting the
c-axis of the CdS film at 38.5o to the substrate normal, and X ray
analysis can be used to determine the required conditions for deposition
of pure shear mode transducers,

CdS commonly occurs in the hexagonal crystalline form, but
it can also exist in a cubic form.4o In table 2 are given the reflecting
planes, with their corresponding Bragg angles for Cu Ka radiation, and
normalised integrated reflection intensities, for random powders of
cubic and hexagonal phase CdS. (A.S.T.M. Index). Cu Ko radiation has
two closely sraced wavelengths, and the Bragg angles are given for the
lower wavelength. It can be seen that all the cubic reflections, excluding
the (200) and (400), are virtually coincident with hexagonal reflections.
There are, however, several hexagonal reflections which dd ﬁot coincide
with cubic reflections. Unleés the cubic (200) and (400) reflections
are observed, the cuBic phase of CdS cannot be positively identified by
X ray diffraction, | |

The principle of the diffractometer is illustrated on page
62. The detector and specimen are rotated so that the incident X ray
beam, and the detéctor axis, are always at the same angle with respect
to the substrate normal., The diffractometer thus records only the reflection.

from planes which are parallel to the film surface and the subsirate,



Hexagonal Cubic
hkl Bragg I/I1 hkl Bragg I/I1
Angle Angle

100 12,43° 75 - - -
002 13,20° 59 111 13,26° 100
101 1%,10° 100 - - -

- - - 200 15.36° 40
102 18.28° 25 - - -
110 21,88° 57 220 22,02° 80
103 23,85° 42 - - -
200 25,48° 17 - - -
112 25,91° 45 311 26,04° 60
201 26,43° 18 - - -
00k 27,17° " - - -
202 29,14° 7 - - -
104 30,31° 2 - - -

- - - 400 31,98° 20
203 33436° 15 - - -
210 34,69° 6 - - -
211 35,48° 11 331 35.24° 30
11% 36,10° 7 420 36,30° 10
105 37.58° 11 - - -
204 36.85° 1 - - -
300 40,19° 8 422 140,%3° 30
213 41,62° 12 - - -
302 43,20° 8 333 43,47° 30

Table 2, Observed planes with Bragg angles and normalised
reflection intensities for random powders of
hexagonal and cubic phase CdS,

g&}\\l//{r/giffracted
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when Bragg's law is satisfied for these planes, The presence of
reflections other than the (002) and (004) in CdS, shows that the c-axes
of some of the crystallites are tilted away from the normal. This
technique does not give a complete picture of how the crystallites are
tilted, since reflections appear only when the crystallites are inclined
such that sets of planes are parallel to the film surface. There are
regions in which no reflectioné appear, and on which there is therefore
no information., The diffractoreter sweeps in one plane, perpendicular
to the substrate, and so the detector axis cuts the arc of the cone of
diffracted rays in only one point., Tnis limitation can be overcome by
taking glancing angle Laue photographs of the thin films, The incident
X ray beam is pérpendicular fo a photographic plate, and the CdS film
is rotated in the beam., With filtered radiation, the reflections again
identify those planes which are parallel to the film surface, but since
the diffracted beam is recorded in two dimensions, the whole diffracted
arc is recorded, and a measure is obtained of the degree Qf misorientation
of the crystallites.
b) Measurement Technique

The CdS films which were structurally examined were deposited
on sapphire substrates, usually with gold bonding layers, so that the
transducer action of the films could be observed and correlated with
the crystalline structure, X ray analysis was performed on a Phillips
diffractometer, with nickel filtered, Cu Ka radiation, and pulse height

discrinination, Each diffraction 1ine'was scanned, and the integrated

line intensity was obtained from a digital counter linked to a Geiger
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counter detectory allowance being mede for background radiation. With
this procedure, the maximum deviation of the integrated intensity, over
six successive runs, was no greater than 55, when the reflection intensity
was more than five times the background radiation intensity. Only one
longitudinal CdS transducer was analysed by the glancing angle techniquex,
also using Cu Ka radiation,
c) ﬁesults
Measurements were made on a large number of transducers, and
the following series of tables details the observations made on a
representative sample of longitudinal and shear evaporated CdS transducers.
Table 3 gives the structure of six longitudinal CdS transducers,
evaporated on to gold layersion sapphire substrates, with the direction
of evaporation normal to the substrate, except for specimen A6 which
was deposited by the coevaporation technique.ﬁx The normalised intensities
of the observed diffracted lines, and the transducer thicknesses, are
recordéd. For comparison the normalised intensities of the diffracted
lines from a random powdéf, and tﬂe angles between the observed planes
and the (002) plane, are given, In table 4 similar information is
presented for transducers in which the c-axis was bent away from the normal
by oblique evaporation, at 400 to the substrate normal, and at a higher
rete of deposition, These transducers generated both shear and longitudinal
waves unless the axis was tilted very close to the required 38.5° (see
figure 7). The observed diffracticn intensities in table 4 have teen
¥ By Miss B,R. Brown of A.E.I., Rugby.

*x By Mr. R.W, Harcourt of S.T.L.,, Harlow.
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normalised, and each divided by the normalised intensity of the same line
for a random powder, so that the most predominant plenes are readily
distinguished, The data for transducers B4 and B7 is presented in
graphical form in figure 22b to illustrate how thé structure has tilted.
Severai different longitudinal transducers were doped with
cadmium or silver, and one of the silver doped filums developed a strong
subsidiary orientation with the (103) planz parallel to the substrate.
All the transducers described up to this point were deposited
on gold layers, on sapphire substrates. The gold films were found to be
highly oriented with the (111) planes parallei to the substrate, and
frequently a subsidiary orientation with the (200) planes parallel to the
substrate was found. Since this highly oriented bvase layer probably
influences the initial growth of the CdS?s’31 several films were deposited
on other substrates, with a low rate of deposition, and the results are
summarised in table 5, Aluminium substrates can produce strong
‘misorientation, and silver can prevent the development of preferred
orientation., Cd4S is deposited, on almost all substrates, with the (002)
close packed planes parallel to the substrate. All the cubic metals
used as substrates, except silver, were found to deposit with the (111)
plane parallel to the substrate, and the hexagonal metals had the (002)
planes similarly oriented.
| In several CdS films, some diffraction lines were observed
which could not be identified as belonging to either ﬁhase of Cds, or

to the substrate materials. The Bragg angles are listed in table 6,

and it waé found that integral multiples of the interplansr spacing d,



hngle |Intensity| 1 | a2 | a3 | av | a5 | a6
Plane
poa) | Bancom | 2,7u| 1.8u| 1.8u| 1.08 0.3y 0.y
002 | ©° 59 591 59| 99| 59 | 59 | 99
oot | 0o° 4 Yo7 | 3.9 | 3.7 | He? | 3.5 | 3.2
105 |20,8° 11 - - - | 2.5 | 20 | 0.1
10% |25.4° 2 - - - - - -
103 [ 32.4° L2 - - - | 1.2 | 6% | 0
11% |39.0° 7 - - - - 5 -
101 |62.3° | 100 - - - - 27 | =
100 {90,0° 75 - - - - 6 -

Table 3. Measured thicknesses of, and normalised reflection
intensities from observed planes in, longitudinal
CAdS transducers. (Specimens Al to A5 deposited by
direct evaporation; A6 by coevaporation,)

Slane %ggzé' I:}gzzity BL | B2 | B3 | B+ | B5 | B6 | B?
Planse ngdg? LS| 2o 265 3 | 9 [11p {28p
002 | o° 59 1 1 1 1 1 1
ook | o° i 1.25 0,95 | 0,82 | 1,25 | 1.3 [0.8 |1.03
105 |20,8° 11 1453 | 1Ok [ 005 | 0036 | 149k [ 0,96 | 4493
10% |25,4° 2 - - - - |1.75]0.3 | =
103 |32,4° 42 001l | 0486 | 2473 | 1426 {0431 | 0.1 | 20,7
114 |39.0° 7 - J1.09| - |12} - 4.53
102 |43,5° 25 - |o0.,02| - - - |0.,02 |0.12
203 |51.8° 15 - - - -~ |o.0% 2.1
112 | 58,3° 45 - ]0,19]0,15| - |0,06 -
101 {62,3° | 100 0,03 | = - - - -
302 | 7046° 8 - - - - |0.26 -
100 |90,0° 75 - - |oca1f - - |o.01] -

Teble 4, Measured thicknesses of, and reflection intensities
(normalised w.r.t. intensities in a random powder)
from observed planes in, obliquely evaporated CdS

transducerse.
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corresponding to these angles, accurately gave simple combinations of
the lattice constants-of CdS. The intensities of the diffraction lines
from tﬂese stacking faults were relatively weak,

There are several reports in the literature of a type of
stacking fault, found in both thin film and single crystal CdS, in which
adjacent regions have the c-axis oppositely directed.42’43 Several
films were etched with hydrochloric acid vapour, but no evidence of
large scale stacking faults was seen.44

Figure 22a is a glancing angle laue photograph of & longitudinai
CdS transducer, 2.3p thick, on a gold layer and sapphire substrate,

The spots come from the single crystal sapphire, the two dark arcs from
the gold layer and the short inner arc from the CdS., The gold lines
are from the (111) and (200) planes, and the CdS line from the (002)
plane. The (002) diffraction line is spread 10 to 15o on either side of
the axis, indicating the spread in the orientation of the crystallites
in thé Cds film,
a) . Discussion

‘When an X ray beam penetrates into & naterial, the radiation
is scattered, absorbed or diffrac;ted.45 The beam intensity thus decreases
with penetration, and most of the diffracted radiation comes from the
upper layers of a specimen, In CdS, with Cu Ka radiation, it can be shown
that 63% of the diffracted radiation comes from the lp layer on the
sufface, and that the beam intensity has decayed to 1% of its initial
vaiue on penetrating 4.7p.

If the measurements made on specimens Al to AS,rin table 3,

are examined, it can be seen that the degree of structural order increases



—_ A
Sapphire Normal 002
Alunminium Normal 002, 103
Sapphire 45° 002

Glass 45° 002

Silver L5° All planes
Chromiun Normal 002

Table 5. Structure of C3S films deposited on
non-gold substrates.

gbserved Siné Equivalent Composition
ragg d spacing c cubic n
Angle d=n2/2sin® h hexagonal
3.88° | 0.0678 | 11.38n a, + ¢ 0,96
7.90° | 0.1374 5.61n 2a, +3cp 5,08
11,95° | 0.2071 3.73n 28, + ¢ %,02
17,01° | 0.2926 | 2,63n 2a, + ¢ 6499

Table 6. Stacking faults in CdS films.




Figure 22a. GLANCING ANGLE LAUE PHOTOGRAPH OF
LONGITUDINAL CdS TRANSDUCER ON A GOLD LAYER

AND SAPPHIRE SUBSTRATE.

|(114)

B4

(103) (105) (203)
1002) (102),
40! 40’

Figure 22b. X-RAY DIFFRACTION DATA FOR SPECIMENS
B4 AND B7.
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with thickness, and that the preferred orientation is with»the (002)
planes parallel to the substrate. Even the thickest film (al), is
completely penétrated by the X rays. In specimen A4, érystallites with
the c-axis tilted 32.40 away from the normal are present, but the normalised
intensities of the reflections from these crystallites are very weak, so
that only a small proportion of the film is misoriented to this extent,
No reflections are obtained from planes tilted at less than 20.8o to the
(002) plane, since the possible planes (106), (107) etc. are planes with
low packing densities, and so give very weak reflections, Thus the
diffractometer will not detect a c-axis spread of less than 20.80. This
fequires a Laue photograph (such as figure 22a), which shows that a film
2,7¢ thick has a c-axis spread of = 10 to 15°.

An interesting comparison can be drawn between the measurements
on specimens A5 and A6, which were almost the same thickness, and were
deposited by the direct evaporation and coevaporation techniques respectively.
Specimen A5 has no preferred orientation, whereas specimen A6 has a
clearly preferred orientation, with the (002) planes parallel to the substrate
even at a thickness of O.4p.' Coevaporation is clearly to be preferred
for makiné very thin films, but has the disadvantage of a very slow growth
rate (around log/ﬁin) compared with the direct evaporation technique, in
which the growth rate can exceed 0,lp/min,

From the results shown in table 4, it can be seen that the
growth direction of evaporated CdS films can be tilted, by evaporating

at an angle to the substrate. The measurements on transducers Bl to B4

show that the c-axis tilts gradually, as the thickness increases,

7 e



70

towafds the direction of evaporation, which was 400 to the normsl for

this series of transdﬁcérs. The ideal shear evarporated CdS transducer has
the c-axis tilted at 38.50 to the substrate normal, snd would give a
pronounced (114) diffraction line, since the (114) plane is at 39° to

the (002) plane., A film thickness of 3pu seems to be adequate to tilt

the axis to ne&rly 400, but- the procedure is not easy to réproduce, due

to its complexity, and the need to maintain a high rate of deposition.
Sometimes the c-axis develops a preferred orientation different to that
required (e.g. B7), or possibly no preferred orientation at all, (e.c.

B5 and B6). Figure 22b shows the distribution of crystallite orientations
for specimens B4 aﬁd B7. In general, it was found that transducers which
were over 4u thick, had the c-axis tilted sufficiently well to give efficient
shear wave generation, and reasonable discrimination over the longitudinal
mode,

These observations differ from those of FosterBl, who found that
the c-axis would only bend to 38.50 if the angle of evaporation was
increased to 450, and that it was impossible to tilt the c-axis if the
substrate was a gold film, 3Bending of the axis was observed when the‘
substrate film was of some other metal, or of amorphous gold. .

The (004) reflection noted in tables 3 and 4 is simply
obtained from the (002) plane, when n = 2 in Bragg's law, and since it
givés wéak reflections, the intensity cannot be measured accﬁrateiy,
vhich is a2lso the case for other low intensity réflections.

It can be seen from table 5 that on most substrates,'ﬁnder

most evaporation conditions, CdS films grow with the c-axis pérpendicular

to the substrate, Aluminium and silver are exceptions, and the effect
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they have on the growth of directly evaporated CdS has been observed
31,34 31

by other workers. Foster”™ attributes the effect of a silver
substrate to the presence of an oxide of silver, formed when the film
is exposed to the atmosphere before CdS deposition, The silver film
used here was exposed to the atﬁosphere. The measurements made on the
0.3p thick, directly evaporated film A5, show that the nucleation of
the film was not determined by the highly ordered gold substrate.
De Klerk28 has found distinct evidence of epitaxial growth in coevaporated,
slow growing CdS films on sapphire substrates, The a-axés of the |
crystallites were aligned parallel to the c-axis of the sapphire, and
the c-axes were normal to the substrate. To swmmarise; it appears that
the crystalline nature of the substrate strongly influences coevaporated
films, but rarely influences directly evaporated films, which are depositéd
at a higher rate,
De Klerk28 showed, by electron diffraction, that the a-axes
of the crystallites in coevaporated longitudinal CdS transducers were
all parallel, The X ray diffraction technique used here does not give
this information, which is not important, since the accustic properties
of CdS are the same in any direétion in the basal plane.l5
No large scale stacking faults were observed, but the faults
recorded in table 6 indicate that there are regions in some films in
which the normal stacking is disturbed. The diffracted lines from these

feults had a low intensity, at most about ten times the background radiatiocn

level., In the transducers in which these faults occurred no unusual

acoustic behaviour was noted, and so this type of fault cannot comprise
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a lérge part of the CdS film. Similar faults have been observed in

41

cadnium selenide’™ . The fault with the 17.01o Bragg angle is accounted

for by using the lattice constant for cubic CdS in the éummation. This
was the only evidence found of the formation of cubiec Cds, Escoffery4O
has obtained cubic CdS in thin films by amealing at 400°C for several
days. The propefties of the cubic phase have not been thoroughly
investigated, but cubic materials with the same Sphalerite structure Caﬁn)
as CdS, such as GaAs and InSb, have smaller electromechanical coupling
constants than hexagonal materials like CdS and Zn0.26 The presence of

cubic phase CdS in thin films could then reduce the overall coupling

constant,

e) Conclusicns

X ray diffraction is a useful method of analysing the
structure of evaporsted CdS transducers, and has given information on
nucleation, and preferred growth directions in CdS thin films, Suitable
structures for shear mode generation by CdS transducers have been
determined by comparing X ray and acoustic data. Coevaporated films have
been shown to have a much higher degree of structural order than

directly evaporated films.
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2+5.2 The Resistivity of CdS Films and Compensation by Neutron
Bombardment,
a) Introduction

As discussed in the transducer theory (section 2,3), the
efficiency of CdS transducers depends upon their resistivity., It was
shown that if the resistivity of the CdS was around 104§cm, then the

shunting effect of the free carriers on the acoustic radiation resistance

could be ignored. This figure of 10490m has been quoted by other workers.31

Evarorated CdS films tend to be non-stoichiometric, with an excess of
cadmium atoms acting as shallow donors, so that the films are n-type,

31

and can have resistivities as low as 0.19 cm. The excess donor electrons
can be compensated by the addition of a suitable impurity, such as silver,
by either coevaporation or diffusion.ll

The recent work of Chester,47 and Oswald end Kikuchi,48 on
compensation of bulk n-type CdS by irradiation with thermal neutrons,
seemed to indicate that this method could be applied to thin filmé.63
The latter investigators showed that the mechanism whereby compensating
defect centres are introduced into CdS, is that associated with the recoil

114

energy of a Cd isotope, when it emits y ©radiation., The relevant

nuclear reaction is

‘ *
—_ 114(Cd) —_— 114Cd +y

1130& + Mth
and the recoil energy of the 114Cd isotope is 143 eV, From the measured
values of the threshold energy for displacement of cadmium and sulphur

0, 51 . X
atcms in CdS, which are 7.3 and 8.7>ev,5 » 91 respectively, and using

a mean energy of displacement of 8 eV, the expected number of atomic
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displacements is 9 per thermal neutron absorbed. The relstive numter of
displacements produced by thermal neutrons, as compared with fast neutrons,

has been shown by these workers to be

Lo gy,

R
where @, is the therial neutron flux, and f, the fast neutron flux.
For their experimental conditions, R was 18, and the dominant effect on
the resistivity was that due to the high value of atomic displacements
per thermalreutron absorbed.

This investigation was undertaken to examine the effect of
thermal and fast neutron irradiation on the acoustic generation of
longitudinal CdS transducers, evaporated on low loss, single crystal,
sapphire delay rods, operating in the frequency range 0.9 to 2,0 GHz.
Since the delay rod is an integral part of the accustic system, the
dependence of the acoustic attenuation on neutron bombardment was
investigated., It was considered that the large number of atomic displacements
might affect the basic structural constants of the CdS, and results are
presented on the effect of high energy particles on the electromechanical
‘coupling constant (Kg) of single crystals of CdS, as a means of assessing
the structural'damage caused by bombardment. In view of the importance
of the orientation and resistivity of the films, X ray diffraction and
resistivity measurements were made, in an attempt to correlate these
prgperties witﬁ the acoustic date. The nature of the damage induced by

bombardment can be further investigated by annealing irradiated material,

Therefore the CdS films and single crystal samples used in the investigation
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were annealed, and their properties reieasured, after the changes caused
by neutron bomtarément had been assezsed,
"b) Experimental Procedure.

The CdS films used in these experiments were longitudinal
mode transducers, deposited as described in section 2,2, on gold layers
on polished sapphire substrates. The. acoustic measurements were made in
the ffequency range 0,9 to 2.0 GHz, using the 50% coarial moﬁnt, and
nmeasurement technique, described in section 2.4,

The resistivity measurements were carried out on CdS films which
were typically 1 cm long and 0.5 cm in width., The films were deposited
directly on to polished sapphire rods, identical to those used in the
acoustic work, and a resistivity specimen was deposited simultaneously
with a corresponding acoustic specimen. Current and voltage contacts were‘
made to the film by deposition of indium strips at room temperature,
the voltége contacts being 3 mm apart., With this arrangement the film
resistivity was measured parallel to the surface and the contacts were
ohmic within 57,

The crystal structures of both acoustic and resistivity
épecimens were examined by X ray diffraction (as in section 2.5.1).

The electromechanical coupling constant was measured in bulk

52 Figure

samples of CdS, using the resonance anti-resonance technigue,
23%a is a schematic diagram of the meaéurement apparatus, and the constant

K., was measured on bars 1 cm long and 0,3 cms wide, with both length and

31 ‘
width perpendicular to the c-axis, as illustrated in figure 23b. The

thickness of the bars was about one quarter of the width, and the a-axis

of the crystal was parallel to the 0.3 cm dimension, A one micron thick
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layer of aluminium was deposited on the faces perpendicular to the c-axis,
so that the applied electric field was parallel to the c-axis, and the
sﬁecimen was resonant in a longitudinal expander mode., The piezoelectric
polarisationiis thus in the basal plane, and a typical resonance anti-
resonance curve is shown in figure 23c¢ (fR and fA are the resonant and
anti-resonant frequencies respectively)., Electrical contact was made to the
aluminium films with thin wires and small drops of silver paint, so that
the bars were effectively freely vibrating. During measurements, the
bars were in a light tight container, so that the CdS resistivity wés
high, and did not damp the resonance, The contaiﬁer was placed in an ice
water mixture at OOC, to eliminate small temperature changes which can
cause the resonance to change in frequency during a measurement, The
penetration depth of thermal neutrons in pure cadmiun is approximately
0.5 mm,53 and it is unlikely that the penetration depth in bulk CdS is
less than this, To remove the vossibility of incomplete penetration in
the CdS, all samples were thinner than 1,0 mm}
c) Irradiation Procedure

The neutron irradiation was carried out’in the core of a 100 kW
reactor, where the thermal neutron flux was 1012 neutrons per cm2 sec, the
ratio of thermal to fast neutron flux was slightly less than 5 to 1, and
the gamma ray intensity was 2 M rads/hour. Fast neutron irradiation was
éarried out in the samé position by covering the sanmples with cadmium
sheet, and so suppressing the thermél neutrons, but leaving the fast neﬁtron

: . ' . 60
flux constant., Gamma irradiations were carried out by using a =~ Co source.

It was not possible to conduct an experiment solely with thermal neutrons,
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Figure 23. Resonance anti-resonance measurements on CdS,

a) Schematic diagram of measurement apparatus,
b) Bar used for measuring K,;.
c¢) Resonance anti-resonance” curve,
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as the suitable sites in the reactor had a very low flux density, and the
exposure times would have been prohibitively long. The sample temperature
during irradiation was no greagter than 50°C, and the radioactive level
immediately after irradiation was 30 mR/hour at contact. Consequently,
the specimens were left for several days, until the activity level was
less than 1 mR/hour at contact.
a) ‘Results

The resﬁlts obtained from measurements of the effect of neutron
bombafdment and .subsequent annealing, on transducer loss, X ray diffraction
intensity and film resistivity, for four Cd4S films, are presented in this
section, Measurements are also included for two films which were silver
doped by. a coevaporation process, Measurements on the effect of neutron
irradiation, and énnealing, on the electromechanical coupling constant of
bulk CdS are also presented. Samples for acoustic and resistivity
measurenents were always deposited simultaneously, and the acoustic specimens
have been labelled, A, 3B etc. and the corresponding resistivity speciﬁens
A'y, B' etc.

The one way transducer loss of specimens A, B, C and F was
ﬁeasured by the technique outlined breviously, and results are shown as
a function of frequency in Figs. 24, 25, 26, and 27 respectively., In each
case the loss, as evaporaied, exhibits a resonance behaviour witg a minimum
loss ranging from 33 to 42 dB, and an off resonance value of 50 4B. Samples
A and B were K/Z and l/4 transdﬁcers respectively, whereas C and F were

respectively 37\/4, and 3)t/2 and ?1/2 resonances. The latter two show

a more marked resonance behaviour than the former two, in their frequency
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response, Irradiation in each case by thermal plus fast neutrons, for 6
hours, produced a marked reduction in the transducer loss. In samples. A
and B the improvement was 10 dB,and the frequency response was significently
broadened, and for samples C and F, the improvement was 20 dB and 15 4B
respectivgly, although the shape of the frequency response was essentially
unchenged for the overtone transducers. Since there are three sources of
loss in the system, (a) the transducer, (b) the delay medium, (c) the
gola film, it is important to distinguish between the effects of irradiation
on one or all of these., . Utilising the fact that the loss in the delay rod
can be obtained‘from the amplitude‘of successive echoes of an exponential
decay pattern, the loss in the sapphire was determined pridr to, and after,
irradiation, and no change in the acoustic loss was observed. Further to
this, some sapphire rods were irradiated for upwards of 3C hours and no
change was oObservable in either the acoustic lossy or the delay time of
the echoes, within the limits of experimental error. Several resistivity
specimens were tested in a 1 GHz tuneable cavity with the electric field
parallel to the surface of the film and so genefating shear waves.lg’ 38
fter a six hour exposufe»to thermal plus fast neutrons, the improvement
in fransducer loss was similar to that observed with the longitudinal
mode transducers, which had a gold‘backing contact. Both specimens A end
B were annealed for two hours at 350°C in vacuum, and the loss was
subsequently found to have been reduced in each case. .It is important to
note that annealing of pre-irradiated films had no effect on the transducer
performance. Electrical matching of both transducers with a double stub

tuner résulted in a further improvement of the lossy the minimum loss was

now slightly less than 15 dB, The measurenents with the stub tuner were
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made at 50 MHz intervals and the full curve, (d), in figures (2) and

(3) is a composite curve of these spot frequencies. This reduction in

loss was achieved at the expense of the bandwidth, which is determined by
the stub tuners, and is of the order of 5%. It should be pointed out here '
that electrical matching reduces the transducer loss of any of the curves
(a), (b) énd (¢) shown in figures 24 and 25, For the purpose of clarity,
the results of matching have only been shown for specimens A and B after
ammealing. Specimen F was irradiated for seven hours under similar conditicns
to the other films, and in this case the resulting improvement in the one
way transducer loss was 15 dB. Upon continued irradiation of specimen

F for a further six hours the minimum loss increased by 5 dB over the
previously irradizted value, the overall improvement now beiﬁg 10 dB.

As in thé case of specimen C no heat treatment was carried out on this

film at any stage in the procedure, Specimens A and 3B wege élso irradiated
for a further three hours after annealingy and the transducer loss was
degraded by approximately 3 dB over that shown in curve (c) of figures

24 and 25, On re-annealing these two films however, the loss corresponding
to curve (c) in these figures'was obtained. Two additional transducers
were irradiated for six hours by fast neutrons aslone, and the one way
transducer loss was degraded by 3 to 4 dB over the frequency band, but-
after annealing the resulting loss did not differ from the value prior to.
irradiation within the limits of experimental accuracy. Another two
transducers were irradiated by a 60Co source and received a radiation

dose of 5.3 M rads, thch marginally degraded the insertion loss, but the

initial vzlue was reproduced by annealing.

It was mentioned previously that compensation of n-type CdS
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can be carried out by coevaporation of silver, and the frequeﬁcy dependence
of the transducer loss for two such films is shown in figure 28, These

were specimens D and E, which were doped with 0,47% and 1.45 of silver
respectively., Although both transducers have a comparable minimum loss,

the frequéhcy responses Of these transducers, which were both operated on
the k/4 mode, are markedly different, and a similar heat treatment procedure
to that used with the post-irradiated films had no noticeable effect on

the transducer loss,

Measurements are presented’in table 7 of the dark resistivity,
film thickness, and X ray reflection intensity from the (002) plane for
films A', B' and C' and the silver doped films D' and E'., The dark
resistivities of the former three films, after a six hour irradiation by a
thermal plus fast neutron flux (thermal to fast ratio 5:1) are also listed
there., In table 8 the X ray measurements made on specimens A, B, C, D and
E (as evaporated), are presented, in the format used in section 2.5.1. The
same relationship, &8 before, was observed between film thickness and
‘degree'of structural order, except in the silver doped film E, which had
a strong reflection from the (103) plane, After irradiation, weak
~reflections from the (103) and (105) planes were observed in specimen C,
Comparison of the X ray diffraction intensities from the acoustic specimens
and the corresponding resistivity specimens, i.e. a comparison between
A and A' etc, did not reveal any significent differences.

Resonance anti-resonance measurements are presented in Table

9 of the electromechanical couplingﬂconsfant K312 in single crystals of

CdS., The specimens were cut from three different boules, and specimens
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Figure 28. Insertion loss against frecuency for
silver dop=d transducers; curve: a,

specimen Ej

curve by, specinen D,

(002) Reflection Filnm Dark Resistivity (ncm)
Intensity Thickness
normalised wero.t.| (microns) As Afiter 6 hours
sample EY, Grown Irradiation
1
Al 8.8 1.8 1.1.10%|  5.0,10"
B! 3.1 1,08 | 1.1.10%  2:6,108
ct 15 2.7 1.8,103[  L4,103
D‘ 509 101 - K
E! 1,0 1,05 | 2.3.107 -

Table 7, Measured values of reflection intensity
from the (002) plane, specimen thickness
and dark resistivity before and after

irradiation, for specimens A',B!,C!,D' and Ef.




Plane | Angle w.r.t, | Totensity CdS Films
(002) Plane in a
Random A B c D E
Powder
002 0 59 59 59 59 59 59
ook 0 L 3.9 3¢5 ko7 3.4 3.2
105 20,8° 11 - 2,5 =« = 5
104 25,4° 2 - = = = =
103 32,4° 42 - 1.2 - = 22
114 39,0° Vi - e e e m

Table 8, Basic structural data for hexagonal CdS, and
normalised diffraction intensities from
planes observed in specimens A,B,C,D and E,

K5
Crystal

After 18 After 6

Pre-irradiation hours hours
irradiation annealigg
at 350°C
I 0,0123 0,0070 0.,009%
11 0,0122 00093 0,010%
I1I 0,0110 0,0091 0,0109
Iv 0.,0113 0.0088 040109

Table 9, Electromechanical coupling constant
pre-irradiated, irradiated and annealé&

K2

of the
crystals.

Specimens I and II were irradiated by thermal plus fast
neutrons, and specimens III and IV by fast neutrons alone,
(I and III were supplied by the Eagle Picher Corporatiocn,
and II and IV by A.E.I. Ltds)
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II and IV came from the same boule. Samples I and II were irradiated for
18 hours by thermal plus fast neutrons (thermal to fast ratio 5:1), and
specimens III and IV were irradiated for the same time with the same fast

neutron flux, In each case the value of X 2 decreased quite significantly

31
with irra&iation,but on annealing for six hours at 35000 in a nitrogen
atmosphere, the coupling constant for samples III and IV rése to almost the
original value, whereas that for samples I and II did not. Repeating
the annealing procedure had no further effect on K512.
Several samples of CdS, cut from one boule, were subjected
£o the same irradiation and annealing procedure as the resonance anti-
resonance specimens, After each stage, one piece was powdered and
examined by X ray diffraction, The object of this procedure was to determine
whether or not the disordering by bombardment, and subsequent annealing
of the crystal lattice, had resulted in the formation of the cubic phase,
No evidence was found to suggest that cubic CdS had been formed,
e) Discussion
The obse;vations which have been made, on the effect of
neutron bombardment on the acoustic loss and velocity in single crystal
sapphire rods, indicate that any defects produced in the sapphire rods’
have an insignificant effect on the acouétic propragation in sapphire., It
.was also observed that the shear wave acoustic specimens, without.gold
films, displayed the same type of behaviour with irradiation as the
longitudinal acoustic specimens, which had gold backing films. These

results therefore suggest that improvements in the insertion losses of

the transducers aré due entirely to neutron bombardment induced effects

in the CdS transducers.
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It was previously stated, that during irradiation of the C4dS
films and single cryétals in the reactor, the specimens were exposed to
gammna rays in addition to the neutrons. It is known that irradiation of
solids with gamna rays can produce a high'density of defects >4 which
can, under certain conditions, bring about changes in resistivity

55

and the elastic constants. Although the transducer performance was
degraded by exposure to gamma réys from a 60Co source, which was
equivalent to the gamma flux in the reactor, the change was sufficiently
small to be neglected. When the transducers were irradiated by fast
neutrons the deterioration in performance was approximately 4 dB. This
constrasts with the 10 to 20 dB improvement in transducer loss when the
trarnsducers were irradisted with thermal plus fast neutrons, indicating
»that the thermal neutrons alone are responsible for the imppovement in
perfornance, This is also consistent with the corresponding increase
in film resistivity after exposure to the same thermal plus fast neutron
fluence (fluence = flux x time), To check condlusiveiy the effect of
thermal neutrons alone on the CdS transducer would have required locating
the specimens in an environmgnf where the thermal to fast neutron flux
ratio was an order of magnitude greater than that used here. This
however; would have entailed prohibitively long exposure times due to the
relatively low thermal flux in such positions.

It was shown from the results of annealing of post irradiated
films, annealing prior to irradiation having no affect on the transducer

loss, that heat treatment plays an important part in this work. No matte

whether the films were irradiated with thermal plus fast neutrons, or

r
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only fast neutrons, a further improvement was always observed after
annealing, Thus some defect centres are introduced in the lattice which
degrade the transducer performance, and which may be wholly or partially
removed by annealing. This is confirmed by the results obtained on
specimen F, shown in figure (6), which show an initial 15 dB improvement

on irradiation for seven hours with thermal plus fast neutrons. Upon further
irradiation for six hours the loss worsened by 5 dB , resulting in an
overall improvement of 10 dB, A somewhét sinilar result was found in the
case of spécimens A and B which were re-irradiated after annealing and
found to have a 3 dB increase in their loss, which was offset by further
annealing., Now the film resistivity was found to be constant after the
initial~irradiation, and remained unchanged after annealing, hence the
ircressed loss observed with continued irradiation is not associated with

a resistive effect, It would appear that the associated decrease in
efficiency with continued irradiation, and the effect of annealing, can

be attributed to changes in K2.' This is confirméd by the observed decrease
in K2 in bulk crystals brought about by bombardment with Both fast, and
thermal plus fast neutrons. Irradiation with fast neutrons markedly
reduces K2, but annealing in an inert atmosphere removes the defects.to
such an extent that the pre-irradiated value is almost éxactly obtained.

On the other hand, with & similar annealing procedure carried out on grystals
irradiated with thermal plus fast neutrons, the value of K2, although it
improves significantly, is noticeably leés than the pre-irradiated value,

The overall effect of irradiation with thermal and fast neutrons

on the transducer loss is that a considerable improvement is brought about,
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due to the increase in resistivity associated with the defects produced
by the thermal neutrons. This compensating effect is attributed to the
creagtion of & new trapping site 0,5eV below the conduction band. 48
The thermal and fast neutrons give rise to defect states which reduce the
electromechanical coupling constant, end although the fast neutron defects
are apparently amenable to annihilation by ennealing, the corresvonding
defects created by the thermal neutrons would appear to be unaffected by
the heat treatment used here. V

There is no evidence to suggest that the 0.5eV trapping level in
CdS is the result of transmutation of a cadmium gtom to a lower valence
atom, This level has been tentatively associated with an interstitial

cadmium atom.48 In C3dS the dominant neutron capture is due to the 1130d

114

isotope, which decays to the stable Cd isotope. All other isotopes

of cadmium and sulphur have a relative neutron capture cross section at least
four orders of magnitude down on that of the 1130d isotope, and their

transmutation products should have no significant effect on the resistivity

48 It can be shown that the defect density introduced into CdS by

a thermal neutron flux of 1012 neutrons/cmzsec is 1‘29'107/cm2sec' Thus

of Cds.

1 .
in 18 hours of bombardment a defect density of 8,36.10 }ch is produced.
The atomic density in the (002) plane is 5.86107%/.2, so that the lattice
damage is still relatively small, Investigations of the thermal neptroh

56

damage rate associated with the (n, ¥) recoil, in a variety of elements,

11304, Hence it may be

have shown that this is particularly high for
expected that annealing at these relatively low temperatures would not be

wholly effective.iﬁ removing the thermal neutron induced defects in CdS.

It is believed that irradiation with fast neutrons gives rise
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57 which are randomly distributed throughout the

to clusters of defects)
lattice, In general, fast neutron induced defects are annezaled out54 at
similar temperatures to that used here, and from the results of the electro-
mechanical coupling constant, and transducer loss measurements, it would
appear that these defects are annealed out in the case of Cds;

The results presented in table 9 for the electromechanical
coupling constant K312 sumnarise the resonance anti-resonance measurements
made on the thin CdS bars. Measurements of this constant were made because
of the relative simplicity of the technique using rectangular specimens.
High Q resonances are produced, and the length extensional resonance, which
is the fundamental resonance of the bar, is very distinct, and isolated in
frequency from any other dimensional resonances, The piezoelectric

polarisation produced via K., is pefpendioular_to the direction of

31
propagation.2 Figure 23c shows a typical resonance anti-resonance curve,
from which it is possible to deduce not only K2, but the appropriate
dielectric constant €, and elastic constant c. At frequencies well away
from resonance, the megsured reactance is simply the capacitance of the

CdS slice, hence £ can be obtained. The resonant frequency fR’ is dependent

. . . . . c
on the acoustic velocity in the resonance direction,v, = /P’ and hence ¢

S

can be obtained,

2 .
e 2 f, -7
K 2 __31 = X 4 A R
31 T cE 4 fR v
©33° 11
K512 = 0,0142 according to published measurements35 and so the

values obtained here are slightly low.

The accuracy of the measurement system was such that K312,
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eT
3

respectively. In the samples examined €T35 and cEll varied only slightly,

5 end c‘E11 were obtained with accuracies of = 3%, ¥ 5% and T 24

within the limits of experimental accuracy, after 18 hours of bombardment.

The large change in K was therefore due to changes in the piezoelectric

31

31° The large changes in K312 resulted from 18 hours bombard-

ment, and so the 2 or 3 hour exposures required to raise the resistivities

constant e

of thin films, enough to remove the shunting effect on the radiation
‘resistance, should not markedly reduce the coupling constant,

X ray results showed that there were no significant structural
differences betwéen A and A' etc, Although the resistivity messurements
made on the films, as evaﬁorated, varied fron 103 to 105§bm. the inefficient
aéoustié bekaviour of the corresponding films suggested much lower
resistivities. Comparison with the the theory suggests resistivities between
10 and 50%m (see section 2.3).

It has been shown by Berger49; that evaporated films of CdS
consist of highly oriented single crystals.in a matrix of disordered CdS.

31

Also, according to Foster””, and as noted in section 2.5.1, during the

early stages of evaporation the (002) planes are oriented in a random manner,
and, as the evaporation continues, these planes tend to orient themselves
parailel to the substrate surface. Consequently, as the film thickness.
increases the (002) planes become preferentially oriented parallel to the
substrate surface, Berger49 has also pointed out that the resistivity of
the crystalline CdS within the film is less than that of the disordered

material. Therefore any measurement of film resistivity will be dependent

on the respective resistivities of the disordered and crystalline material,
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and their respective concentrations., Further to this, Vergunas,

58

Mingagin, S:irnova and Abdiev” found that the resistivity of

evaporated CdS films decreased with ircreasing film thickness, for films
ranging in thickness between 1 and 5 microns., This result of Vergunas et
a158 is in agreement with the results listed in Table 7, which show that

the resistivity decreased by two orders of magnitude for films A', B' and C',
which were evaporated under similar conditions, and whose thicknesses

ranged from lp to 2,7y, Further, the reflection intensities from the

(002) planes increased by a factor of five, for a less than three fold
increase in thickness, indicating an increase in the degree of brientation
with increasing thickness.

If it is assumed that the carrier mobility is dominated by
lattice scattering,i,e. it is independent of the concentration of impurities,
then the resistivity is inversely proportional to the excess frée electron
concentration.18 If Nb and NA are the concentrations of donors and acceptors
in the lattice, respectiveiy, then the excess electron concentration is
(ﬁb - NA). For a given neutron fluence, implying a specific increase
in NA’ the inverse relationship between (ND - NA) and the resistivity
means that the increase in resistivity will be greater the more highly_
resistive the film, Then for a film whose effective resistivity is dominated
by the disordered material the effective value should be high, and should

show a large increase in eflective resistivity for a specific neutron

fluence, Correspondingly, a film whose effective resistivity shows
considerable dependence on the crystalline material, would show a smaller

change in resistivity for the same neutron fluence, The measurements of
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film resistivity as a function of film thickness and irradiation time,
in table 7, support this argument, that the gieater the film resistivity,
the greater the increase for a given neutron fluence.

The Hall mobility of electrons was measured at room temperature
in a 1l.5p thick cadmium doped C4dS film, of resistivity 0.5%2 cm, and found
to be 10 cmz/v sec. This figure will also be an effective value for
crystalline plus disordered material, but agrees well with published
values, 47?99

Transducers D and E were doped with silver by coevaporation
during deposition., Silver acts as an acceptor, and thus reduces the electron
concentration. The silver atoms may lie in cadmium sites, since they are
introduced during growth, and the atoms are a similar size, These trans-
ducers were unaffected by annealing, and so it is unlikely that the silver
atoms lay in interstitial sites.

The values of insertion loss obtained (figure 28) were inferior
to those obtained by irradiation and annealing of undoped transducers.
Accurate compensation by this method is unlikely, as it is an empirical
approach, which may produce either an n-type or p-type film, and the
resulting efficiency is dependent on the evenness and accuracy of the
doping., X ray evidence for specimen E suggests that undesirable growth
directions ﬁay develop in silver doped films. D.C. resistivity measure-
ments suggested that silver doped films had higher resistivities than undoped
films, and the lower efficiency may possibly be due to greater disorder
in the lattice, and uneven doping.

Pizzarello has shown that the response of a low resistivity
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~transducer need not be so simple as predicted in the theory. If the metal
contact films produce Schottky barriers with the semiconducting CdS, these
barriers will be of the order of microns invthickness. There will therefore

be two regions, of different resistivity, in the transducer, and the high
resistivity barrier layer should dominate the acoustic respoﬁse. Gold

forms such a barrier with semiconducting CdS, and it becomes difficult

to predict the acoustic response of such transducers. They have high insertion
losses in practice, and are therefore only of academic interest. A D.C.

bias applied to these transducers varies the barrier width, and alters the
insertion loss.

It is therefore not meaningful to draw detailed comparisons
between the frequency responses of the low resistivity transducers discussed
here, and the theoretical resronses, since gold was used as the bondirg metel.
After compensation, when the transducers are in the high resistivity
condition, comparisons may be drawn, and most of the frequency responses
can be fitted to‘parts of the theoretical response of a CdS-Au-A1205 (long.)
transducer given in figure 11,

f) Conclusions

Irradiation of evaporated CdS transducers with thermal plus
fast neutroné gives rise to two opposing mechanisms which influence the
transducer 1033.63 The resistivity is increased due to the introduction
of compensating defects in the lattice which reduce +the ohmic loss contri-
bution to the transducer insertion loss. The electromechanical coupling

constant is reduced by defects induced by both the;mal and fast neutrons,

and although the defects caused by fast neutrons can be annealed out at
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BSOOC so that they do not significantly affect K2, those caused by thermal
neutrons are not fully amenable to heat treatment at this temperature,

It has been shown that measurements of film resistivity are
effective values for the disordered and crystalline C4S which make up the
film, and that the measured resistivity decreases as the fil@ thickness,
and degree of structural order, increases, Thin films, of the order of
lp thickness, therefore have a fesistivity which is dominated by the .
resistivity of the disordered material, A measured value of film
resistivity could give a misleading estimate of the efficiency of a
transducer, since the resistivity of the crystallites, which is the

significant quantity, may be masked by that of the disordered material,

2.5.3 The Transducer as a Circuit Element,
a) Introduction

Since CdS transducers are links between electrical and acoustic
systems, the power transferred depends upon the matching between each
system and tﬁe transducer. It was shown in the transducer theory (section
2.3) that the shape of the freduency response of a transducer was mainly
determined by the acoustic loading., It was also demonstrated that the
principal source of loss in a normal transducer, was the mismatch between
the transduéer impedance, and the impedance of the energising electrical
system, The main factors determining the impedance presented by a transducer
are its resistivity, electromechanical coupling constant, contact resistance,

active area and acoustic impedance.,. In this section the factors influencing

electrical and acoustic matching, and the use of transducers in practical
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delay lines, are discﬁssed, and experimental measurements are presented.
b) Impz=dance ﬁeasurements.

The electrical impedance presented by a CdS transducer
was measured by the "double power point" technique, between 1 and 2 GHz,
on a 502 standing wave indicator.60 This method, outlined in appendix
A2, gives reasonably accurate measurements of VSWRs greater than 10,
which is not possible if the standing wave indicator is used in the
normal manner, The impedances of geveral CdS transducers, on sapphire
delay rods, were measured by matching them to the 509 measuring system,
with a 52 coaxial quarter wave line., A much larger and easily measured
impedance, was thus presented to the standing wave indicator, and the
transducer impedance was then obtained by calculation,

Without the 5% matching system, the impedances of several
transducers were measured directly on the 50% sténding wave indicator.
The results had no similarity to the theoretical transducer impedance
computed for the same geometry., In a typical case, the measured reactance
was virtually constant over the ffequency range, although it was of the
correct order of magnitude., There wszs no resonance in the measured
resistance, and the value was an order of megnitude high, The VSWRs
were greater than 20, but were within the sensitivity of the technique.
The frequency dependence of the insertion loss of this transducer agreed
well with the theory, both in shape, and in absolute value of insertion
loss., It was a X/4 transducer with a minimum insertion loss of 23dB at

1GHz.

Using the 5% matching quarter wave line, the impedances of



95

several transducers were measured at the minimum insertion loss frequency.
The 5% line reduced the transducer bandwidths to between 100 and 150 MHz,
but reduced the insertion loss by up to 10dB. A distinct pattern emerged
in the results, For transducers with partially tuned insertion losses of
less than 20dB, the measured impedances at resonanée, were of the form
(0.1 - j 1,0)R which sgreed well with theory, but when the insertion
loss was above 20 dB, the measured impedances were typically (2.0 - j2.5)%2
i.e, the real part of the impedance had increased, by an order of magnitude.
c) Discussion

1) Electrical Pactors

The significant result in the impedance measurements is
the appearance of an anomalously high resistance. Since the transducers
were knéwn to be high resistivity, this implies the presence of a contact
resistance. In the transducers in which this contact resiéténce vas

detected, it appeared to limit the conversion efficiency.

Contact resistances of up to
2% were found, which is similar to measurements subsequently published by
Bahr and Court61 who worked, with the same‘technique, on transducers
produced by coevaporation, between 0.4 and 1,0 GHz., The contact resistance
may possibly arise in the jig, or the gold film, or between the jig and

the thin films.ll

The 52 line gave useful results about the perfbrmance of Cds

transducers with fixed matching systems, The frequency responses were

reduced in bandwidth, as expected, but it appears that with more elaborate
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matching systems, reasonable insertion loss (say 10dB), and bandwidths
of 250 MHz or more, could be achieved. Coaxial matching systems, with
possibly four gquarter wave sections are possible, but the impedancesof
the device and the measuring syétem are so widely different that g broad
band filter with a very flat response would be unreasonably large. The
transducer response is dominated by the capacitance, which means that
most of the incident power will be reflected. Ideal matching would be
achieved by introducing an inductance at the plane of the transducer.
Attempts to do this, by introducing posts into the coaxial line besidé the
transducer, or by changing the line configuration at the transducer,62
have had only limited success. Stub tuners, which operate at a point
away from the transducer, do not give perfect matching, because they have
a resistance of the same order as the series resistance presented by
the transducer,

2) Acoustic Factors

The impedance presented by a transducer is inverseiy proportional
to its active area, Calculation showed that the optimum acoustic beam area,
at 1GHz, for matching to 502, was 10 | m°, assuning that the basic
constants for thin films are the same as for single crystals of the same
material, In the light of the measurements of the electromechanical
coupling constant, K2, in neutron damaged material, it appears that the
coupling constant of imperfect, or damaged, structures will be less than
that of perfect crystals of the ssme material., The K2 of C4S films will
be less than that of single crystals of CdS, hence the real part of the

transducer impedance will be less, and the optimum matching area for
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matching will be smaller than 10-'7 m2. In the experiments the nominal

area of the centre post of the jig was 3.10-6 m2, and it was found that

the minimum insertion loss was achieved with an area of 10-'6 m2, although
the results were énly marginally better than those obtained with posts
ranging in area from 31.10“8 to 6.10"6 m2. On some transducers, aluminium
contacts of varying area were evaporated on to the surface, to clearly
define the area of excitation, but the results obtained were similar

to those achieved with the posts, In general, the use of top contacts

is to be avoided with thin film transducers, because of the danger of
mechanical damage shorting out the transducer, and because a backing layer
moves the response in frequency.

The active area of the transducer was always much less than
the total area of the CdS film, but as the films were only 1 to 3 microns
thick, fringing effects should be small., Reports from elsewhere have
shown that when an acoustic beam is launched by a post 10-7 m2 in area,
the area of the beam in the delay rod (detected by Brillouin scattering64)
is the seme as that of the pOSt.66 The minimum values of insertion loss
obtained from the longitudinal CdS'transducers described in this chapter,
using posts of 3.10-6 mzarea, are the same as values reported in the
literature using smaller post areas., Tie untuned insertion loss of CdS
transducers, if excited by the optimum beam area, should theoreticallj
be less than 10 dB above 1 GHz, at the 7\/4 resonant frequency. There are
no reports of performance as good as this, but untuned insertion losses

less than 20 4B, above 1 GHz, have been observed in several transducers.

No evidence was found of large scalé stacking faults in the CdS films,
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and the simplest explanation of the conflicting results is, either, that
the posts did not always excite all the area which they covered, or, that
the contact resistance effect varied with the post area. The former

64 and the

point could be clarified by Brillouin séattering experiments,
latter byncombined insertion loss and impedance measurenents with a
variety of post areas,
In many applications, only single frequency operation is

required, and a low insertion loss transducer can be made by using a
bond material, between the CdS and sapphire, which is a worse acoustic
match than gold, Tungsten is a possible material and could give an
untuned insertion loss of 10 d3 or less, with a very narrow bandwidth,
d) Delay Line Stability.

. If acoustic delay lines are used as calibration devices
in microwave circuitry, the stability of the delay, as température varies,
is of the utmost importance. An exveriment was performed on a Cd4S
transducer and sapphire delay rod assembly, to investigate this property,
using the apparatus shown in figure 29, The swept frequency input to
the transducer was delayed in the sapphire rod, and on reconversion to
electromagnetic energy mixed with the incoming signal, which was then
at & higher frequency. The mixed frequency is constant, if the transducer
phase response is linear over the swept rénge, and is a measure of the
acoustic delay. It was measured by beating with a signal of known frequency
from a stable source. A longitudinal CdS transducer on a 1,6 cms sapphire

rod was used in the experiment, and with a sweep rate of 1.6 GHz/sec,

centred on 1,5 GHz, the observed mixed frequency was 4.8 kHz, The
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Figure 29, Apparatus for measuring delay line stgbility.

acoustic delay was 3 psec., The transducer assembly was immersed in
liquid nitrogen, and thevbeat, observed on the oscilloscope, did not
change within 1 Hz as the delay rod cooled from room temperature, Several
repetitions gave the same result, and so the delay was stable to within 1 Hz
in 4.8 kHz between 77°K and 300°K i.e. a stability of 0,02%
e)- Conclusions

The complete analysis of the behaviour of thin film CdS
transducers requires the knowledge of several parameters, which are difficult
to measure independently. These are the electromechanical coupling constant,
contact resistance, acoustic beam area, and resistivity. Those films which
were high resistivity, had only a smgll contact resistance, and whose
frequency resronse corresponded well with theory for the same nominal
acoustic beam area, could be presumed to have an electromechanical coupling

constant K2 of the same order as that for single crystal CdS, although

KQ‘for the film would be smaller, since it is a relatively disordered
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structure,

CdS transducers are most suitable for use where a large band-
width is important, and & low insertion loss is not, although single
frequency insertion losses less than 10 dB, and probably as low as 3 4B,
can be achieved by several means, The temperature stability of'delay lines

using CdS~transducers, in the microwave frequency range, is very satisfactory.

2.6 Doutle Layer Transducers

a) Introduction

The aim‘of the transducef work was the fabrication of efficient
shear wave transducers for microwave frequencies, Results have been
presented above, and in the literature, showing efficient operation of
fundamental mode longitudinal transducers in the frequency range 1-2 GHz.
These transducers have also beén operated at X band f:c":-zquencies.s8 As
regards the efficient operation of shear transducers, measurements.have
been presented by Foster,65 showing that highly efficient fundamental
mode shear transducers are limited to frequencies of the order of 600 MHz,
Normally, longitudinal mode transducers operate with the r.f. electric
field, and the crystalline c-axis, perpendicular to the substrate,
whereas operation of shear transducers requires the c-axis to be inclined
at a specific angle to the substrate normal, and thevelectric fields In
the case of CdS, it has been shown that the required angle is 38.50.15’29
Foster31 has shown that the conditions required to fabricate shear transducers
are, a vapour beam incident upon a substrate at 450 to the normal, and a

deposition rate greater than 0,1p per min., Further, he has shown that

the degree of crystalline order in the substrate has an influence on the
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growth direction of the c-axis., When these conditions are fulfilled, the
c-axis is tilted in the direction of the vapour beam, but this growth
direction is not developed until the film is approximately O.,5p thick.
Consequently, there is an upper frequency limit to the efficient genergtion
of shear waves, with strong discrimination over longitudinal waves, when the
fundamental resonant thickness for shear waves is comparable to O,5p.

The region in which the c-axis is bending will generate both modes.

The work described in this section is a de#elopment of the basic
technique, which exténds the frequency range of the fundamental shear mode,
with good rejection of the longitudinal mode§7’71 The new type of trans-
ducer is a two layer structure, FPig., 30, The base léyer is the region
in which the c-axis is Bending, and the acoustic response is suppressed by
cadmium doping the layer and making it highly conducting, with a resistivity
of the order of 1%m. The top layer has a high resistivity of the order of
104ﬁcm or higher, with a well defined c-axis orientation., When an electric
field is applied normal to the substrate, it will be developed across the
well ordered highvresistivity top layer, since the conducting layer acts
as a short circuit., The sole purpose of the highly conducting region
is to create a well ordered crystalline structure,'with a specific
orientation of the c-axis, This well ordéred structure is preserved
throughout the high resistivity top layer, which éan be nmade much thinner
than 0,5u.

' The f requency response of a double layer transducer is dominated

by the top layer, but is perturbed by the acoustic loading of the bottom

layer. This technique also lends itself to the fabrication of efficient
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high frequency longitudinal transducers by the direct evaporation method,
Theoretical and experimental results were first obtained on the behaviour
of longitudinal double iayer transducers in the frequency range 1 to

2 GHz, and the technique was then applied to shear transducers.

The method of deposition used for these double layer transducers
was described in section 2.2, and the acoustic measurements were performed
as outlined in section 2,4.

b) Theoretical Results

The theory in section 2,3 was slightly altered to take account
of the additional layer in the transducer structure., Since this layer is
highly conducting, w, >> © for microwave frequencies, where w, is the
dielecfric relaxation frequency. As discussed in section 2.3.4 the layer
is rendered inactive as a transducer, and so the bottom layér was included
in the theory by treéfing it as an acoustic transmission line, Calculations
were performed only for double layer longitudinal transducers., The
propagation of & shear wave in a medium with a tilting axis, means that
the directions of polarisation, and propagation, with respect to the
crystalline axes, are continuously varying. This presents an analytical
difficulty to prediction of the behaviour of double layer shear transducers.

The acoustic attenuation in CdS at 1 GHz is around 80 dB/cm,69
and so mechanical losses may be ignored in layers 10y or less in thickness.
Theoretical results are presented in figure 31 of the frequency response,
between 1 and 2 GHz, of a double layer longitudinal CdS transducer, of

the same dimensions as an experimental transducer, of 1.2y on 8.5u., Two

' gravhs are given, for acoustic beam areas of 3.10"6 n® and 3.10’7 w2,
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In figure 32 are shown the calculated responses of fundamenfal mode
longitudinal CdS trensducers 1,2y, and 9.7u thick, over the same frequency
range.

An interesting result is.that the thickness of the gold bond
affects the amplitude of the ripple on the response of a double layer
transducer. A X/é bond minimises the ripple amplitude for the case of
figure 31, |

¢) Experimental Results.

Measurements dfvthe fréquency characteristicsg of 19ngitudinal
and shear double layer transducers are presented in this section., In
figure 31 is given the untuned frequency response of a longitudinal double
layer transducer, with top and bottom layers 1.2 and 8.5 microns thick
respectively, and it can be seen that the device has a broad band
characteristic with a superimposed ripple. The guarter wavelength
resonant frequency for the top layer is at 900 MHz,

The fregquency respbnse of a double layer shear transducer is
given in figure 33, with top and bottom layers 1.05 and 3.6 microns
respectively. Both shear and longitudinal waves were excited by the
transducer, and there was reasonable discrimination throughout'the band.
These results are for.the tunéd condition, and the graphs are made up by
joining together values measured at 50 MHz intervals. The bandwidth at

each frequency is that of the stub tuner, The top layer is a2 half

wavelength thick at 1020 IMHz which is the peak of the frequency response,
with 6 dB insertion loss, and the characteristics again have a superimposed

ripple, The resulfs in figures 31 and 33 are typical of thoseobtained
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by this technique.

X ray diffraction measurements were made on shear transducers,
and it was found fhat in efficient shear transducers, strong reflections
were obtained from the (103) and (114) planes. These plenes are inclined
at 32.4° and 39° respectively to the (002) plane,

d) Discussion

It was stated earlier, that the overall film resistivity of
the doped bottom layer, was of the order of 1licm. Sincé evaporated CdS
films are a mosaic of disordered and crystalline CdS, the measured value

43 It has also

is an average of the resistivities of both structures.
- been shown,58’63 that the effective resistivity decreases with increasing
film thickness, and in the limit of thick films, this effective value

tends &o the value of resistivity of the crystalline materigl. Hence

the above measured value of resistivity of the doped layer will be greater
than, or at best equal to, the resistivity of the crystallites, With this
low value of resistivity, the resistance through this layer, short

circuits the acoustic radiation resistance, and this layer will not operate
as a transducer. Attempts to generate acoustic waves with these doped

CdS layers alone were always unsuccessful., The sensitivity/of the apparatus
was such, that the one way conversion loss of these doped layers was

greater than 60dB. The bottom layer can therefore be considered as an
acoustic transmission line. The theoreticél and experiﬁental results

for the longitudinal double layer transducer, shown ih figure 31, indicate

thet there is good agreement as regards the shape of the frequency response.

Further, the theoretical frequency characteristics for fundamental
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resonance of the top léyer alone,_and of the combined structure, shown
in figure 32, are widely different from the observed behaviour of the
double leyer transducer. This indicates that the top layer dominates
the frequency response, and the bottom layer acts as an ecoustic transmission
line, which produces a ripvle on the frequency response. (The double
layer structure is in fact, working as expected).

The theoreticel analysis of the double layer transducer is
based on the assumption that the layers of CdS are perfectly crystalline,
and the data used in these computations was that for single crystal CdS.55
The layers, however, are decidedly polycrystalline, and so a calculation
of the theoretical conversion loss of an evaporated transducer, should
predict a lower loss than is observed in practice. It has been shown
that induced structural disorder in CdS markedly reduces the electro-
mechanical coupling constant, K2.63 Consequently, one would expect that
the effective K2 of a polycrystalline film would be less than that of a
single crystal.

The theoretical results presented for different acoustic beam
areas in figure 31 show that the absolute level, but not the shave, of
the insertion loss characteristic depends upon the beam area. This
parameter is not accurately known, and the values used for the calculations

6 2

were 3,10 m“ and 3.10_7m2; the area of the centre post of the coaxial

exciter being 3.10—6m2. These results imply that the active area of
the transducer is less than the post area, since the theoretical result

should be better than the experimental.

From the discussion of the factors which determine the absolute
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level of insertion loss, in section 2.,5.3, it is clear that no definite
conclusions can be drawn from the relative amplitudes of theoretical and
experimental curves, The significant results are, the similarity of the
experimental and theoreticél cur&es in figure 31, and the difference
between the fundemental resonances of figure 32, and the frequency
response of the double layer in figure 31, These prove that the high
resistivity top layer dominates the transducer response.

vThe transducers discussed here were all deposited on gold
films, highly oriented with the {1119 direction perperdicular to the
substrate. It has been mentioned, (section 2,5.,1) that the c-axis of
the CdS can be made to tilt to the required angle to the substrate normal,
aftep app:oximately 4p of CdS has been deposited. The thickness of the
bottom layer of the shear transducer in figure 33 was only 3.6p, and so
the c-axis was protably tilted to less than the required 38.50. A
thicker bottom layer may have produced a transducer with better discrimination
between modes.,

Since the top layer has s well defined orientation throughout,
it can be of any desired thickness, and very thin layers, fundamentally
resonant at frequencies uﬁ to X band, can be deposited, The upper
frequency limit, on efficient operation of these transducers, will then
be determined by the acoﬁstic loss in the layers of CdS and the metal
electrode, particularly in the thicker bottom layer of C4S which must
be as thin as possible.

e) Conclusicns

A satiéfactory tectnique for prdducing efficient shear mode
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transducers, fundamentélly resonant at frequencies above 1 GHz, has been
developed., The transducers are double layers of Cd3, and the bottom
layer, in which the required structural orientation is developed, is
cadmium doped, and does not act as a transducer., The top layer has a
constant inclination to the substrate normal, is made of high resistivity
material, and can be of any desired thickness, The frequency response is
dominated by the top layer, and it should be possible to produce shear
transducers with fheir fundamental resonant frequencies in X band., It may
be possible to grow the top layef epitaxially, by the coevaporation
technique, to produce a transducer with a well ordered structure, and

maximun conversion efficiency.
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CHAFTER 3

3. Experimental Techniques for the Construction of

Microwave Acoustic Amplifiers, p
3.1 Introduction

The acoustic amplifiers discussed in this chapter, and in
chapter 4, consisted of a slice of CdS, which was the amplifier, sand-
wiched between two sapphire delay rods, each of which had a transducer
on its end face, This configuration, shown in the sketéh below, was
chosen because the project was directed to producing a useful devicej
an amplifier with built in delay. |

Although this device requires efficient acoustic bonds between
the CdS and sapphire delay rods, it has several experiméntal advantages.,
The length of the CdS amplifier is, in practice, limited to about 2mm
in order to keep the acoustic ioss, and very large gain per unit length,
within reasonable limits, so that the full attenuation versus drift
field -characteristics can be measured., An amplifier without delay
rods is thercfore very short, has a very short delay, and short r.f.
pulses (about O,lpsec) must be used, thus increasing experimental

difficulties, Also the sapphire rods, being insulators, isolate the

Bonds

Transducer Delsy cas Delay ransducer
Rod Rod

Schematic diagram of acoustic amplifier.
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drift field from the transducers,

Several technological problems were encountered in fabricating
these dévices, the most intractable of which was the nature of the CdS
crystals. It proved difficult to obtain crystals of suitable resistivity
for micfbwave operation (103 Qcm or less), and many of the CdS crystals
had non-uniform properties. Some attempts were made to assessthe
material uniformity, and the temperature devendence of the basic parameters
of CdS. Compensation of low resistivity CdS, by neutron bombardment,
was investigated, to see if useful material could be produced, The
formation of ohmic contacts to CdS proved difficult, and a technigue
was developed for making contacts by indium diffusion., Efficient
accustic bonds were produced by thermo-compression indium bonding, and
as the extension of the technique to microwave frequencies is of value,
representative measurements were made,

Before the double layer technique for making shear transducers
for frequencies above 1 GHz was developed,67 severgl other methods of

70

snear wave generation were tried, Polished CdS transducers,’ = mode

converters,46 and cavity excitation of shear waves from CdS films with
the c-axis perpendicular to, and the electric field parallel to, the
substrate,19’38 were all investigated, with varying degrees of success.
3,2 Formation of Ohmic Contacts to C4dS

A relationship was observed between triangular etch pit

densities on (100) faces of some single crystal CdS samples, and the

relative difficulty encountered in naking indium ohmic contacts to
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these faces of the sémples. It was found that evaporation of metal
films (such as silver, indium or aluminium) on to CdS, did not make
ohmic contacts, which are gssential if meaningful measurements are to
.be made on acoustic amplifiers.

Ohmic contacts were made by diffusion of indium into CdS at
425OC. The quality of the contacts was assessed by measuring the V-I
characteristic of each sample. Good contacts produced a V-I
characteristic which was syumetric, with linear ohmic regions, strong
saturation, and a sharp "knee" between the ohmic and saturated regions.73
The asymmetry of the contacts is defined by the ratio of the drift
voltages at the "knees" in the forward and backwsrd directions. The
non-linearity of the ohmic region is defined by (mean deviation/mean
value) expressed as a percentage,

74

It has been shown 275 that there is a close relationéhip
between etch pit and dislocation densities in Cadmium Sulphide. The
(100) faces of the specimens were optically polished, and etched for
2% minutes in dilute chromic acia at 80°C, The etch pit densities
produced by this treatment are given in Table 10,

Ohmic contacts were made to Specimen A by vacuum evaporation
of a 2003 layer of indium, followed by diffusion of the indium into the
Cds, at 42500, for 10 minutes, in a nitrogenratmosfhere. This procedure
did not produce good contacts to Specimen B, but by heating the specimen

to 425°C during evaporation of indium, and allowing the indium to diffuse

in for 10 minutes at this temperature, ohmic contacts were produced.
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The latter procedure failed to producé good onmic contacts to Specimen
C. This sample had a very low triangular etch pit density, suggesting
that the dislocation density was low.v It was postulated that an
important mechanism of diffusion might be via dislocations, The (100)
faces of Specimen C were therefore abraded on silicon carbide (600 grzde)
. to induce dislocations in the surface. The procedure used to make good
contacts to Specimen B was then used successfully to produce ohmic
contacts to Specimen C. Further examination of the abraded surface of
Specimen C showed an etch pit density similar to that of Specimen A,
although most of the etch pits produced were not triangular. The
results are sumarised in Table 10C.

It was not possible to measure etch pit densities on (002)
faces, where hexagonal etch pits form in one direction, since these
pits grow véry rapidly and overlap., The etching time required to
produce hexagonal etch pits on Specimen C was such that the (002)
faces of Specimen A were very strongly etched, and the true etch pit
density was obscured. |

No other Zagle Picher or Clevitie specimens have beén obtained
with dislocation densities as low as 104/Em2. AE.I, material appears
to have this low dislocation density,ibut oﬁmic contacts were made to
polished specimens by the technique used for Specimen B, Conceivably,
the optical polishing induced dislocations into the surface.

| The above measurements shoﬁ that it is more difficult to

make ohmic contacts to sulphur compensated than to uncompensgated



Crystal (@) Contact V-1 Etch Pit
After Growth ~ Procedure Characteristic | Density
Treatment and
Resistivity Asympetry Non- cm™2
Range linearity

A Indiun
evaporation and
No Sulphur g;fggsion at o 1.24 1.1 7
l. [ ] 1. ° 0
Compensation nigrogeg a 5
6kncm-1,3Mncm | atmosphere,
B Indiunm
evaporation and
Sulphur diffusion at 425°C| 1.25 2.5%
in a nitrogen
Compensated atmosphere. 6.2.105
35acm=0, SMacn Indium
’ evaporation on to | 1,01 3.3%
CdS heated to
425°C in vacuum,
c Indium
evaporation on to
Sulphur CdSoheated to
Compensated 425°C in vacuum; 1
1.7kncm~7. 3Macn before grinding, 1,28 4,921 Y%.4,10
after grinding. 1,01 3.7%| 1.0,107

Table 10, Observed relationship between contact formation
procedure, contact performance and etch pit
density in CdS samples.

(a) Specimen A supplied by the Eagle Picher Corp.
Specimens B and C supplied by the Clevite Corp.
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material, and sugges£ that an important mechanism in contact formation
is diffusion into dislocations.
3.3 Thermo-Compression Bonding.

~ a) Bonding Technique
Methods for making low transmission loss, metallic, acoustic
bonds, for room temperature applications, have been developed up to
iOO NHz.76 Bonds made with evaporated metal films sre of the same
order of thickness as acoustic wavelengths, at microwave frequencies,
Indium is the most commonly used bonding metal,32 and melts at 15300.
It is essential to be able to make efficient bonds, for both longitudinal
and shear waves, if the practicability of the éccustic amplifier as a
device is to be determined.

The most important asrcect of the bonding technique described
here, is that the complete procedure is performed in vacuum, eliminating
any problems which arise from oxidation of the evaporated metal films,
Figure 34 is a photogranh of the bonding apparatus, in which a sapphire
delay rod is being bcnded to a piece of CdS. The specimens were optically
rolished flat and ﬁarallel to‘the tolerances described above (seétion
2,4,1), The apparatus is rigidly constructed of steel, and stands on a
throat suitable for mounting on a vacuum system. A bell jar, 185 long
and 12" in diameter, contains the whole apparatus. The sapphire rod
is held in an adjustable jig on a movable carriage, and the concealed
end of the rod is held against a hardened steel thrust pad which rests

on a conical tip. Another hardenéd steel pad supports the CdS slice,

and it also rests on a conical tip., This bottom pad holds two 254 heaters



Figure 3%. Vacuum bonding apparatus.
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and a thermostat, and is steadied by three spring loaded pistons on
extended arms, Both specimens are on the central axis of the jig, and

can be mated and compressed by winding down the carriage. On compression,
the upper srecimen recedes into the carriage, compressing the spring which

) "
gives 50 1lbs thrust per 1 compression,

8

The bonding metal is evaporated from a molybdenum gauze,
mounted in pyfophilite rings, in an assembly, between the srecimens,
which can be rotated to the side of the avparatus. A gauze is used
so that metal can be evavorated both up and down., A typical bond is made
ty first chemically cleaning the specimens, and then mounting and aligne-
ing them in the jig so that they mate evenly, and with the required
orientation., The specimens are further cleaned by an ion discharge,
and the carrisge is then positioned so that the faces to be coéted with
the bonding metal are equidistant from the gauze. When the chamber
has been pumped down to 2.10.5torr the ﬁetal is evaporated. The gauze
ié rotated to the side, and the specimens brought together and compressed
to about 400 lbs/inz, and heated at a temperature just below the melting
point of the bonding metal, for cne day.

" Almost all the bonds were made with indium, which meant that
sapphire surfaces had first to be coated with chromium, to make the
indium stick, and the heat treatment temperature was l50°C. Some tin
bonds were atfempted, so that transducers could be deposited on
sapphire delay rods, after assembly of the amplifier, since tin melts

at 220°C, which is higher than the substrate temperatures used for

transducer deposition (section 2.2). The tin bonds were more difficult
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to make, and had higher transmission losses, than the indium bonds.
Acoustic amplifiers were therefore constructed using rods on which Cd4S
transducers had already been deposited. Thrust pads ﬁith central recesses
were used, sO fhat a minimum of damage was inflicted on the transducers
during amplifier assembly,

b) Bond Loss Measurements

The transmission losses of shear and longitundinal waves in
indium bonds, made by the above technique, were measured between 1 and

2 GHz, using two sapphire rods bonded as shown in figure 35, A CdS

transducer was deposited on one end of the longer rod, and the bond consisted

of a layer of indium sandwiched between two O,1lp thick layers of chromium,
— A pulse input to the transducer produced reflections from the

bond; end from the free end of the shorter rod. The rod lengths were

such that the second echo, from the free face of the shorter rod, reached

the transducer before the second echo from the bond., The relative

amplitudes of the first three echoes were measured, and from these

measurements, the reflection coefficients r, and the transmission loss,

in the bond, were evaluated, as outlined in figure 35. An advantage

of this method is that the transducer behaviour is unimportant,

provided that it operates with reasonable efficiency over the frequency

band of interest, An estimate of the bond thickness was made by doubling

the measured thickness of the evaporated layer of indium, which does

not take account of any cnanges produced by compression.

The transmission losses, in two different bonds, for longitudinal

and shear waves, are given in figures 36a and 36b respectively., The
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Figure 35 Technique for bond loss measurements.
bond thicknesses were 2x0,75u and. 2x0,2u respectively., Using these
dimensions, and known values of acoustic impedance for the materials,32’36
the theoretical transmission characteristics of both bond structures
were evaluated, and plotted on the same graphs., Internal losses were
neglected in the case of the longitudinal bond, but an estimated loss
of 5000 dB/ep at 1 GHz was included in the shear mode case., There is
reasonable agreemént between this simple theory and exveriment for the
longitudinal case, but for the shear case, agreement is not so good,
A small error in thickness measurement in the shear case, of say 0.05u,

gives a large change in the calculated position of the resonance, as shown

by the inclusion of the calculated result for a 0.5u thick indium bond.
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Further, since both éxperimental curves peak at lower frequencies than
the'calculafed curves, the results imply that the acoustic velocities

in these indium films are lower than the published values used in the
calculations. The indium thickness was possibly reduced by compression,
so that the theoretical response would have peaked at a higher frequency.

Good longitudinal bonds were made with indium thicknesses of
1.5p and more, and with heating to 14OOC, but in order to make good shrear
bonds, the indium had ;o be 0.5u or less in thickness, and heated to
150°C. ‘Shear bonds about 1,5p thick had minimum transmission losses of
about 10 dB, and the acoustic loss in indium thin films appears to be
very high for shear waves, hence the above estimate of 5000 dB/cm.

These measurements were not performed to determine the
transmission losses in bonds with great accuracy, but to obtain reasonzble
estimates, The accuracy of pulse height measurement was LS| dB, and as
the final calculated losses are of this order, the accuracy is not
sufficiently good to allow a very critical comparison with theo?y. Ty
and T, were usuaily in fair agreement, and their average was used in the
calcﬁlations.

From figure 35, it can be seen that a perfect bond would
produce conly the second pulse, and so‘in practice, with highly parallel
rods, when the second pulse is larger than the first pulse, the bond is
clearly efficient. This situation existed, at most frequencies, for the
longitudinal case, and at the minimum loss frequencies for the shear
case, The transmission losses in tin bonds were measured only for

longitudinal waves, and found to be between 5 and 10 4B at 1 GHz.
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These measurements showed that efficient acoustic bonds could

be made for microwave frequencies, using indium thin films,

3.4 Parameters of CdS

a) Observed Properties

The CdS used in the amplifiers was obtained from three
sourcesy A.E,I, Ltd., the Eagle Picher Corporation and the Clevite
Corporation,

The Eagle Picher samples had dark resistivities ranging from
105 to 107 %em, and illuminated resistivities occasionally less than
103 R m, The drift mobility of free electrons By was from 80 to 160

cm2/ y at room temperature, and fell with decreasing temperature
V sec

to under 30 cm2/ at 77°K. By probing the voltage distribution on
V sec

1 cm long samples, it was‘determined that tre resistivity profile was
wiform to within 10%. MNeasured electomechanical coupling constants
K, were smaller than the published values.

Clevite material had higher drift mobilities, from 200 to

220 cm2/v s and a greater range of resistivity in any one sample,
sec

sometimes down to 500 %cm, The mobility imcreased as temperature fell,
according to the relation by = c.r L7 (where ¢ is a constant) and
measured K values were nearer published values. It was however, much
'1ess uniform material than Eagle Picher, and so the overall values of
the parameters which were measured, do not adequately describe the

material.

Cnly a limited amount of A,E.I. material was available, but
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this proved to have K values very close to published values, and My
varied from 150 to 200 cmZ/Vsec. No mezsurements of uniformity, or of
the variation of Fy with temperature were made.

A simpie, non-destructive, capacitive probing technique, which
did not require contacts to be made tc the CdS, was used to assess
uniformity. Thin slices of Cd3 were placed between two sheets of Melinex
insulation (0.0035" thick) on a flat polished steel plate. A steel probe
(with a 3 mm diameter head) was allowed to rest on the upper surface, and
the impedance between the probe and the steel plate was ﬁeasured on a
bridge. The measurements were reproducible, and gave the same information
about the uniformity of the material as the voltage probing technique,
without the complication of making ohmiz contacts to the Cds.

The Hall mobility in CdS is about 300 cm2/V sec, and the low
mgasured drift mobilities are due to the presence of trapping sites.23
Considerable effort has been devoted elsewhere to assessing the uniformity
of Cds, 77,80,87 and the lack of uniformity in its properties is a major
problem. Consequently the uniformity of Eagle Picher material is its
one advantage, although reports have been made showing that A.E.I. material
can be highly uniform.78

b) Selection of CdS Parameters

Single crystal CdS is grown from the vapour phase, and in
practice it is more readily grown in the insulating state (dark résistivity
greater than 106 %cm) or the semiconducting state (dark resistivity between
0.1 and 10 Scm), than for the intermediate resistivity range.78

Resistivities of 103 %m and less are of interest at frequercies above
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1 GHz, since. this is the resistivity required for maximum acousto-
electric interaction as defined by w2 = wC@D.8 This resistivity range
is normally obtained by illuminating higher resistivity CdS, but the
fechnique of compensation by neutron bombardment, described in section
2.5.2, could be used to obtain suitable material, starting from semi-
conducting Cds.

A test of this technique was carried out on a piece of CdS

4

2 cm (since semiconducting material

9

with a dark resistivity of 2;10
was not available,) After measurement of the V-I characteristic,”’ to
deternine “d’ the specimen was irradizted for one hour in the same thermal
neutron flux of 1012 neutrons/cmzsec. The dark resistivity rose to
1.7.105 %cm, but Hy did not change. Hy

of the V-I characteristic, taken at the same conductivity as before

was neasured from the "knee"

irradiation, This technique can clearly produce CdS of the required
resistivity, without altering the drift mobility. As previously
discussed, annealing can remove the damage caused by fastvneutrons, and
the degradation of the electromechanical coupling constant should be
only 2 or 3% after one hour of bombardment.

In cadmium, the penetration depth of thermal neutrons is about
0.5 mm,55 and so this technique can only be applied to specimens 0.5 mm
or less in thickness, in order to preserve a reasonably uniform resistivity
profile. Such samples would be useful as oscillators, |
3¢5 - Generation of Sheaf Waves

Before the development of double layer shear transducers,
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were investigated,

a) Polished Transducers

Since a good bonding technique had been evolved, and precision
polishing facilities were évailable, it appeared that transducers could
be made“by bonding CdS slices on to delay rods, and polishing the slices
down to the required res0nant‘thicknesses.7o It was hoped.that this
method would give transducers with improved crystal structures, and
has the advantage that ény orientation of the CdS lattice, with respect
to the substrate, can be chosen.

Two longitudinal CdS transducers were polished to 23 and 25p
thick respectively, making them resonant about 100 MMHz, Cne was indiunm
bonded, and the other cement bonded (Xastmann 910 cement), to a quartz
delay rod, The indium bonded transducer looked more uniform, and had
& minimum tuned insertion loss of 7 dB, whereas the cement bonded trans-
ducer had a 12,5 dB insertion loss, A shear transducer, on a sapphire
delay rod, was polished down to & thickness of 9u, and found to have a
tuned insertion loss of 60.d3 at 1 GHz where it would have been operating
at a harmonic of the fundamental frequency. The performance at lower
frequencies was also poor, possibly due to polishing damage extending
throughout the slice of CdS, Broad band shear transducers for 1 to 2
GHz require to be lp or less in thickness, and so only a very small
amount of surface damage can be tolerated, In the light of this poor
result, it was decided to abandon this method, because of the technological
difficulties,

b) Cavity Excitation of Shear Waves

As mentioned in section 2.1 shear waves can be excited in
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CdS transducers depcsited with the c-axis perpendicular to the substrate,

by directing an electric field parallel to the substrate,
transducers were therefore deposited directly on sapphire delay rods,
and energised in a simple tuned cavity, which developed an electric
field parallel to the sapphire surface. The best corversion efficiency
observed was 44 dB, which is too high for device operation. Several
shear amplifiers were constructed with this type of transducer, but in
only one case were tragsmitted signals detected., The comnlete assembly
was very cumbersonie, with cavities at each end of the amplifier,
| c¢) Mode Conversion

Since efficient longitudinal CdS transducers were available
for the frequency range of interest, they could be used as the starting
point for shear mode generation in a mode converter,46 as shown in figure
37.

A mode ccnverter was made from sapohire, and the angle «

was calculated, so that a reflected shear wave was produced at 90o to

X

Crystalline
Axes

il X

X'

Transducer .

Figure 37 Sapphire }Mode Converter.
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the incident longitudinal wave. Two shear waves and a longitudinal
wave are reflected from the surface, and so all the incident energy
is not éonverted into the desired shear wave. In éppexdix A3, this
situation is analysed, and the coﬁversion loss is calculated.

It was proposed to cut the mode converter at right angles
to the X axis, along the plane XX', and bond a CdS slice between the
two halves., There would have been considerable technological
difficulties in fabricating such an amplifier, but as the parallel

work on double layer transducers produced results first, this approach

was abandoned.
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"CHAPTER 4
4. Acoustic Amplification et Microwave Frequencies.
4.1 Introduction and Mezsurenent Technique.

In this cnhapter measure ents on the behszviour of C4dS =scoustic
amnplifiers, opersting at 1 GHz snd sbove, are presented and znalysed.
Both longitudinal and shear devices were constructed, using evaporated
CdS transducers, in the configuration.of figure 38, in which a slice of
CdS is bonded between two.sapphire delsy rods,.

The CdS slices were thin (2 mm or less) in order to mininise the
effects of acoustic loss in the emplifier., Althougn this limits the
maximun possible gein in the device, and prevents net gsin being
achieved, it allows the transmitted pulse tc be ohserved in the
maximum attenuation cerdition, The totel trazrsnissicn loss threugh
an amplifier was usually between 80 and 90 dB, with no drift field on
the CdS. The evaporated CdS trunsducers were prodﬁced by the techniques
described in Chapter 2, and the amplifiers were pulse operated in order
to redvce the power dissipaticn,

A coaxial jig was uséd to rold the amplifier, so that the centre

posts on each of the tronsducers were zccurately aligned. Electrical

DC
—
° . Bonds
-A—c"””
Cds Sapphire Sapphire Cds
Transducer Transducer
Cds

Figure 38. Acoustic Amplifier.
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connections were made to the CdS slice by connecting wires to the
indium bends, with ccnduéting silver paint. The 2.5 cn sarphire rods
insulated the drift-field fron the r.f. systen at the transducers,
end 1000 ¢F capacitors were inserted into the 502 coaxial lines, on
either side of the device, as further insulztion.

The electrical system wazs virtually the same as figure 20, for
transd;;er measurement, except that it was a two port systen, without
a circulator. D.C. pulses were praduced by either a high power
trensistor amplifier, for voltages below 200V, or a thyratron switch,
timed by a tr&nsmissiQn line, for voltages up to 4kV. Focussed white light
Qas used to illuvminate the CdS, to reduce the resistivity. Several
shezr and longitudinal anplifiers were made, but results are presented

only for representative devices,

4.2." Longitudinal Mode Amplifiers.,

a) Measurerents.

A 2nm thick slice of CdS (fagle ficher Ko. 219) was used in a
longitudinal mode amplifier., The c-axis of the CdS was in the direction
of pfopagation, so that the appropriate electromechaniczl coupling
constant was Ktsz. In figure 39a 1is shown the pulse‘pattern detected
by the outrut trarsducer of the device. There are many reflecticns
caused within the amplifier and delay rcds, because of the mismatch
between the acoustic imvedances of the various media. DMeasurements were
made on the first delayed echo, which had passed directly through the

amplifier. A very strcng double saturaticn was observed in the V - I

charzcteristic (Figure 39b ), and this tyve of saturation was not

observed in any otner longitudinal mode experiments. From the two
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"knees" in figure 39b, the drift nobility for electrons was nessured -
as 113 and 124 cmz/Vsec, for shear and longitudinal waves resnectively9.
Kt2 was measured in the absence of a drift field, by varying the
illumination, ard measuring the r.f. slgnal attenuation as a function

of conductivity5 (see equotion 31 of Chapter 1 ). K 2 was 0,014, which

t
is much lower than the rpublished value of 0.024, but was typical of
Kt2 measurenents made on Eagle Picher crystals,

A sméll acoustic gain of 20 dB/cm was observed at 1 GHz, which
is muech less than rreiicted by the Wnite theoryg. It was observed that
varying tre specimen resistivity, in the gaining condition, affected
the shape of the current and r.f. pulses, as shown in figure 39c.
When the resistivity was decrezsed, the current pulse saturated more
quickly, end the width of the amplified pulse decreased, although the
amplification increased. This amplifier dié not give a full attenuation
versus drift field characteiistic, 2s the combined loss of the various
conponents was high, and incressing the loss reduced the signal level
nearly tec noisé level, so that measurements could rot be made accurately.
The anplifier wes dismzntled and the CdS sample was polished down to
less thar 1lmm in thickness, but was broken before being assembled in
another amplifier,

Another slice of the szme C4dS boule, 0.84 mm thick, was built
-into a longitudinal amplifier, Kt2 was measured as 0.0145, and the
V - I characteristic is sketéhed in figure 40 a. This is much more
typical of longitudinzl wave propagation in CdS, than figure 39 b.
The measured drift mobility was 144 cmz/V sec. Gain was observed fron

1.0 to 1.8 GHz, and figure 41 is a plot of the attenuation versus drift

field curve fof this anplifier at 1.2 GHz. The theoretical curve,
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evaluated for the measured drift mobility, resistivity and Kt is

also included. O dB is the dark attenuction level. Maxinum gain of

100 dB/cm was observed at 1,1 GHz. Figure 40b shows the current

rulse, and the acoustic noise detected by the output transducer,
produced by applying a rectangular voltage pulse to the amplifier,

with no r.f. input pulse. ATha_drift voltage pulse was greater than

the voltage required to drift the electrons faster than the longitudinel

velocity of sound, and was many times longer than the acoustic round

A
Current

Voltage

-

Al — - — —

v
shear long.
Figure 40z, V-I cheracteristic of second longitudinal emplifier,
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Figure 40b. Current pulse and noise outrut in second longitudiral
anplifier,
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trip in the CdS, so that the noise reasched a steady state velue. 3By
increasing the drift voltage, the noise was mzde to grow to the sane
anplitude 2s ar amplified r.f. escoustic pulse positicned at time tl'

b) Anelysis of Results.

As expected, tﬁe gain observed in both longitudinal amplifiers
wes éﬁch less than predicted by the White theorys, ve to the energy
of the electreons being lost to shear acoustic noiseg. In figure 41
there is only a rough oversll similarity between the theoretical and
experimental curves. At electric fields greater than the shear
saturation voltage Vsé’ shear noise is being amplified, but the gain
observed was still sigrificant. Although the White ‘theor'y8 predicted
that maximum interaction would occur at 1450 MHz, the maximum gain of
a coherent longitudinel signal occurred at 1100 MHz. This is consistent
with the view that energy is being lost to shear noise by the electrons,
since this presunmably reduces the r.f. conductivity, and the effective
w, in rel=ztion to the White theorys. The f?equency of maxirmun
interzction shculd therefore be reduced. When the electric field was
lower than vsé’ the observed attenuation was anomalously high. The
most plausible explanation of this kigh level of attenuzticen is that the
sample had a non-uniform resistivity profile, resulting in the
measurenent of averzge parsmeters, which were then substituted in
the theory. Juggling values of resistivity, and K, ,can produce a

curve which fits the experimental curve quite well, for drift fields
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less than Vss’ but this hes little neaning if the materisl is
non-uniform (Kt2 = 0,01, and a resistivity of 3008 cm gives a good
fit . The lower resistivity would incresse w, and the theoretical
frequency of meximum intersction).

The gain, in figure 41, did not pcss through s maximum but
appeared to reach a constont level as the electric field was increased.
Wnen the drift voltage scross the amplifier is higher than that required
to drift the electrons faster than the velocity of sound, it has been

79’80’86, that the internal electric field rrofile

shown elsewhere
can become highly non-uniform, even in saiples with relatively uniférm
resistivity. A region of very high field can develop, and further
increases in the drift voltage only incresse the electric field in the
high field region, leaving the field over most of the specimen
unchanged. If the high field region is narrow, it is conceivable that
the %otal gain of the amplifier cculd be constant, once the gain in the
high field region has exceeded the peak value.

In figure 40b, the relationship between the decay of the current
pulse, and the acoustic noise detected at the output transducer, is
given. The decay of the current pulse is due to the increzse in the
acousto-electric current, wﬁich accompanies the build up of sacoustic
fluxl7, and opposes the ohmic current. Since the time required to
reach current saturation is longer than an acoustic round trip, the
build up involves many round trips. Coherent longitudinal pulses were
enplified .when they occurred at approximately time tl in the current

pulse, before saturation hzd been reached. In the saturated part of

the current pulse, the electrons have given up most of their excess
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momentua to the acoustic systen, and will have velocities close to the
sound velocity. Véry little momentum can then be tranzferred, and a
coherent signal, occurring in the saturated part of the current pulse,
will only be slightly amnplified. Fuartheriore, the reduction of the
effective r.f. conductivity, discussed atove, snd the ron-uniform field
distributior arising in aﬁ axplifyving crystal, may also reduce the
gain., In figure 39 c, it can be seen that incressing the conductivity
increased the amplification, énd the rate of the build up of écoustic
flux, The =2bove diseussion explains why only the r.f. signals

which occurred before the current in the amplifier saturated, received
significant anplification,

Shear waves propagating along the c-axis in CdS are not accusto-
electricslly active (see gection 1.4), and so there should be no
coupling between carriers and shear waves moving along the c-axis,

From figure 729, it can be seen that a dight nisorientation of the
crystal will result in some counling to shear waves. The two CdS
amplifiers were found to te accurately oriented within the limits of
experimentzl sccuracy, which is about 2°, Shear waves propagating at
an angle to the c-axis can ihteract with carriers moving parallel to

9,13

. 2 P .
the c-axis, and K~ can be significant. These off axis waves have

9

been shown by McFee’ to cause current saturation to occur, at drift
fields which are aprroximately half the crossover drift lield for
longitudinal mode propagation along the c-axis. In the above expériments

the onset of saturation occurred at drift fields which corresponded

roughly with shear mode propagation along the c-axis, and it is not

clear whether misorientation, or off axis waves, are responsible for
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the coupling.

The V - I charscteristic of the longer amplifier, (fisure 39 b),
shows a much stronger szturaticn than that of the shorter amplifier
(figure 40 a). 10 sec. rulses were used, so thzt the current was
nezsured in the steady state in teth amplifiers, The stronger shear
saturafion of the lonser amplifier is prohably due to the amrlification
of shear modes. These nodes zre anplified more in one trensit of the
longer amplifier, and the amplification mechanism nay tecome more
non-linear, in the steady state, than in the shorter specimen.

The noise output of the anplifier was examined in a srectrun
analyser, =nd there was no apparent peak frequency hetweer 10CMHz and
4 GHz, although many discrete frequencies were observed. It must be
noted,_howevér, that the bandwidth of the output transducer is
superimposed upon the bandwidth of the amplifier,

Since the messured drift mobilities were much less than the
Hall mobility59, there must have been trapping levels in these amrlifiers.
Any asyimetry in the attenustion versus drift field curves, due to
trapping23’24 (see section 1.7) is mesked, in the longitudinsl

anplifier, by the loss of carrier momentum to shesr noise,

4,3 Shear Mode Auplifiers
a) Measurements.
A good sheur wave amplifier was made from a 1 mm. slice of

A.E.I, CdS, using double leyer evaporated shear trznsducers. The

35

measured K12 was 0.0324, which corresponds well with published values””.

5

The drift mobility was found to be a function of conductivity, and
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ranged from 147 to 187 cmz/V sec. The reéistivity varied froﬁ 1.5.10490m
in the derk to 26OQcm under streng white light. In figure 42 are given
the experinmental and theoretical attenvation versus drift field curves,
at 1 GHz, for two different cenductivities. 0dB is agein the dark
attenvation level, ond a maxirum forward gain of 450 dB/cm was observed.
The noise level of the receiver during measurements is given to show
the limit of measurement, and the zcoustic ncise detec*ted by the
output transducer at maximum conductivity is also shown.

The transmission .losses in the amplifier, in the daxk, at 1 GHz

can be accounted for as follows,

Insertion Loss in 2 Transducers 59 dB
Acoustic Loss in delay rods . 9.5 dB
Acoustic Loss in 1 1 of CdS69 8 as
éond Loss 8 dB

84,5 dB

Thé transducer insertion loss, and the acoustic loss in the delay rods
were veasured after the anplifier had been dismantled. The loss
attrituted to the bonds is simply the difference between the measured
total trensmission loss, and the sum of the acoustic losses in CdS

and sapphire and the measured traznsducer insertion loss. Since the
bond loss is therefore a snall difference between two large quantities,
the figure obtained is not accurate, although it is of the correct

order (see section 3.3). : .
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Less accustic ncise was gener:ted in this eheaf wave anplifiexr
than in the longitudinal anmplifiers, altheugh the maximum level of
acoustic noise was 24 dB above the noise level of the receiver
(-93 dBm). Between 1 and 2 GHz, the peak npise level remained at
the same value, but the peak gain of a coherent signsl, =2t meximun
conductivity dropped from 450 dB/cm at 1 GHz to 265 dB/cm 2t 1.9 GHz.
The shape of the attenuztion against drift field curves appeared to be
the sane as the frequency increzsed.

This auplifier was the bést shear mode device which wes
constructed. Other amplifiers, made with Eagle Picher and Clevite
material, had maxinum geins of less than 100 dB/cm.

Vhen a shear wave strikes a sapphire surface, two shear waves,
with different velocities, are produced in the sapphiress. The fast
shear‘wavewasused for nmeking meesurements in the CdS, and with the
length of sapphire delay rod used, the two waves were quite distinct.

15

Two shear waves are 2lso generated in CdS™”, and since propagation is
in the basal plane, one wave is polrrised along the c-axis, and the
other in the basal plane perpendiculer to the c-axis., Only the

former shear wave is piezoelectrically active. The transducers were
deposited on the sapphire, so that the polsrisation of the trensducer
was at a uitablé angle to the sapphire lattice to cause moét of the
energy to couple into the fast shear wave. The amplifier was
assembled so that the c-axes of the transducers; and the c-axis of

the CdS siice, were narallel.

A C.W. test was performed on this amplifier. With a drift

voltage gre=ter than the saturation value, the amplifier, immersed in
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alcohol, operated for an hour without breakdown. The power being

dissipated was 20%W in a volume of 0.1 cm3.

b)  Analysis of Results.

The meassurements of stteruation in figure 42 are incouplete,
since Ehe n:gnitude of the interzction was very.large 2t maximun
conductivity, and a large electric field had té be arplied to raise
the coherent signal above noise level., The shape of the charzcteristic
for the lower conductivity is very similer tc that predicted by the
White theorye. Since éhe drift mebility is dependent on thé |
conductivity, it is likely that trarping effects csn influence the
share of the characteristic. The trarping thecry of Uchida et a123’24
(section 1.7b) shows that decressinz the conductivity makes the
attenuation versus drift field curve more asymmetric, since a greater
fraction of the bunched carriers is tracped at lower conductivities.

A further complication is the effect of non-uniformities in the CdS
on its properties, which can result in fslse measurements of the
conductivity and drift mobility. A factor of two difference, between
experimental ond theoretical values of gain, can easily =rise from
a factor of two error in the mnessurement of tﬁe conductivity, due to
non-uniformities.

From the measurenments made with a resistivity of 2.75.10390m,
an estinmate of the asymmetry can be'obtéined, and the factor "a"
celculated (see section 1.7 b), bfo is obtained from the crossover
field value, using the known Hall mobility in Cd859. The values

obtained suggest the presence of a trapping level with a relaxation

time 1 of 10710 gecs, which is a reasonable value, since at freguencies
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Just above 1 GHz, w.T ~1, end these traps will hove a significant
effect. When the estinated value of "a", and eppropriate value of bfo,
are used to calculecte the shape of the attenuction versus drift field.
curve, mch better asgreement is obtained between theory and experiment
for both levels of resistivity. The fector fo was celculated as 0.639
for the low resistivity case.

The frequency of maximum interaction, with maximum conductivity,
obtained from w2 = Wy Wy, is 860 MHz. Thus the observed decrease in
the imagnitude of the interaction, as the freyuency rises from 1 to
2 GHz, is as expected from the theory.

A meximum gain of 45 dB/mm was observed, and it appears therefore
that with a longer piece of CdS and more efficient trznsducers, a net
gain acoustic amplifier could be built, The total gain available from
an amplifier is the difference in power levels between thermzl noise
in the lattice, =2nd the satursztion value of acoustic flux. The latter
quantitj can be arrived at by considering that the wave carrier
interaction in acoustic aﬁplification is limited by the number of
carriers availeble to tske part in the mechanismsg.

For the shear wave amplifier, at its maximum gain condition, the
calculated saturation acoustic flux is 24olnvy;m2. Since fhé
acoustic beam area iz approximately 1 mmz, then the power level of
accustic saturation is approximately + 24dBm et 1 GHz. The power
level of lattice thermal noise is about -90 dBm, so that the naximum
available electronic gain in the CdS is approximately 110 dB, which

could have beer obtained with 3mm of the CdS used in the shear wave

amplifier, allowing for 8 dB/m:. acoustic loss at 1 GHz.
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C.W. operation of an acoustic amplifer presents difficulties.
As explained above, -2 few micrcseconds after the arplication of an
anplifying drift field, the current decays to a saturated value, so
that the electrons have much less momentum availzble for transfer to
an accustic wave, and the anplificaticn will te small. wanugasl showed
that C."W. operation was possible at liquid nitrogen temperature, without
destroying the CdS. The experiment described above showed that C.W.
operation 1is possible at room temperature, if a heat sink is provided,
wanuga'sfl anplificatien measurements, for a shear wave amplifier,
are very similsr to figure 41, indicating that the build up of acoustic
noise accompanying current saturation, is reducing the amplification of
a2 coherent signal. C.W. amplifiers may still have useful gain, but

will have very poor noise figures,

4,4 Discussion,

The measurenents which have been made of transducer performance
and accustic gair, show that brozd band acoustic amplifiers, with net
overall gain of up to 50 dB, could be fabricated to operate at frequencies
above 1 GHz. The usefulness of an amplifier is deterwined by its
noise figure. Any desired amplification can be achieved‘simply by
linking amplifiers in series, although the levels of amplification
discussed in section 4.3., indicate that a high level of net gain could
be achieved by one well designed acoustic arplifier. Measurements of
the noise figures of acoustic amplifiers have been published by

82,83

Hanlon . He measured the noise figures under pulsed conditions,

and at drift fields telow that at which acoustic noise had built up
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to a steady stzte value. Noise figures as low zs 6 dB were measured
around 150 MHz, when this was the frecuency of meximum gain per unit
D.C. powver input,fm. The noise figures increesed with frequency,

and as the opersting freauency deviated from fm. At 900 MHz, a

noise figure of 25 dB was measured, and for most ranges of frequency and
conductivity the figure was sround 10 dB., Under C.W. conditicns, the
build up of acoustic noise will meke the noise figure of the device
much worse. The efficiency of the trznsducers will directly effect

the ncise figure of the. amplifier, since inefficient transducers

reduce the net géin69.

A possible arplication of the acoustic auplifier is as a
recirculating store. C.W. operation would be desirable, and although
this is feasible, would result in a high noise figure, znd reduced gain.
It is éssential that no spurious pulse be created by reflections from
boundaries in practical amplifiers (figure 38). This means that the
CdS to sapphire bonds must be multi-layer structures to produce perfect
impedance matching. Calculations show that a bond structure such as
"chromium - silver - indium", could be a perfect match, and would have
a bandwidth of 609 or more, centred on 1 GHz. In order to get the
maximum storage capacity, with 10 cms of sapphire as the delay
medium, lOnSec pulses, at 20nSec separation, must be used. The

bandwidth of the multi-layer bond is adequate for this pulse width,
otherwise sn external pulse shaping network may be required. The

storage capacity would be 500 pulses,
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In order fo re”ucé the anplitude of feflections from the
ovtrut trensducer, a suvitable bond and becking rust be used. The
reflected sigrnal will be attenuated in its nassage back thrcuzh the
€dS anplifier, and shpuld create no difficulties if it is 20 4B
down on reaching the output trarsducer for the second time, since
some external discriminating network could be used to obliterate it.

A more practical amplifier would not operate C.W., but cculd
be designed so that the D.C. drift field pulse was triggered by the
input r.f. signal, and suitably delayed, so that it was applied to
the CdS amplifier at the correct moment fer maximum amplification.

Such a system would have a much reduced storasge capscity.

The maximum frequency at which CA4S acoustic amplifiers can be
operated is of interest., For a given mode of propagation in a crystel,
the ligiting frequency range is reached when the wavelength A, is much
less than the Debye screening length LD’ and carrier bunching is
much reduced by the theriicl motion of the electrons. Equation 11 in
chapter 1 gives the relationship between the angular frequency w, and

LD’ in terms of W and Wpye

%“p s (—M 2

| D

The limiting freguency ranze can be raised by increasing the
conductivity, and hence ) but this means that the D.C. power
dissipation per unit gain will also rise, and it is therefore doubtful

| if practical CdS awplifiers could operate at X band frequencies. Even

if the high power dissipation could be tolerzted, the acoustic loss

in 0dS would linit operation to X band.
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CdS Acoustic Transistor
Anmplifier Amplifier
Gain 50 dB 30 dB
Bandwidth 750 lMHz 1 GHz
Noise Figure 20 4B 6 dB
Deley brilt in rone
Externel D.C. .supply. 100V 15V D.C.
Circuitry possibly pulsed.
Table 11 Performance of a CdS acoustic amplifier and

a transistor amplifier with centre frequency
at 1.5 GHz,

Since the project was begun, advances in traensistor technology
have made broad bhand, low noise, transistor esmplifiers available for
microwgve frequenciess4’87. In table 11, the properties of an
amplifier of each type sre compzred, for a centre frequency of
1.5 GHz. The gain is quoted for one aﬁplifier, btut the gain can be
increased by cascading amplifiers. The only advantagg of the
acoustic amplifier is built in delay, but this can be achieved by
using a delay rod in conjunction with a transistor amplifier., The

transistor amplifier is much less conplex than the acoustic awmplifier,

and is clearly the better device,
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CHAPTER 5

9e Conclusions

From the measurenents preiented on transducer efficiency and
acoustic amplifier performence, it is clear that net gain C4S
acoustic amplifiers could te construéted to operate at frecuencies
above 1 GHz. Between 1 and 2 GHz the behéviour of amplifiers gave
qualitative agreement with the linear theory developed by Whitee,‘
and high gain per unit length was obsérved in both shear and
longitudinal mode amplifiers. Gain of up to 450 dB/cm was observed
in éhear node amplifiers, and up to 100 dB/cm in longitudinal
“amplifiers., Differences between the experimental and theoretical
bendviour of amplifiers were attrituted to either the generation of
acouctic noise, or non-uniformity in the parameters of the CdS. The
accustic noise is generated when electrons drift faster than the
velocity of sound, and lose energy to incoherent lattice vibraticns,
ahd not to a coherent acouctic wave. Since the shear velocity of
sound is less than the longitudiral velocity of sound in CdS, the
gain of coherent signals in longitudinal node amplifiers is
considerebly reduced by the generation of shear acoustic noise. Many

17

CdS crystals have non-uniform resistivity profiles’' ', and the
measured bulk values, which are used in calculations, are aversges,
so that complete agreenent between theory and experiment camnnot te

expected. Except for the A.E.I, material, the CdS crystels used in

the devices had lower electromechanical coupling constents, K?, and
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lover electron drift mobilities (indicating the vresence of trapping
levels), than crystels described in the 1iterature5’35.

Broad band transistor amplifiers, with ressonable noise
figures, are now commercially available, for freguencies up to

4 GHZ87

. The acoustic anplifier cannot compete with transistor
arplifiers, due to its poorer noise performsnce, snd the grezter
technological difficulties in construction. In C.W. conditions the
acoustic amplifier is very ncisy, and has much reduced gain, so that
pulsed operation is necessary for high gain. The acoustic amplifier
might be used s a recirculating store, since a poor noise figure
can be tolerated in this application, if there is high gain to give
good discrimination between the "on" and "off" conditicns. The

‘storage capacity is determined by the delay time in the device, and
would be small if the amplifier was pulse operated. The amplification
of acoﬁstic surface waves has been denmonstrated in CdSBS, and there
is a possibility that surface wave acoustic amplifiers could be used
in microwave thin filn cirecuitry.

CdS acoustic amplifiers cnuid be operated up to X band frequencies,
if very high power dissipation could be tolerated. The acoustic loss
in C4dS will be high at X band, 2nd will effectively limit useful,
room temperature operation to this frequency rznge. Of the other
available piezoelectric semiconductors, zinc oxide has a higher K2
than CdS, but this is of no advantage in an acoustic amplifier, since
the drawback of acoustic rnoise generation is not eliminated by

replacing CdS by ZnO. The same gain can be achieved in CdS, es in ZnC,
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by using longer semples, It is possible that InSb acoustic
amplifiers, with crossed electric and magnetic fields, may be able
to operate at X bend, szlthough low terperztures may te requiredzT.

It appears that CdS acoustic amplifiers are unlikely to find
a practical arplication, but CdS may have & use as a high Q oscillator.
Thé'resonant frequencies are difficult to ovredict accurately,. since
they are selected by a non-linear mechenisii, and are dependent on
the oscillétor thickness, conductivity end applied drift field.

The most useful aspect of this project was the development
~ of the technology required to produce acoustic amplifiers for
freguencies of 1 GHz and above j; in particular, the study of
evaporated Cd3 transducers. These transducers were thin films,
.consisting of CdS crystallites with a preferred orientation. Under
nost deposition conditiors, crystzllites were deposited with the
hexagonal c-axis perpendiculer to the substrate, so that they were
suitable for use as longitudinal mode transducers. X iay analysis
showed that the structure of CdS films became more highly ordered as
the thickness increased. Without any tuning or matching, these
transducers, fundamentzlly rescnant 2tove 1 GHz, had bandwidths of
around 5C%, and the typicel insertion loss was 30 dB. The high
insertion loss arises beczuse of a grcss impedance mismatcl, between
the transducer and the excitation system. With stub tuning the
inserfion loss can bte reduced to less than 10 dB. It is difficult
to analyse the beheviour of evaporated transducers, due to the large

number of narsmeters which cannot be measured independently.

Irformaticn was obtained by comparing theoreticsl and experimental
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transducer frequency resronses, end naking impedsance measurements,
This showed that some transdvcers had a significent contact
resistznce, =~d that the effective K2 of evaporated trensducers

" was of the same order as that of single crystal CdS. Many traznsducers
were found to have a low resistivity, end consequently had a high
insertion loss. The trensducers were n-type, due to azn excess of
caduiur, =nd a new method of compensation, by thernzl neutron
bombardrient, wos developed. A rew deep trayping level was created,
thus rsisinz the resistivity, but the induced damzgse reduced the |
‘value of K2. Fortunately, only a short irradiation was required,

to raise the resistivity sufficiently to remove ary leaksge resistance
shunting the tronsducer, znd K2 fell by only 2 or 3. The chenges

in K2 were investigated in single crystal CdS, and it was found

that fast neutron damage could be annesled out at BSOOC, wheresas

thermal neutron dancge was not wholly removed by snrealing. Thic:

0]

technigue wes completely reproducible, znd could be applied to single
crystal CdS, t6 obtain thin slices with a dark resistivity
in the range 102 to 1039cm, which is difficult to obtain by growth
from the vapour phase78.

- Shear mode evaporated CdS transducers were made by depositing
CdS at a high rate (greater than O.lp/min) at an angle to the substrute,
snd under these conditions the c-axis grows in the direction of
evapofation. With an angle of 58.50, between the c-axis and an

electric field agplied normal to the substrate, there is no coupling

. . 29
to longitudinal waves, and only shear waves are generated 9. A
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finite thickness of CdS has to be deposited before the c-axis bends
to 38.50, as the initial Cd4S layers sre deposited with the c-axis
peryendicular to the substrate. This single layer technigue limits
.the urper frequency of operaticn as a shezr mode transducer to 2 GHz
at test. By using a double layer structure for the CdS, this
limitation was overceme. The bottom layer, in wnich the c-axis
bends, was cadmiun doped, so as tc have a low resistivity, and the
upper layer was of high resistivity CdS, with the required orientation
of the c~-axis throughout. The high resistivity top layer of Cas
doninzted the transducer response, 2nd the bottom layer scted as an
acoustic trénsmission line. Since the top lazyer can be very thin,
it should be possitle to make shear trensducers which hzve their
fundanental resonance at X band frequencies. Acoustic loss in the
thin'films will then be the factor which determines the urper frequency
range for efficient operztion of these transducers. An application
for X band shear trensducers is in a room temperature delay line, using
the spinel MgA1204 (magnesium aluminate), which is thouzht to have a
low acoustic loss for sheer propagstion at X band. Longitudipal Cds
transducers can be used on sapphire delay lines, which have been shown
to have the required temperature stability to act as calibrators for
radar sltimeters.

Bond loss measurenents cshowed that thermo-compression indium bonds
could heve vefy low transmission losses zbove 1 GHz, if carefully made.
Shear waves in indium appear to have a high acoustic loss above 1 GHz,

and so shear bonds must be very thin (0.5u or less) to minimise losses.

Finally, a useful method of makinz ohmic ccntects to CdS was developed,
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APPINDIX

Al. Equivalence of Transducer Theory and Standard

Equivalent Circuits for Transducers,

Working from section 2.3., in vhich the equations were

expressed in a one dimensional form, equation 16 gives

2 . L
_ Jkixy /.
EL = V- Z (B; (e7%5%)/5k,) O..............Al
i=1
By 3k, L E, 5k
e BL = Vi (1-e717) 4y S(1-e oM ....A2
1 ' 2

Equaticns 24 and 25 give

T . T
_ 1 3k, L 2 3k,L
VB-VA = —Z' (l-e 1 ) +Z (l-e 2 )o.aa.coAB
o (o]
-ek,

i
(1 -~ ki.c/w2M)

Substituting the relation Ti =

and using. the fuct that k2 = - kl
- e _odk Ly _ kL
vy - v, x (El(l e’ 1) E2(1 e’ 27)) .. 04

2 /2
(1-k. o/ M)Z

w

Now & = Tr 3} 2= T
1 vs(l G ) 2 ° vs(l + K2) =

e i .

1l - = 3 h = —

2 2 €

w™ M l1+K
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The current I is given by equation 21, and since a transducer is

‘normally made of insulating raterial, & = 0

..‘ I =A -jweAE ..-‘....".........'...".....‘.......lA6
u

e _ . v . . h

o I= - jweA ( T o+ d (vB - vA) " )

If C=c¢ A/L s> 1s the trensducer capscitance
I = - ijV - h C (VB - VA) onco-.oooo-ooo.o-c-onooo..A7

The negsative signs on the R.H.S. of equetion AT srise froum the
cnhoice of e-Jwt.
Equation 17 gives Tu = -eEu for the uniforn mode

o.o . T = - hD ’
u u

hence the boundary conditions, equations 22 to 26 can be expressed as

T + T = T + hDu 00000000-.v...oo..c.oo..o.ooaAS

1 2 A

ik, L jk L
Tle l +T26 2 - TB+hDu 0@ 000000 OGSO OSINQROSEOTDS A9

T "T = ZV ‘00.!‘00000.'0'00.0.‘....'0.OOOOQCOA]-O

1 2 o A

ik, L kL :
Tle 1 - T2e 2 = ZOVB..o.-oooo.coco-'oodoocoiooAll

Equations A8 and Al10 give

1
Tl = '§ ( ZOVA+( TA+hDu)).....‘....‘..‘.........A12
1 .
T2 BA ﬁ'( ( TA + hDu ) - ZOVA) 0.0Q'OD..O..OOO...AI}
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Substitution of equations Al12 and Al3 in A9 and All

gives (TB + hDu) = (TA + hDu)cosAk L+ 2 v, sin kjL ...eve...Al4

1
. (TA M hDu) .
: and VB = VA cos klIJ + J Zo sin le o.-oo.u.oAl5
) 7 2,
. - . - - <
L2 TA + hDu jsinle VB jtanle VACO.'OQDOOOOAIO
Z0 Zo
. o TB + hDu = jtanle . VB - jsinle vAoocco.ooooAl7

Equations A7, Al6 and Al7 are the electrical and mechznical
terninal equetions for the transducer, and are identical to those

. X . . . ., 2,32
-used in the derivation of standard transducer equivazlent circuits 25

A2 Measurement of Transducer Impedsonce

The transducer impedances were measured by the "double
power point" meth&d, on a 502 standing wave indicator60’85. Since
the VSWR is high, the simple technique of measuring the maximum and
minirmum voltages of the standing wave, cannot give accurate results,
for severzl reasons. The voltage range mey exceed the squ:re law
range of the diode detector, or, if the probe coupling has to be
increased to detect the minimum, the probe may load the line.
Further the line impedance may increase as the VSWR increases, and
become ccmparable to the detector impedance.

Thé voltage profile at the minimuh, and the vector diagranm of

the voltages are shown in figures 43%a and 43b respectively. Vi, vr
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and V, are the incident, reflected and total voltages.

t

If & is zero, V_, =V, -V
nin i r

At tkhe volisge minirun, the current detected by the diode is In’
. . (}
2 .
where I = k.V . , where k is a constant,
m nin

At the double pover point, the detected current is 2Im'

2T = k (V.2 + V2. tan® o )
m min i
e V.. =1V._.tang
min i
VSWR = vﬁax/vmin e 2Vi/vmin’Since ‘Vmin << vmax
<. VSR = 2/tane % 2/6, as 6 is small,
Lo A _ 24
6 = 2x Y x 5 = Y

... VS‘AIR ='h/7(OA ® 9 T 00 0P O OO OCOCO OO0 NS OOSCOIONOIOSNEOEDOSIOINPONOIOS AlB

Neglecting line loss, the load inpedsance Zx’ at any point x
from a plane of known imredeance Zp’ is given by
7 - jZ tanf
=\ P O .7
X (Zo - JZptanﬁv) o \

Pigure 43a Voltage Profile at Figure 43b Vectod diagran
Minimum of voltages
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vhere Zo is the characteristic inmvedance of the line, and ¢ is the
phase engle betweeh the voltagze nminirum with the line loaded, end
the minimum with the line short circuited.

The impedance at a2 voltage minimum Zn,is purely resistive,

and the load impedance Zx’ czn therefore be expressed as

9 = (1 - 3.V5WR.ton @) 7

x (VSWR = j.ten ¢ )

o}
If the VSWR ) 10, and tan § < 0.1 VSWR

Z
R = L ’ X =-Z°tan¢ ooooo‘nooA 19

VS'-.J'R.C()S2 ¢ x

The loss in the st:znding wave indicrtor was found to be
negligible, but losses in the co=xizl line joining the transducer to
the stending wsve indicotor, car significantly affect the =ccuracy
with which 2 high VSWR can be measured. This loss can be allowed
for, by messuring the V3WR with the transducer remnoved, i.e. the
VSWR with an open circuit termination (VSWRO/C). The effective, loss
free, VSWR (VSWRe) is obtained from the measured value (VSWRm), via

the expression

V3WR_ - 1/VSWR
VS"‘IRe = m 0& 0000 0000000000000 AQO
1 - VSR / VSR, /o

and VSWRe is then used to evaluate the transducer impedance.
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A.3 _ HMode Conversion in Sapphire.,

When a longitudinal wzve is obliquely incident on a material
boundary, in an arisotropic mediuir such as sarpnire, there are,in
genersl, three reflected waves (two shear waves and a longitudinsl
wave)ls. The sarphire mode converter (figure 44) was desizned so
that one of the reflected shear waves was perpendicular to the incident
longitudinal wave. The only availsble single crystals were rods, with
the crystalline 2z axis parallel to the rod dianeter, and the x axis
parallel to the rod axis.

The space and time dependence of the waves in figure 44 can be
represented as follows,

- jlwt + k. x sin a)
T4 |TLi| . e 1

Jlwt + k x sin
L e

Z
Sapphire
Crystalline Axes
X

Longitudinal Transducex

Figure 44 Sapphire Mode Converter.
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T - ej(wt + ks x sin v)
Pol
T2 -2 ® 0 600009 0000000 A21
o jlwt + k. x sin §)
T = 1Tl - 1
where TLi etc. are the stresses, and kX the wave number. The

subscripts 1 and s refer to longitudinal and shear waves respectively.

At the boundary, the sum of the stresses must be zero, at any tine,

Jkx

and at all points on the surface. Hence 211 the terus e must
be the samne.
) . kl Slnal =ks SlnB.....'.II...".C."..O'...... A22
e sin a/sing = ks/kl = vl/vS

. It is required that a + B = 90o
L] .» tana = Vl/vs ..l.l...'.0....'.......0.0......" A23

For sapphire, in the configuration of figure 44

a = 620 Bon

From published data on synthetic sapphire36, the inverse
vélocity surfzces were plotted for the available crystalline structure,
and the angles a, 8, v and § were obtained grarhically using the
condition expressed in equation A 22, OCnly the shear wave T1 is
of intereét, but it is necessary to determine how much energy is
lost to the second reflected shear wave, and the reflected longitudinal
wave., Tl is the fast shear mode, and T2 the slow sheur mode., From
-the known elastic constants cijkl’ of synthetic sapphire, and the

direction cosines of the vropagation directicns of the waves

Nj ( = cos ( xj,N)), obtained from the inverse velocity diagram,



159

the Green-Christoffel constants,rglfor each wave cen be evaluated.

f; = €450 008 (xj,N ).;os (xk,N)

The directinn cosines of perticle displacement 0y CZn then be

obtained from the idertity

—P . .
O‘i’l_i‘]_ = “‘G‘l S0 000000000 POOGOORREOIOEOIGIOIEOETONDS A24

which expresses the solution to the wave equationng is a pure

shear mode, 2nd T, a quasi-shear mode,

2

The strain Skl is defined sas

— + ,
axl axk

k1 =

o

where u is the particle disvlacenent.

kn = |k|.Nn are the comnponents of the wave vector.
woo= Iul.ai. eJ(mt - X Xn)
. Y Jlwt - k x ) s .
S Sij = % Jul.e nn’, ( J'kjai J.kiaj)
T3 = g S
- s jlowt = kx x )
= =j cijkl"uL e nn’, k

1 %

; L] Tij = cijk]_' 'u‘,'l{l, Nl.ak 0000000000000 A25

Considering an elenentary vrism, of unit surface area, at
the bourdary, the sitresses developed by each wave were resolved into
their components Tij’ and the relative emplitudes of the waves were

obtained, by aprlying the condition ZT = 0.
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The relative am-litudes of Tij for the thfeo waves were
L:T:7T, = 0.164 : 1 : 2,11 . Most of the energy was going.
into the slow shear wave T2 ,'and conversicn from the incident
longitudinsl wave to the reflected fast shenr wave Tl would nmean
e loss of 7 d3B, assuming that energy was lost in.no other way., If
the‘ﬁode converterwas redesigned, sc that the slow chear wave was
at 900 to the incident longitudinal wave, the conversion loss would

be reduced, but the slow shezr wave in sapphire has a higher acoustic

loss than the fast shear wave, and so the overall adventage is slight.
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