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ABSTRACT

This study is concerned with acousto-electric effects
and the related phenomenon of acoustic attenuation, in
semiconductors.

An account is presented of a theory of acoustic
amplification based on the diffusion-mobility approximation,
for the case where the coupling between the acoustic wave and
the conduction electrons is a function of the deformation
potential of the material. Experimental results obtained
for the amplification of a9 GHz acoustic wave in germanium
are compared with the predictions of this theory. These
results, and others obtained in germaniﬁm by another worker,
_are found to be in agreement with the theoretical predictions
provided the theoretical expression is correctly evaluated.

In evaluating the expression it is necessary to recognise

that certain of the quantities in the expression were electric
field dependent under the experimental conditions. In order
to obtain the required values of electron temperature and

the other electric field dependent quantities, a series of
measurements were made of Hall mobility as a function of
electric field. This unusual method of obtaining values of
the electron temperature, and its justification are considered.

A review is included of the existing theories of the
attenuation of microwave frequency acoustic waves in insulators

at low temperatures. Special attention is paid to the



temperature dependence and to the freguency dependence of
the attenuation. The predictions of these theorieé are
compared with the results of a series of attenuation
measurements made in the temperature range 15-1200K, at
frequencies of 1.0, 3.6 and 8.8 GHz. The measurements were
made on three materials, zinc oxide, cadmium sulphide and
cadmium selenide. An extensive cémparison of theory and
experiment is possible, and in all casesthe theoretical
predictions are verified.

The study of acoustic attenuation was extended by a
series of measurements made at room temperature in zinc oxide.
The diffraction of a laser beam by an acoustic column was
used as the basis of the method of measuring attenuation,
rather than the pulse—echo technigue used in the low t emperature
measurements. The method and its advantages are discussed,
as is their experimental demonstration. The theories of the
attenuation of acoustic waves at room temperature are discussed.
Experimental results are presented which show that the
attenuation of the longitudinal mode propagating along the
c-axis of one specimen exhibited the anticipated frequency
dependence, whereas the attenuation of the shear mode
propagating parallel to the a-axis in another specimen did
not show this dependence. An explanation of the behaviour of
the attenuation in the shear specimen is presented.

A number of experimental systems were used during the
course of the work, each is described, as are the methods

of preparing the different types of specimen used.



CHAPTER 1 INTRODUCTION

1.1 .Field of Interest

This thesis is concerned with acousto—electric effects
and the related phenomenon of acoustic attenuation in
semiconductors. The former effects involve the interaction
of an acoustic wave with the conduction electrons in a
s0lid, whereas the interaction between an acoustic wave and
the thermal phonons in the solid is the source of the latter
effect. In general when an aooﬁstic wave propagates 1in a
semiconductor both types of interaction occur. The acoustic
frequencies of interest were in the microwave range.

During the course of this work attention was not only
directed to the study of the above effects, but also to the
prediction of the properties of certain acousto—electric
devices.

1.2 Review of the field

The influence of an acoustic wave on the conduction
electrons in a solid appears to have been first treated by
PARMETER (1653), who introduced the term acousto—electric
effect. The effect considered was the generation of an electric
current as the result of the propagation of an acoustic wave
through a so0lid containing conduction electrons. The acoustic
wave was expected to be attenuated as a consequence of the
interaction. The details of this treatment were later criticised

by BLOUNT (1559).




In a discussion of the acousto—electric effect, WEINREICH
(1956) pointed out that if a specimen in which an acoustic
wave was vropagating was subjected to an electric field of
such a magnitude that the drift velocity of the conduction
electrons was greater than the velocity of sound, then
amplification of the acoustic wave might be expected.

A general relation between the open—-circuit acousto-
electric field and the attenuation coefficient of the
acoustic wave was deduced by WEINRICH (1857). This

relation, which is independent of the detailed mechanism of

the wave-particle coupling, was obtained from a consideration
of the conservation of momentum. The first experimental
observation of the acousto—electric effect appears to have been
made by WEINREICH and WHITE (1957), who defected the open—
circuit acousto—electric voltage caused by a 60 MHz acoustic
wave travelling through a germanium specimen.

POMERANTZ (1964) observed the amplifiéation of a 9 GHz
acoustic wave caused by the avplication of an electric field
of the appropriate magnitude to a germanium specimen at 4.2°K.
The measured gain however was smaller than that predicted by
a factor of fifty. A vossible explanation of this discrepancy
was suggested by CONWELL (1964), who nointed out that a
substantial reduction in the gain of an acoustic amplifier
operating at low temperatures might be expected as a result

of the heating of the electrons by the applied field.



This explanation could not be checked quantitatively
because no data was available concerning the electric field
dependent values of the electron temperature and electron
mobility, at the electric fields at which the experiment was
conducted.

Acoustic amplification was first observed by HUTSON,
McFEE and WHITE (1$61), at a frequency of 45 MHz in a
cadmium sulphide specimen. In this case the coupling
between the acoustic wave and the conduction electrons
arose vrincipally from the piezoelectric properties of the
cadmium sulphide, whereas in germanium the coupling is a
function of the deformation potential of the material.

A number of theoretical treatﬁents of acousto—electric
phenomena have been presented, some of which are discussed in
Chapter 4.

The interest in acousto—electric devices hacs been mainly
as solid state amplifiers operating at microwave freguencies.
During the course of this work the potential importance of
acousto—electric amplifiers has decreased as the result of
advances in the technology of competitive devices, esvecially
parametric and transistor amplifiers. Certain acousto-electric
devices other than amplifiers have been investigated. A
potentially significant example of such devices is the acousto—

electric oscillator WHITE and WANG (1966) TWOMEY (1970).



The ability to launch with moderate efficiency acoustic
waves with frequencies in the microwave range, is of great
importance in experimental investigations of acousto—electric
phenomena and acoustic attenuation. Prior to 1958, the most
commonly used type of transducer took the form of a polished
slice of piezoelectric material which was bonded to the
specimen. It was found difficult to make measurements at
frequencies greater than about 300 MHz wifh such transducers.
This situation was improved when BARANSKII (1958) showed that
it was possible to excite an acoustic wave having a frequency
in the microwave range, by placing the end of a piezoelectric
rod in the high electric field region of a re—entrant coaxial
cavity. This work was followed by further advances in transducer
techniques, these were concerned mainly with the preparation
of very thin resonant transducers using evaporation methods.
Both piezoelectric and magnetostrictive transducers were
prepared in this way. QUATE, WILKINSON and WINSLOW (1965)
and COHEN and GORDON (1965) have shown that light diffraction
by an acoustic column has a number of advantages over the
pulse echo technique McSKIMMIN (1964) as a method of
investigating the propagation of a microwave frequency acoustic
wave through a solid. The ease with which light diffraction
experiments can be performed has been considerably enhanced

by the availability of laser light sources.




The availability of relatively efficient methods of
launching acoustic waves at microwave freguencies stimulated
~ interest in acoustic attenuation measurements at these
frequencies. A number of exverimental investigations were
made at low temperatures, including those of JACOBSON (1960),
deKLERK and KLEMENS (1966) and LANGE (1968). A number of
materials have been studied, of these quartz has been the
most extensively investigated. The extent of the agreement
between the exverimental results and the predictions of the
theories mentioned below, varied considerably.

A theory of acoustic attenuation at low temperatures
based on a three phonon interaction model was given by
LANDAU and RUMER (1937). This theory predicts that the
attenuation of longitudinal acoustic waves should not occur
as a result of three phonon processes, because such processes
do not satisfy the relevant selection rules. However it
was shown exvperimentally that the attenuation of both
longitudinal and shear microwave fregquency waves at low
temperatures showed the same general behaviour, and more~
over this behaviour was in agreement with the predictions of
Landau and Rumer. SIMONS (1963) (1964) and MARIS (1964)
have shown that three phonon vrocesses involving a longitudinal
acoustic phonon can satisfy the appropriate selection rules
if account is taken of the uncertainty in the energy of the
thermal phonons arising from the finite nature of their

lifetimes. The treatment of attenuation at low temperatures



was further extended KWOK, MARTIN and MILLER (1965)

GUREVICH and SHKLOVSKII (1967) by using powerful pertubation
techniques to include the effect of higher order three
phonon processes. A much fuller discussion of the fheories
of acoustic attenuation at low temperatures is given in
Chapter 5.

Two mechanisms have been proposed to account for
acoustic attenuation at room temperature. The first involves
the relaxation of the acoustically perturbed thermal phonon
distribution by means of thermal conduction. This appears
t0 have been first suggested by Kirchoff in 1868, and applies
only to the attenuation of longitudinal waves. The second
mechanism was provosed by AKHEISER“(1939) and applies to both
shear and longitudinal waves.

Potentially the most im»ortant applications of acousto-
electric devices are in the microwave frequency range.
Consequently the magnitude of the acoustic attenuation
influences the performance of the device. One important
parameter of an acousto—electric device which is directly
influenced by acoustic attenuation is the high freguency cut-
off of the device. In general the cut—off will occur at a
frequency at which the attenuation of the acoustic energy
by the lattice is so large that no anpreciable acousto—=

electric interaction is possible.



CHAPTIR II DETORIATION POTINTIAL COUPLING

2.1

2.2

Introduction

The first section of this chapter introduces the concept of a
deformation potential, and outlines the physical basis §f wave—
particle interactions cazused by deformation potential coupling.
The second section contains a discussion of various methods of
calculating the gain of a deformation potential amplifier. A
detailed account is given of one such method, which does not appear

to have been given previously.

Physical basis of deformation potantial interactions

A current carrier moving in a semiconductor experiences a
potential resulting from the combined effects of the ion corss of the
material and the other current carriers. This potentizl may be
calculated self consistantly by the Hartree-Fock method WILSCH (1953).
The effect of an acoustic wave propagating through a semiconductor
is to periodically displace the atoms from their equilibrium positions.
This distortion will cause a periodic psrturbation of the potential
experienced by a current carrier. This variation in the carrier
potential can be described in terms of a perturbation in its
Hamiltonian (§ = T + V). This change in the Hamiltonian will
result in a change in its eigenvalues, i.e. the carrier energy levels.

It may be shown (BARDEZX & SHOCULEY (1950), WHIPFIZLD (1961))
that the influence of an acoustic wave on the energy of a current
carrier may be expressed simply when the acoustic wavelength is

long comoared to the interatomic spacing of tne material and the



carrier energy is low. In such a case it i1s found that the chance in
the carrier energy is proportional to ths deformation or strain, for
smell strains. The assumptions of long wavelengtn, low energy and
small strain, will always be justified in the present work. The
constant of proportionality in the above relation is called the
deformation potential. The gradient of the acoustically induced
change in the potential of the carrier is equivalent to a periodically
varying field in the direction of acoustic propagation. Thus it can
be seen that the acoustic wave will tend to drive carriers through the
crystal.

The ratip of the energy relaxation time of the carriesrs to the
period of the acoustic weve has a very marked influence on the strength
of the wave—carrier interaction. Tonsider the travelling periodic
potential set up by an acoustic wave propagating through an n-type
germanium crystal., The conduction electrons will tend to accumulate
at the minima of the potential, in an attempt to raduce the internal
energy of the crystal. If the energy relaxation time of the elecirons
is short compared to the period of the acoustic wave, they will
attain an almost exact equilibrium and the electron density at zany
point will oscillate with the acoustic wave. At the other extreme,
if the relaxation time is long compared to te acoustic veriod the
electrons will be almost unaffected by the wave, and electron
concentration will remain virtually uniform. In both cases the average
~net force on the electrons caused by the wave will be very small.
However, in the case where the relaxation time is of the same order

as the period of the wave, the elactrons are affected by the wave
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It is obvious from the previous discussion that the existence
of non-uniform electron concentrations is essential to the attainment
of acoustic amplification. However, the accumulation of such elsctron
bunches would violate local charge neutrality, so that fields would be
set up which would tend to disverse the elsctron bunches. This would
result in a decrease in the acoustic amplification.

WRINREICH, SANDERS & WHITE (1959) have pointed out that this
'debunching' effect can in some circumstances be avoided. In semi-
conductors like germanium, with a multi-valley conduction bandj
certain acoustic waves destroy the degeneracy of the equivalent
valleys (here the term degeneracy is used in its quantum mechanical
sense, not as in Chapter 3). That is the effect of the acoustic
wave on the Band structure of germanium, is t0 increase the energy
of one or more of the four valleys and to decrease the energy of
the others. This non-equivalent valley movement may be accompanied
by a common energy shift of all the valleys. The effect of strain on
the band structure of a multi-valley semiconductor is considered in
detail by KIYmS (1960). In certain directions of high symmetry, an
appropriate acoustic wave divides the valleys into two pairs. The
energy of one pair is increased by the strain and the energy of other
decreased by the same amount. Such strains result in germenium in
the following cases. firstly from the propazation of a shear wave
along a {100) direction and polurised in { 010) direction.
Secondly, from the propagation of a longitudinalwaeaﬂonga(110)
direction. These are the two waves of principal concern in this

work. If such a wave propagates through an n-type germanium crystal

1o,



the electrons will tend to bunch on the forward slope of the wave in
each individual valley. However, the relative energy shifts of the
valley pairs is equal and opposite under the influence of a constant
strain. Thus in the presence of an ap,ropriate acoustic wave the
energy shift of the different valley pairs will be in antiphase.
Therefore the spacial distribution of the total electron concentration
will be uniform, and no ssace charge fields will be set up. The
above argument is illustrated in Figure 2.2. There is of course a nst
force on the electrons in each valley caused by the acoustic wave, and
consequently a total net force on all the electrons.

The effectiveness of this method of eliminating debunching has
been demonstrated experimentally by POVERANTZ, KEYES AUD SSIDER (1962).
They propagzated five acoustic modes-in both lightly and heavily doped
n-tyove germanium, at a frequency of 8.9 Giz at 4.2°.  All the modes
propagated without significant attenuation in the lightly doped material.
However, in the heevily doped material, those modes having an elastic
constant ( PV?') containing the coefficient Ci) were strongly attenuated.
In germanium, the modes for which the elastic constant contains Cyy, are
those which produce shear strains that remove the degeneracy of the
valleys KﬁYES (1961). The lifting on the degeneracy of the valleys by
the acoustic wave permits bunching without vroducing space charze, for
sufficiently symmetrical directions. This leads in heavily doped
material to substantial wave-particle drag and consequent attenuation
of the acoustic wave. Those modes where the elastic constant does
not contain Cj) do not remove the valley degeneracy. Therefore any

bunching is strongly opposed by mutual repulsion of the electrons,

and no significant wave-particle drag or consequent acoustic attenuation
rasulis T =
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2.3

It is interesting to note that in n-type silicon, as a result
of the difference in the number and orientation of the valleys, the
elastic coefficient which is sensitive to the electron concentration
is different. In n—type silicon the coefficient, the presence of
which in the elastic constant results in the corresponding acoustic
wave lifting the degeneracy of the valleys is %(011 - 012) not Cy),

CSAVINSKY & BINSPRUCH (1963).

Calculztion of the zain of & deformation potential am»vlifier

12,

The theoretical methods of treating deformation potential amplification

can be divided into two classes, depending whether the diffusion-
mobility approximation is used or the relevant Boltznann equation is
solved. The first method is an extension of the work of

WEINREICH (1957), #EINRSICH, SANDERS & VHITE (1959) and GUREVICH &
EFROS (1963) on acoustic attenuation in semiconductors. A treatment
based on this method is given in the prssent work. XNo previous
account appears to have been publisiied, zlthough PCUERALTZ (196#)
quotes an expression for the amplification in the case of a
particular acoustic mode, obtained using this method. The peapers
using a Boltimenn equation treatment can be divided into two “roups.
The first SPICTCR (1962)(1965) ECESTEIN (1963), employs an extension
of a method develoned to treat the problem of acoustic attenuation
in metals. The second is due to GANTSZIVICH & GUREVICH (1967)

(19692) (1969b). 1In the two groups of papers using methods based

on a Boltmann equation different results for the gain of a deformation

potential amnlifier are obtezined. In the first group of papers



the effect of electron heating on the gain is not included.  This
omission leads to a serious overestimate of the gain under the
experimental conditions described in Chapter 4. 4 less serious
objection to the first group of papers is that they assume
degenerate statistics for ths electrons, whereas it is shown in
Chapter 3 that under the exzerimentel conditions of interest this
assumption is not valid. The papers of Gantsevich and Gurevich
take account of both of these points.

The Boltzmann equation approach is valid for all acoustic
frequencies, whereas the diffusion-mebility approach is only valid
when WK | (whore @ relates to the acoustic wave and ¥ is the
electron momentum relaxation time)f The value of® can be
obtained frog the measured values of mobility (,L ) given in
Chanter 3, by using the approximate relation )L:_g Y (where

m“
*is the effective mass of the

e is the electronic charge and m
electron: The amplifier exveriments were conducted at a frequency
of 9 GHz. Thus the corresponding value of WV is less than O.1.
The approximation would thsrefore appsar to be velid. An account
is given below of the derivation of an expression for the gain of a
deformation potential anplifier. The derivation makes use of the
diffusion-mobility approximation.

Consider an n-type germanium crystal, to which an electric
field (£) is applied along the direction in which an acoustic wave
is propagating. The acoustic wave is assumed to be one of the

waves discussed previously, which lift the degeneracy of the

valleys., Thus spacé charze effects may be nezlected.



The particle current dereity canbe exprecsad as the sum of three
terms; the drift caused by the elsctric field, the diffusion

resulting from the bunching of carriers and the wave particle dresg.

[ &@&t.% (2.1)

DRIET DIFFUSICL DRAG
ihere the suffices I refer to the different valley peirs, Iy
revresents the flux of particles rather than the conventional current
density, }L is the mobility, D the diffusion coefficient, §z is thezsowstic
energy density and q,the acoustic charge.

q is defined so that §V¥;=¢;& where §V; is the charze in

energy of the l“" valley caused by the wave. From this definition
and that of the deformation potential given previously, it can be
seen that the two are related by an expression of the form ¢;= Ii/(é‘)
where E; is the deformation potential of the i velley and c is the
relevant elastic constant.

The orinciple of the conservation of particles can be written

in the form

(2.2)

where R is the intervalley scattering rate/ w{k%,

During the measurements the amplitude of the acoustic wave was
such that 1,5 &kel . It will be shown in Chapter 3 that the electron
concentration was small enouch to justify the use of Yaxwell-Boltgmann

statistics.



If a constant stress were applied to the specimen, then the electron
distribution would relax until the concentrations in the valley

rairs were given by

n =no($;%§,) ' (2.3)
where Qo is the value of N, or A_ in an undeformed crystal.
The intervalley transfer rate is controlled by the amount by
which the instantaneous difference in concentrations ( Ny-No )

differs from the equilibrium (or constant strain) difference

( "’7-‘\0%§/k€")

e. R = _,m {o-0) + ?.noi.]
(2.4)

where T, is the intervalley relaxation time. The factor 2/3 is

included to take account of the fact that only two intervalley

transitions in three are between valleys of different pair.
Assuming a sinusoidal acoustic wave

1 (ke -t
Ny = Ny +ﬂ';(’.( )

-

(2.5)
where no»nﬁ as %T «l

i.e. this treatment in a linear one.
On substituting from equation (2.5) into equation (2.1), and

from equations (2.5) and (2.&) into equation (2.2), and dropping

. /
terms in ( Ny )2; two equations in u4 are obtained.

1S,



Eliminating Jt between them yields

n:[ - x ﬂo{}é".____.‘ ]
KT 1+ Lste(1-p) (2.6)

_ Y kx-wt)
where § -}oe (
and the following substitutions have been made,
2

Lo kD 4

TK stl.‘l- (2.7)
(i.e. the distribution may relax both by intervalley scattering and
diffusion)
and P = %E
where ¥ is the velocitiy of sound.

Substituting from equation (2.6) into equation (2.5), the expression

for fly becomes

_ i(kx-wt)}
n; = no[l X %.Ae, (2.8)

where - 1

|+ we(l-h) _
Substituting from equation (2.8) into equation (2.1), the expression

for j,becomes

: i(kx-mt)][ T S (=)
= N, + b=t e
o= 0 [' %M ! Mﬁf (2.9)‘J

The acousto electric current density is the time averace of this
instantaneous current density over the period of the acoustic wave,

less the component arising from drift caused by the applied field.

- . .
pe. Jy = (Relie-Jud)) (2.10)
where (____"> répresents the average over a period of the

acoustic wave.

h



The factor 2 is included to account for the contribution from both
valley pairs.
Substituting from equation (2.9) into equation (2.10), and performing

the relevant operations yields

T = wte (1-8)
J ( kgT) |+t.02'0‘gz(\- B)? (2.11)

But WEINREICH (1957) hes shomn that the acoustic attanstion cce®icient (1Y) and

the acousto-electric field ( Eae ) are related as follows:
M= M4k

-5 (2.12)
where S is the acoustic power density.
The validity of this expression when an electric field is applied
to the semiconductor has been questioned. However, LCKST=IN (1964)
has carefully investigated the situation and finds its use justified.
As §*is the acoustic energy density, it follows that it is related
to the acoustic power density by the expression

- % (B = L
(2.13)

where (;’) represents the average of §2 taken over a period of the
wave.

From equations (2.12) and (2.13)

M= 2nefw (2.14)
-

but from the definitions of current and mooility

L

J - &/LE“' (2.15)

A



18,

Thus from equations (2.14) and (2.15)

P (2.16)

Substituting in equation (2.16) from equation (2.11) yields

_ ned 2 U (1~b)
"= R e

(2.17)
where use has been made of the fact that L =2Zn,-

If F)] m,,)\E)?; , then the value of [V is negative, i.e. gain
occurs. This result is in agreement with the qualatative conclusion
reached in Section (2.1).

Equation (2.17) is a general expression, for the two modes of

particular interest the following substitutions can be made.

gl);" Acoustic Charge
Shear wave along {lod)polarised in{oi) Cguq L

'on
Yotar2ey)  Ea*3Fe

JHerveariey

The expressions for the acoustic charge are taken from the work of

Longitudinal wave along {iio)

HERRING & VOGT (1956). “here Ejand Ey are the deformation potentials
as defined by Herring & Vogte.
Using these expressions tozether with the Einstein relation
)) = .&i[}b
L
equation (2.17) becomes for a shear wave propagating along a (uoo)

direction and polarised in {owo) direction.
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n CEr wy{1-B)
P = 9\"53Pk_5T w‘*“"ﬁ’”(‘*”l (2.18)

and for the longitudinal wave propagating along a {Wo) direction

= _n z WM (i-
e V®pket (’I"+%I‘”) |+w’*t§}(12)’ (2.19)

The above derivation neglects the possibility of 'electron
heating' by the applied field. This effect which is described
in section (3.7), is found to be very marked under the conditions
of the present experiments. It leads to a decrease in the gains
predicted by a factor of more than ten as compared to equations
(2.18) and (2.19). Thus it was considered essential to carry out
a series of measurements to determine the electron temperatures.
4 description of these measuremenfs and their interpretation is
given in Chapter 3. The effect of electron heating on the

performance of the deformation potential amplifier is considered in

Chapter 4.
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Chapter 3. HOT ELECTRON HALL MEASUREMENTS

3.1 Introduction

It will be seen in Chapter 4 that the electron temperature
has a very significant influence on the gain of a deformation
potential amplifier. Thus it is of considerable importance to
determine this temperature as accurately as possible, in order
to assess the device potential of the amplifier and to compare
experimental results with theoretical predictions.

Because of its nature, it is not possible to measure the
electron temperature directly. The basis of the method used in
its determination was a comparison of the measured hot electron
or high field Hall mobility with an expression given by MANSFIELD
(1956), for the ionised impurity limited mobility. In this
theoretical expression the only unknown parameters were the
electron concentration, which was determined from the Hall
coefficient measurements, and the electron temperature. It
should be pointed out that this method could only be used because
the mobility was controlled by two similar carrier momentum
relaxation processes, so that the ionised impurity limited
contribution to the measured mobility could be isolated.

In addition to the electron temperature, two other quantities
which depend on the particular specimen appear in the expression
for the gain of a deformation potential amplifier. These

Quantities are the electron concentration and the electron mobility.



The values of both of these quantities can be obtained from the
hot electron Hall measurements.

The layout of the chapter is outlined below. Section (3.2)
is a brief introduction to the Hall effect. The apparatus used
in the measurements is described in Section (3.3). Particular
attention is paid to the thermometer. The method of preparing
the dumb-bell shaped specimens is described in Section (3.4);
the necessity for chemical cleanliness being emphasised.
Various aspects of the methods of measurement are discussed in
Section (3.5). The properties of the contacts made to the speci-
mens were investigated with special care. The experimental results
are presented in Section (3.6), and an explanation of the unexpected
shape of the Hall mobility against electric field curves is
advanced. The electron temperature approximation is shown in
Section (3.7) to be valid in the present case. The same section
contains the calculations of electron temperature. Various
possible objections to the method of calculation are considered,
but are not found to be justified.

3.2 The Hall Effect

If an electric and a weak magnetic field are orthogonally
applied to an isothermal conductor, an electric field appears at
right angles to both. This effect is called the Hall effect after
its' discoverer (HALL (187¢). The origin of this Hall field has
been discussed by many authors including PUTLEY (1960).
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A Hall coefficient may be defined by the relation,

Ev = Ru Bj. (3.1)

Where Ryis the Hall coefficient, £y the Hall field, B the
magnetic induction and | the current density.

Numerous theoretical treatments of the Hall effect have
been given for a wide range of conditions. That given by
PAIGE (1964) is in a form suitable for the case of germanium.
The mdst important results of these treatments are those
which relate the Hall coefficient to the carrier concentration
and the carrier mobility. These relations have well known

forms.

Firstly !R“‘ = ;?t- : (3.2)

Where ® is dimensionless and depends on the energy distribution
of the carriers and the band structure. The value of & can
only rarely be obtained analytically, however it appears to lie
between 1 and 2 in all conditions.

And secondly
po=|Rle (3.3)

Where ¢ is the conductivity. This mobility is called the Hall
mobility and is equal to X +times the drift mobility.
3.3 Apparatus

The aryostat used in the Hall measurements employed a

conventional pair of glass dewars, the outer for liquid nitrogen



and the inner for liquid helium. At the bottom of each of

these was a narrower 'tail' section so that they could be
accommodated between the polefaces of an electromagnet. Inside
the glass dewars was a metal dewar which was used to control

the specimen temverature. This metal dewzr is sketched in

Figure (3.1). It consisted of a vair of concentric clyndriecal
metal cans. The upper sections of these cans were of thin walled,
stainless steel tube, to reduce the heaf leak from the top of the
ascembly. The lower sections were of brass tube 0.020 inches
thick, which formed an apvproximately isothermal enclosure. The
space between the cans and that inside the inner can, could be
separately pumped through standard vacuum connectors. A heater
coil was bifilar wound on the brass section of the inner can.

In order to reduce the possibility of 50 Hz pick-up in the
measuring circuit, a d.c. supply was provided for the heater
coil.

The method of operating the cryostat was to pump out both
metal cans, and then refill them with helium gas from a cylinder.
The apparatus was then filled with liquid helium, and the speci-
men temperature checked. The method of filling the apparatus
with liquid helium waé the standard one described by WHITE (1961).
A series of measurements were then carried out at 4.2°K. If
leasurements were to be made at a higher temperature the space
between the metal cans was pumped with a diffusion pump. The

Pump reduced the pressure.in the space between the cans to about
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1d'4torr a lower pressure would have resulted in the heat

flow from the top of the cryostat significantly heating the
specimen. The temperature was controlled by passing a small
current through the heater coil, so that the heating effect of
this current just balanced the heat leak across the space
between the cans at the required temperature. The temperature
was indicated by a platinum resistance thermometer placed

close to the specimen. The required temperature was maintained
by making small manual corrections to the heater current.

The assembly or sword on which the specimen was mounted,
fitted into the metal dewar with a vacuum tight seal at the
top. This sword is illustrated in Figure (3.2). The specimen
was attached by fine gold wires to six solder pins set into a
P.T;F.E. plate. Also attached to the plate was the platinum
resistance thermometer, which was placed as close as possible
to the specimen. A removable cap was fitted over the specimen
and thermometer to protect thém while the sword was inserted
into the metal dewar. The P.T.F.E. plate was attached to a
brass top plate by a coaxial line. This line which
transmitted the current pulse to the specimen, consisted of
two concentric, thin walled, stainless steel tubes, separated
by P.T.F.E. The dimensions were chosen to give a character-
istic impedance of 50 ohms. The PIFE dielectric was required
to prevent the breakdown of the line by the applied voltage

pulse, which was found to occur when it was absent. The

24.
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coaxial line was connected to solder pins 1 and 6. (See
Figure (3.3). The pins 2 to 5 and the four leads of the
resistance thermometer, were connected to the top plate by
lengths of 40 s.w.g. 'Eureka' wire. These leads were
geparated from each other and the coaxiai line, by a series
of PTFE spacers attached to the coaxial line. The leads
passed through the top plate via ceramic-metal vacuum tight
lead throughs. A special vacuum tight lead through was
devised for the coaxial line. Connection to the external
circuits was made by way of nine B.N.C. coaxial connectors
mounted on a sub—plate above the top plate.

The coaxial line was not principally used as a transmission
line, because the length of the line was about 1/30th of the
wavelength of the highest significant frequency in the Fourier
synthesis of the applied pulse. As a result matching resistors
could be satisfactorily placed at the top of the cryostat,
rather than close to the specimen inside the cryostat. The
main reason for the coaxial nature of this line was that this
geometry served to severely limit pickup. The potentially
troublesome pickup was that on the leads from the potentio-
metric specimen contacts, caused by the current pulse applied
to contacts 1 and 6. The magnitude of this pickup was checked
by soldering a 10 ohm resistor between solder pins 1 and 6,
and applying a 100 volt pulse. The pickup voltage observed

across a 10 ohm resistor soldered between solder pins 2 and 3,



@

—— - (O % _—_@> |
Sram, N“H!‘&.

® @,

——3p Znn. i e

Fipe (33 PuMB-BELL SHAPED HALL SPECIMEN




was about 10 millivolts. As the smallest voltage measured
during any run was greater than one volt, this pickup was
neglected.

Although the number of high field Hall measurements made
at temperatures other than 4.2°K was small, it is convenient
at this point to discuss the thermometer used. The subject
of temperature measurement is discussed further in Chapter 6,
in comnection with the low temperature acoustic attenuation
measurements. In these measurements the accuracy of the
measurement of temperature was of great importance.

A number of possible types of thermometer were considered.
A platinum resistance thermometer was chosen. BARBER (1955)
has shown that measurements can be made with a platinum
resistance thermometer to an accuracy of 20.001%K at 20°K,
provided the sensing element is constructed of sufficiently
pure platinum wire mounted in a strain free manner. In the same
investigation it was shown that the long-term stability of
such sensing elements is very good.

The elements used were of the type E.109 made by the
Rosemont Engineering Company. These elements are mounted in a
strain free manner. The calibration of the elements was
carried out by the manufacturer using standards traceable
to those of the U.S.A. National Bureau of Standards. The

interpolation relation used was very similar to that

26.
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recommended by WHITE (1961).

The current through the sensing element was measured to
an accuracy of ¥0.5%. Care was taken to ensure that the
power dissipation in the element was very small. The voltage
across the element was measured with a potentiometer to an
accuracy of ilOpV. The measuring circuit made use of the
normal four lead arrangement t0 eliminate the effect of lead
resistance. This precaution was very necessary because
element resistances of as low as 0.1 ohm were measured.

The sensitivity of a platinum resistance sensing element is
known to decrease at temperatures below 20°K. In the same
range of temperatures the resistance of a sensing element 1is
only a small fraction of its room temperature value, so that
at these temperatures a greater precision is required of the
resistance measuring circuit in order to obtain the same
thermometer sensitivity. The combined result of these two
effects on the present work was that 15°K was the lowest
temperature at which measurements could be made to an accuracy
of 1% or better. It was found that apart from those made at
4.2°K, no measurements were made at temperatures of less than
15°K.

Cold working of a sensing element will cause a change in
its residual resistance, and thus disturb the calibration of
the element at low temperatures. In order to ensure that the

elements had not been cold worked as a result of mechanical



abuse, the residual resistance was checked at 4.2°K before
each set of measurements.

Two pieces of electronic equipment were specifically
constructed for the Hall measurements these were a
reversible magnet power supply and a high current pulse
generator.

The magnet power supply was a standard 6A d.c. supply,
which was used in conjunction with a heavy duty reversing
switch. A high power diode was connected in parallel between
the power supply and reveréing switched. This was incorporated
to reduce the large back e.m.f. when the current through the
power supnly was reversed., The diode was connected so that
it was reverse biased below breakdown when the supply was
delivering a steady current, and thus it passed no appreciable
current. However when the current through the magnet was reversed
a large back e.m. £, would normally have been developed. However
this e.m.f. caused the diode to become forward biased and pass
current. The steady current through the magnet was measured to an
accuracy of 0.5%.

The pulse generator was required to provide current
pulses of about 10A in amplitude and 0.5usec in duration,
with a P.R.F, of 100 Hz. It was decided to use the delay line
type circuit, with a Type 4C35 hydrégen thyratron as switch.
This circuit was able to provide the required combination of a fag
rise time and large pulse amplitudé. All aspects of the design

of this type of pulse generator have been extensively discussed



by GLASGOE and LEBACQZ (1948). A 50 ohm cable wgs used as the
delay line. The specimen resistance was about 10 ohms so

that it was necessary to use a series resistor to match the line.
It was found that a flat topped pulse was not nroduced unless

the delay cable was uniformally wound on a large drum. The

rise time of the pulse was about 50n sec. An unusual feature

of this particular circuit was the facility to switch the
polarity of the pulse, this was achieved by switching the

delay cable between the anode and cathode leads of the thyratron.

3.4 Specimen Preparation

The material on which the Hall measurements were made, and
from which the deformatidn potential amplifier was constructed,
was arsenic doped germanium. The crystals were grown by the
Holboken Compény using the Czochralski method. The germanium
was in the form of two single crystals grown in{l0C) and {111)
directions, each having a resistivity of arproximately 0.2 ohm
cm at room temperature. Four point probe resistivity measure-
ments VALDES (1954) were made by the crystal grower at regular
intervals over 10 cm lengths of the crystals. These measurements
showed a resistivity variation throughout the whole length of less
than 10% in both cases.

The first stage in preparing a specimen was to cut a
piece of crystal about 1.5 cm in length using a diamond
impregnated cutting wheel. Care was taken to ensure that the

wheels were free from chips and cracks, in order to reduce



cutting damage. The piece of crystal was mounted on a
goniometer and one of the cut surfaces orientated by the
X-ray ‘back reflection laue' technique CULLITY (1956).
This was necessary as the actual growth direction of a
Czochralski grown crystal is very rarely accurately
parallel to the nominal growth direction (i.e. the
orientation of the seed crystal). The goniometer was of

a special design which permitted it to be transferred from
the X~ray machine to the cutting machine without affecting
the mounting of the piece of crystal. After cutting, the
crystal was returned to the X—-ray machine to check that the
freshly cut faces had the reguired orientation.

A slice about 1 mm thick was then cut perpendicular to
the orientated faces of the block of germanium, leaving two
parallel 1 mm wide reference faces on the slice. A specimen
was ultrasonically drilled from the slice using a dumb—bell
shaped tool. A specially developed Jjig made it possible to
align the axis of the dumb—bell shaped tool perpendicular to the
reference faces of the slice. Thus the specimen was cut so
that its axis was parallel to one of the two required
crystallographic directions. The ultrasonic drilling was
carried out slowly to minimise the mechanical damage to the
specimen. It was found that if an attempt was made to drill
through the whole thickness of a slice, it usually resulted in

breaking the specimen. However if the drilling was stopped



at a point about half way through the slice, it was found to
be possible to turn the slice and lap away the remaining
materialyleaving a complete specimen. In order to determine
the point at which drilling should be stopped, the movement of
the drilling head was monitored with a clock gauge.

To protect the fragile specimen during the removal of
excess material from the slice, the drilled surface of the slice
was waxed to a glass pl%te. Four additional pieces of
germanium each 0.5 mm thick were waxed to each corner of the
glass plate, and the whole lapped on slurries of carborundum power
and water until the undrilled part of the slice had been removed.
The additional pieces of germanium were used to ensure that
the final specimen was of approximately constant thickness.

Any serious non~uniformity in the thickness of a specimen
would have made the interpretation of the measurements
difficult.

After it had been removed from the glass plate, the
specimen was thoroughly degreased. The specimen was then
etched in the standar& polishing etch C.P.4.A. (McKELVEY and
- LONGINI (1954)), which was prepared immediately before
use on each occasion. The etching was continued until a
mirror finish showing no mechanical damage was obtained.

Great care was taken to ensure chemical cleanliness throughout
the etching process, and as a result a good mirror finish was



obtained after each etch. Such a finish appeared to be a
prerequisite of good alloyed contacts.

The material used in preparing contacts was an alloy of
lead containing one atom percent of antimony. The contacts
were prepared by an alloying process. The alloying tube was
of high purity silica and was periodically cleaned. The
gas passed through the tube during alloying was a mixture of
nitrogen and hydrogen in the ratio 3 ! 1. A wash-bottle
containing water was placed at the end of the tube. The
wash-bottle not only prevented air from being 'sucked back'
into the alloying tube, but also acted as a flow meter for the
gas flow. The specimen, alloying tube and alloying block, were
. carefully degreased before alloying. The lead alloy was
cleaned with a selvite cloth to remove the film which formed
on it, on exposure to air (no etch suitable for this purpose
was found). Pieces of the alloy were placed on each of the
six arms of the specimen, which was itself placed on the
high purity graphite alloying block. The whole was then
carefully placed in the tube. The temperature was measured
with a platinum/platinum 13% rhodium thermocouple, the hot
junction of which was inserted into a hole in the graphite block
just below the specimen. The thermal e.m.f. was measured with
a valve voltmeter. A small electric furnace well lagged with

asbestos wool, was used to heat the specimens.
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The power for the furnace was drawn from the mains and
was controlled by a 'variac'. The furnace was heated to
560°C. The furnace was then switched off and it cooled to
100°C in approximately one and a half hours, at which
point the specimen was removed. Throughout the alloying a slow
flow of the reducing nitrogen/hydrogen mixture was maintained
through the tube. The slow rate of cooling resulted in a slow
rate of solidification of the germanium—-lead—antiomony alloy
below each lead-antimony pellet. This is desirable for the
formation of good recrystallised  tertiary 1layers at each
contact. There is strong evidence that the formation of such
layers is essential for the production of good contacts
(DALE 1966). |

Fine gold wires were soldered to the alloyed pellets with
indium. These wires were used to attach the specimen to the
solder pins of the sword described in the previous section.

3.5 Measurement Technigue

The shape of the specimens on which measurements were made
is shown in Figure (3.3). Contacts 1 and 6 (see Figure (3.3))
are the current carrying contacts. The resistivity voltage
would be measured between contacts 2 and 3 or 4 and 5, the

Hall voltage between contacts 2 and 4 or 3 and 5.
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The ratio of the distance between the current carrying
contacts to their diameter was apsroximately lO%so that from
the work of ISENBERG, RUSSEL and GREENE (1948) it can be seen
that the tendancy of the contacts to short out the Hall field
would be negligible.

Carriers flowing between contacts 1 and 6 experience a
change in the cross—section of the specimen at point A (see
Figure (3.3)), which is precisely the point at which the
Hall field is measured (if contacts 2 and 4 are used). This
increase in the effective cross—section causes‘a decrease in
the current density, which introduces an error into the measure-
ment of the Hall coefficient. TFor this reason the width of the
side arms was reduced to the minimum that could be handled
without breakage. The influence of the side arms on the current
density can be investigated by analogue techniques, or by the
use of a conformal transformation analysis. PUTLEY (1967) has
found that for the geometry of the present specimens the decrease
in the current density is about 3%, which is less than the
probable error caused by specimen inhomogenity.

The Hall specimen shape is a particularly suitable one for
testing contact behaviour. Good contacts are particularly
important in the case of the deformation potential amplifier
when current pulses of the order of 50A are passed at liquid
helium temperatures. Contact phenomena may effect the

performance of an amplifier in two ways. Firstly, high



resistance contacts may drop an appreciable fraction of the
applied voltage, so that the voltage across the amplifying
region may be less than the voltage measured between the
contacts. This is particﬁlarly likely when as in the present
case, the amplifier resistance is only a few ohms. Secondly

injection of carriers at the contacts may lead to a change in

carrier concentration in the device, and possibly to normruniform
cgrrier densities.

The current-voltage characteristics of two specimens were
checked for low applied fields at 4,2°%, The characteristics
were found to be accurately linear, and to be unchanged on
reversing the direction of the applied field. At fields in
excess 0f the impact ionisation threshold field, the
resistance of the specimen was found to be independent of the
direction of the applied field. The linearity of the current-
voltage characteristics could not be checked at high fields,
because of the non-linear electrical properties of the
germanium at these fields, caused by impact ionisation and
electron heating. The high field measurements were made by a
pulsed method. The use of an oscilloscope reduced the
precision of these measurements. The above results strongly
suggest that the contacts were ohmic and non—injecting.

The ratio of the voltage between contacts 2 and 3 to the
voltage between contacts 1 and 6, was checked both at high and

low fields for hoth specimens. This ratio was found to agree

well with the ratio of the distance between the side arms
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to the distance between contacts 1 and 6. It was thus
concluded that the resistances of contacts 1 and 6 were small
compared to the total resistance between these contacts.

The first measurements were designed to check the carrier
type of the material. This was done by checking the sign of the
change in the voltage between contacts 2 and 4 when the magnetic
field was reversed. If the direction of current flow in the
specimen and the direction of the magnetic field with respect to
the specimen are known, then it is possible to determine the
carrier type in the manner indicated by PUTLEY (1S60). The
specimens were found to be n—-type as expected.

Initial measurements of resistivity and Hall coefficient
were made at room temperature, to check the information supplied
by the crystal grower. The resistivity measurements were made
in two ways, and as a result an ‘'electrical' value of the
ratio of the distance between the side arms to the cross—sectional
area of the specimen was obtained. The first method was the
conventional one of measuring the current through the specimen
and the voltage between contacts 2 and 3, to obtain the resistance
(R) between the side arms. The distance between the side arms
(1) and the width of the specimen (w) were measured with a
travelling microscope, and the specimen thickness (%) with a
clock gauge. With this information the resistivity was found

from the relation.

(3.4)



The second method was that described by VAN DER PAUW (1958)
which is applicable to laminar specimens of any shape. Using
the value of resistivity given by van der Pauw's method and the
value of resistance measured by the first method, the value of
the ratie %&t can be found from Equation (3.4). This

value of the ratio differed from that measured conventionally
by about 5%, presumably because of the irregularities in the
specimen shape visible under the travelling microscope . The
values of resistivity were in good agreement with the four

point probe measurements made by the crystal grower.

Equation (3.1) may be rewritten assuming the permeability of
germanium is unity, as

Vy = Rt 1 ) (3.5)
t

Where V4 is the Hall voltage, ¥ +the magnetic field, I  the
current and bt the specimen thickness. IfVy4,I and t are
measured, Ry may be found from Equation (3.5). This procedure
was carried out on a specimen from each of the two crystals, and
values of Ry obtained. A more significant quantity than the
Hall coefficient in checking the quality of the material is the
Hall mobility. This parameter can be obtained from Equation (3.3)
namely |

po=
P

If as in the present case Ry and f are known, then f* can be



found. The Hall mobility for the two specimens was almost equal
having the values 3,300 cm?/V sec for {100) specimen and

3,400 cm2/V sec for{110) specimen, £; agreement with the
measurements of DEEYE and CONWELL (1954).

The above description of the room temperature measurements
takes no account of the various spurious voltages which may
appear simultaneously with the resistivity and Hall voltages.

The origin of these voltages has been discussed by PUTLEY (1S960).
Putley has also given the justification for the measurement
procedure described below, which was adopted in order to eliminate
the effects of all the spurious voltages except the Ettingshausen
voltage. Under the conditions of the experiments the
Ettingshausen voltages were expected to be negligibly small,

and as a result were neglected. When measuring the resistivity,
the voltage and current were measured; and then the direction

0f the current was reversed and the measurements repeated. The
average values of voltage and current were used in calculating

the resistivity. During the Hall coefficient measurements the
directions of both the current and magnetic field were reversed.
The average values of voltage and current were used in calculating
the Hall coefficient.

Most of the experimental work was carried out at
temperatures of 20°K or less. The measurements carried out at
these temperatures were made in the same general manner as those
desc;ibed previously, but certain of the techniques differed

from those used in the room temperature measurements. The main

difference was that the low temperature measurements were made
by pulsed methods.



This approach was necessary because the result of applying a field
of 200 Volts/cm to the specimens would have been to dissipate

2kW in them. As a result of the small size and low specific

heat of the specimens, such a power dissipation would have lead
to very large increases in the specimen temperature. The

pulses were of O.5usec duration with a repetition frequency of

100 Hz. The measurements were made with a dual beam oscilloscope.
The Hall and resistivity voltages were measured with a differ—
ential input unit, because one of the current carrying contacts

(1 and 6) was earthed through the pulse generator. Care was
taken to ensure that the common mode rejection ratio of the
differential unit was adequate when used with70.5psec pulses.

The amplitudes of the current pulses through the specimen were
measured with a current monitor which operated in a manner
similar to a current transformer. The output of the current

monitor and the amplitude of the applied voltage pulse could

be displayed on the second beam of the oscilloscope.

The magnetic field produced by the electromagnet was
initially calibrated as a function of the current through it,
using a proton resonance magnetometer. The current through
the magnet was measured during a run to an accuracy of 0.5%.
3.6 Results

Measurements were made on specimens with ¢ 100 or { 110)
axes at 4.2°K and 20°K. The results at the two temperatures
differed by less than 5% in both cases. A further { 100)

Specimen was measured, the results in this case agreed with



those for the first 4{100Yspecimen to within 5%. The
results were obtained from the experimental data in the
manner described in Section (3.5).

The results are plotted as a function of applied field
for the initial {100) specimen in Figures (3.5) and (3.6),
and for the <110¥ specimen in Figures (3.7) and (3.8).

The impact ionisation breakdown field was found to be
50V/cm in the <110 specimen, in good agreement with the
results of SCALAR and BURNSTEIN (1956). The breakdown
field was rather higher in the (lld)specimen.

The shape of the Hall coefficient against field curves
show that in both cases the carrier concentration continues to
rise with increasing field throughout the measured range. This
residual impact ionisation appears to be Nearing completion
at fields about three times the breakdown field. At first
sight the mobility against field curves are rather surprising.
It is usual for the mobility to increase with field when
ionised impurity scattering is dominant, as may reasonably
be assumed in the present case. However the increasing
carrier concentration with field shown in the Hall coefficient
curves, means that the number of ionised impurities is also
increasing with the field. This increase will result in
increased scattering, and a consequent drop in the mobility.
It would therefore appear that within the measured range

of field, the effect of the increasing concentration of

wcattering centres on the mobility is greater
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than the effect of the decrease in the scattering cross-section
of each centre.

Measurements of the Hall mobility as a function of magnetic
field were made in the range O to 5000 é:zés. No change in the
mobility was observed. This experimentally verifies the
prediction made on the basis of the measured mobilities of the
two specimens, that a magnetic field of 2150 éﬁ:;s is less than
the threshold field for quantum effects. The results shown in
Figures (3.5) and (3.7) were obtained at a magnetic field of

2150 guass.

3.7 Calculation of Electron Temperature

The objective of this section is to obtain estimates of
the 'electron temperature' under the conditions of the
experiments described in the previous sections. These estimates
will be obtained from an analysis of the experimental data
presented in Section (3.6).

If the current carriers in a solid receive energy from
an electric field at a greater rate than they are able to lose
it to the lattice, then the average carrier energy increases.
However provided the applied field is less than the dielectric
breakdown field a new steady state will be reached, because as
the carrier energy increases the rate 0f loss of energy to
the lattice will also increase until the carriers are gaining
and losing energy at the same rate. But in this condition

the average energy of the carriers is higher than it would be



if they were in thermal equilibruim with the lattice, and they
are said to be 'hot'. The conditions under which the energy
distribution of the carriers can be characterised by an 'electron
temperature' have been considered by FROLICH and PARANJAPE
(1956) and by SIRATTON (1957). Physically these conditions
amount to the requirement that the rate of energy interchange
by electron—electron collisions should be greater than the
rate of loss of energy by the electrons to the lattice. This
requirement has the effect of setting a minimum electron
concentration,which is a function of the experimental conditionms,
below which an electron temperature cannot be defined. Stratton
has an expression for +this minimum electron concentration. On
substituting in this expression the appropriate values, the
minimum electron concentrations was found to be AJ|09R}/cL
(where Te is the electron temperature). It is shown later in
this section that a typical value of the electron temperature
is 50°K. Assuming this value the minimum electron concentration
is A~ 3 x 1012/00, which is much less than the measured
concentration ofn!lols/cc. Thus the electron temperature
approximation would seem to be valid.

Before starting to estimate the electron temperature it
is desirable to determine the degree of degeneracy of the
carriers under the conditions of the experiments, as this has a
significant effect on the expressions used later to estimate

the electron temperature. In this context the term non-

41,



degeneracy indicates the accuracy. with which the Fermi-Dirac
distribution may be replzced by the Maxwell-Boltsmann one.

Assuming a Fermi-Dirac distribution of carrier energies
FOWLER (193%)and a band structure in which the constant energy
surfaces in k—-space are spherical, it is possiblie to derive in a
straightforward manner an expression for the carrier
concentration., This expression can be written.

-]

%
n= 4 [Zﬂﬁ*kﬂ' J ch de (3.10)
W | + axp(e-N)

Planck’s

Where m* is the effective mass of a carrier and h is Rlaxnkls

.

constant . € and 1 are defined as €= & and N =4
keT KegTl
where B is the carrier energy and @ is the Fermi level or
electrochemical potential. The integral is well known and
is called the Fermmi-Dirac integral of order ome half ( F,(M)).
If instead of assuming a Fermi-Dirac distribution a
Maxwell-Boltzmann one is assumed, then an expression for the

carrier concentration can be derived in the same manner as

that above. The expression in this case is

) 3/3,-.
* 'y
W o= 4T an\:e'f T sy (30)




In determining the conditions under which equation (3.10)

may be replaced by Equation (3.11) the important factor is

R, ()

the ratio

From the tabulated values of Fy (") given by McDOUGALL
and STONER (1938), it is found that the ratio is 1.05 if 1 =<2,

Without knowing the value of the electron temperature it
is not possible to estimate the degeneracy of the system.
However if the assumﬁtion is made that the system is non-
degenerate, it is poésible to check this assumption after the
electron temperature has been estimated.

Values of the electron tempera%ure may be deduced from
the Hall measurements. This may be done by comparing the
experimentally determined values with a theoretical expression
for the mobility which contains the electron temperature.

It is necessary to make two assumptions at the start of the
calculation which will be justified later. The first is that
the mobility is limited by a combination of ionised impurity
scattering and electron-electron scattering. The second
mentioned previously, is that non-degenerate statistics are
applicable to the experimental conditions.

It will be seen later to be sufficient to determine the
electron temperature for the two crystallographic directions,

at a single representative value of the electric field. The



field of 120V/cm was chosen. This was the highest used in
the amplifier experiment.
At this field the experimental values of Hall coefficient

and mobility are listed below.

Direction Hall Coefficient Hall Mobility
(100) 1.0 x 10° cm3/wadewd 2.0 x 10% cm?/V sec
110y 1.2 x 10° cm3/'udbm£ 1.7 x 10% cm2/V.sec

If the value of the quantity a is known, the electron
concentration can be obtained by substituting the above values
of Hall coefficient into Equation (3.2). BILATT (1957a) has
found the value of a = 1.65 for the conditions under
consideration. It is interesting tp note that even though
Blatt assumed a srm}le band structure, it was necessary to
resort to numerical methods to obtain values of a.

The result of the substitution is

(1005 p = 1.0 x 10%%/cc
(110 1 = 8.6 x 10%7/ce

The theoretical expression for the mobility, with which

the experimental values will be compared, is an expression
for the drift mobility. But the Hall mobility was measured.

However, the two types of mobility are related by the expression.

Mg = CHp,
When the mobility is limited by a combination of ionised

impurity and electromelectron scattering, it has been shown



by McLEAN and PAIGE (1960) that the effect of electron—electron
scattering is to reduce the ionised impurity limited mobility
by a factor of 0.58. This result assumes that the concentrations
of ionised impurities and electrons are equal, which is
virtually the case when the field is'120V/cm.

Taking account of these two points the values of the
ionised impurity limited drift mobility for a field of 120Volts/
cm‘are

24% 0% on? [ ol sec.
(% 0% et/ Vot e .

{100} )
Qo) 5

An expression for the ionised impurity limited mobility

Q

for the case of non-degenerate statistics has been given vty
MANSFIELD (1956). The same result has been derived, by
somewhat different methods, by BROOKS (1951) and DINGLE (1955).

The relevant equations from Mansfield's paper are

I 7 (kT
NTT% (m*) ¢’ £ 09 (3.13)

Where N is the concentration of ionised impurities, X 1is the

dielectric constant.

And )((x,) = la(i+x) = % ' (3.14)
|+
where X = 141rm"‘X(kgT¢)" (3.15)
ANanel

‘Where 1, is the carrier concentration.



Substituting into Equation (3.15) the experimental values of
carrier concentration and the values m* = 0.22m (where m is

the electron mass) given by LEVINGER and FRANKL (1961) for the
density of states effective mass, ¥ = 16 given by BRIGGS (1950);

the resulting values of X are

(100} = (59%107%) T
(110 x = (6~9% 107 Tt

Equation (3.13) becomes when the appropriate values of mobility
are substituted.
<100 Lo [(59%107)T0] -1
{L10) I [(69x107)TE]- 1
These equations have solutions

Te = 55°K  for o0y tase pad Te = 45K fov (10) tase

These electron temperatures may now be used to check the

(%107 T ¥
(3% 1067 T

"

validity of the assumptions made in deriving them. The validity

47.

of the non-degeneracy approximation can be checked by substituting

T = 45°K and 1 = =2 into Equation (3.12). The limiting value of
electron concentration, i.e. that concentration above which a
significant (~ 5%) devittion from non-degeneracy occurs, is
found to be 3.5 x 1016/cc. As the measured electron
concentration was &6 x lOls/cc, the assumption is seen to be

Justified for the {110) specimen. For the {100} specimen the

situation is similar



In order %o justify the assumption that the dominant
scattering mechanisms were a combination ofionised impurity
and electron—-electron scattering, it is necessary to consider
the alternative mechanisms by which relaxation of the
distribution of electron momentum might occur and show that
their influence may be neglected.

The dislocation density, measured by an etch pit count,
was 4000/cm® in both crystals. Thus the effect of dislocation
scattering can be neglected BARDSLEY (1960). Another mechanism
involving impurities is scattering by neutral impurities, this
will not be significant because the concentration of neutral
impurities would be small as a result of impact ionisation.
Purther ERGINSOY (1950) has shown that a neutral impurity
scattering cross—section is small c&mpared with that of an
ionised or changed impurity. Scattering by thermal phonons is a
possible mechanism, which can take several forms. Piezoelectric
lattice scattering is not possible as germanium is not piezo—
electric. Optical phonon scattering may be neglected because of
the very low density of these phonons, at the low lattice
temperatures of the experiments, resulting from their high
energies PAIGE (1964). Acoustic phonon scattering however
cannot be neglected at first sight.

The method of BARDEEN and SHOCKLEY (1950) can be used to
estimate the acoustic phonon limited mobility. A simple extension

of this method is needed to take account of electron heating.

The derivation



of the expression for the lattice limited mobility is given

in the appendix to their paper. If the electron temperature
(T is greater than the lattice temperature(Tﬂ, the necessary
modifications are as follows. The Iquation (A.29) remains the
same as it refers to the phononsynamely

. ;_bﬂl__ .
1) IMk*w

As a result the expression for the mean free path remains the

same, namely

)

1 i {mﬂzzz! T .
A 'Wﬁ%@

But Equation (A.39) refers to the electrons and must be

altered to

}Lg 4el
3(ﬁWm?k{Q)!h

Thus combining the last two equations the modified expression

for the mobility is obtained as

po= 200" Rhe
JCORYRB AR &

Where Cij is the appropriate elastic constant and E is the
appropriate deformation potential coefficient.

The previously determined values of electron temperature
were substituted into the above expression, together with

values of elastic constant taken from the work of McSKIMITIN (1953)

i
|
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and of deformation potential taken from the paper of HERRING

5

and VOGT (1956). The results were p = 8 x 10 cmZ/V. sec

2 cmg/V.sec for the

for the {100) directions and p = 9 x 10
{110) directions.

These predicted values are about fowmrty times as large as
the measured ones, so that the assumption concerning the dominant
scattering mechanism appears to be correct.

In deriving the expression for the ionised impurity
limited mobility used above,the Born scattering approximation
was employed; This was necessary in order to obtain a
simple analytical result. The role of this approximation is
seen more clearly in the paper by MOTT (1936), on which Mansfield's
work is based. A discussion of the conditions under which this
approximation is valuable has been given by SCHIFF (1955),
from this it can be seen that the approximation is likely to
lead to serious errors at low temperatures. The matter has
been investigated by BLATT (1957b) using the partial wave approach.
Analytical results are nof obtained, but the numerical analysis
shows that for conditions similar to those of the present experiments
an error of less than 5% is introduced by the use of the Born
approximation at temperatures above 40°K. The electron

temperature is the relevant one in this contextj thus this

approximation does not lead to a significant error in the Mansfield

expression,for the conditions of the experiments under discussion.



Throughout this chapter it has been assumed that the constant
energy surfaces in k-space are spherical for the conduction band
of germanium. In fact it is well known that, at least near
the individual minima of the conduction band these surfaces
ére elliptical in section. The cvclotron resonance experiments of
LEVINGER and FRANKL (1961) show that the ratio of the major to
the minor axes of these ellipses is 19 ¢ 1. It would therefore
appear that neglecting this eanisotropy by the use of a scal-r
effective mass would lead to gross errors. This is not the case
as the momentum relaxation time is also anistropic. HAM (1955)
has estimated this anisotropy to be about 1 : 12. Thus the
mobility which is a function of the ratiolgéﬁ*only has an
anisotropy of about 1 ¢ 1.5

A further uncertainty in these measurements is the effect
of Joule heating. This can be considered in two categories.

The first is the average effect over a long period. Changing

the pulse repetition frequency is sufficient to test for the effects
of long term heating. When the repetition rate was increased

from 30/sec to 300/sec no changes in the Hall measurements

were noted, so it was assumed that the effects of long term

heating were negligible. The second category of heating effects

is the heating during the application of a single field pulse.
Because of the short pulse length this will be largely adiabatic.

The influence of this type of heating is estimated below. Consider

unit volume of germanium.



The rate of heating by the electric field is given by
SE
J
Where & is the electrical conductivity, and J is the
mechanical equivalent of heat.

Assuming no loss of heat to the surroundings the rate

of increase of temperature will be given by

(3.16)

where ? is the density, and C¥ the svecific heat at constant
volume. Debye has shown that at low temperatures the specific
’heat has the form

Cv = AT (3.17)

Where A is a constant for a given material. (WILSON (1953)
discusses this relation.) Thus from Equations (3.16) and

(3.17) the rate of change of temperature is given by

p2

o . v L

& pTA 73’
thus

& . 30 T

a ve?

Integrating with respect to T yields

b= pIA (T |
A -g;?( ) (3.18)



53,

Where TO and Tl are the temperatures at the beginning and end
of the »ulse, and At is the pulse length.
From the experimental data of HILL and PARKINSON (1952),
the value of the constant A4 in Equatiom (3.17) is found to be
A= 38 x107 salowes /g,n(°K)3,
From Equation (3.18) using the measured electrical conductivity

and taking the field to be 120V/cm, the following results are

obtained,

For a pulse length of O.5usec T, 16°K

23%K (This was the
pulse length used
in the amplifier
experiment).

For a pulse length of 2usec T

1

\

These final temperatures are not large enough to invalidate
the use of the form of Cv given in Equation (3.17). Because
these final temperatures are less than the electron temperatures,
the estimates of the electron temperature are unaffected. These
temperatures do not reduce the predicted lattice mobilities
sufficiently to effect the conclusion regarding the dominant

scattering mechanism.

It has been indicated previously that the mobility of
electrons in a given valley in germanium is not isotropic. A
valley being that region of k-space surrounding one of the
energy minima in the conduction band. It is known that the four
valleys are symmetrical about the ¢111) directions (BROOKS
(1955)). Therefore if an electric field is applied in an

arbitrary direction, the electroms will have a different
mobility in each of the valleys.



However the position is simplified in directions of high
symmetry. If the field is applied in one of the ¢(100)
directions, then the electrons in all four valleys have the

same mobility. In the case of the {( 110) directions the valleys
are divided into two pairs.

The rate at which an electron gains energy from an electric
field E is given by the expression euEz. Therefore the
difference in mobility of the valley pairs when the field is
applied along one of the {l10Ydirections, will lead to a
difference in the rate of energy gain of the electrons in the
valley pairs. This in turn will lead to a difference in the
electron temperatures.

In the {110) case, this argument appears to cast serious
doubt on the assumption, on which the estimate of electron
temperature was based, that the energy distribution of the
carriers could be represented a Maxwellian distribution centred
at a single electron temperature. However the pairs of valleys
are able to exchange carriers and their energy as a result of
intervalley scattering, and carrier energy by means of electron—-
electron scattering. So that the validity of the assumption
concerning the distribution, depends on whether the rate of
exchange of energy between the electrons in the different pairs
of valleys is sufficiently rapid to reduce the temperature

difference between them to a small fraction of the temperature

of either.



The rate at which a high energy carrier loses energy to
an assembly of lower energy carriers via carrier-carrier scatbter—
ing, has been considered by several authors. The method of
HEARN (1965) is useful in the present context.

It is first necessary to find the value of the quantity
wy, o This can be done by substituting the experimental values
of electron concentration and temperature into Hearn's
equation (11), namely

n, = gxlo"“' U
VY X T?

Where‘# is the ratio of the effective mass to the rest mass
of an electron, and W, is the concentration of electrons in
the cooler pair of valleys, i.e. half the total electron
concentration if population transfer is neglected. WEINREICH,
SANDERS and WHITE (1959) have shown that, for material of the
impurity concentration used in the present measurement,
the variation of intervallyyscattering rate with temperature is
small. Therefore the population transfer will be very small.

The result of the substitution is Wy = 0

The next step is to use this value of M, in conjunction
with a suitable value of the electron temperature difference between
the valley pairs (ATe), to find the rate of loss of energy by
One of the electrons in the hotter valleys as a result of electron—
electron collisions (W). This quantity can be obtained from
Hearnds equations (3) and (4). A graphical solution of these

equations is given in Figure (1) of the paper.

From this figure, for the case ny=01, ATe =0»02To,'tl: is {Mk\ﬂt-‘—“—zl-oxw'f
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The definition of o is given in Equation (7) as

_ _13x 10
xz\f, A Te,‘/l )
therefore
W= (rox10)(i3 x 16™) 0,
x’. \}/'/2 Tc‘l"
that is

W = 8x|f5hrha.
This means that each carrier in the hotter valleys would lose
energy to the carriers in the cooler valleys at the above rate
as a result of electron—electron scattering, if the temperature
difference was 2% of the temperature of the cooler valleys.

The rate at which a carrier gains energy from the electric
field is given by .ngz .

As was nentioned previously the maximum anisotropy in
the mobility in a valley when ionised impurity scattering is
dominant, is about 1.5 ¢ 1. Let us assume that this is the
ratio of the mobilities in the two pairs of valleys when an
electric field is applied along one of the <¢110)directions.
This assumption introduces an error, but this is not significant
_as it will.lead fo an over~estimate of the differential heating.
Thus the rate of heating of the carriers in the hotter

valleys will be
1 2
3 %PE

larger than the rate of gain of energy of the carriers in the cooler



valleys.

In deducing the rate of loss of energy by the hotter
carriers it was assumed that Tgp = 450K, the corresponding
field is 120V/cm.

Therefore the excess heating rate of the higher mobility
carriers (W') is

W' = gxi0°° j.u‘s/sw

So that electron—electron scattering limits the ratio of

the temperatures of the two valley pairs to about 1.02. Thus
it is apparent that when the electric field is applied along
one of the {110) directions the energy distribution of the
electrons can be represented by a simple lMaxwellian distribution
to a good aporoximation. The ébove”method is open to
criticism in that it attempts to find an equilibruim condition
without considering all the processes involved in establishing
it, particularly the loss of energy by the carriers to the lattice.
The point is not very important hbwever as only an approximate
estimate of the temperature ratio is needed.

In this section it has been found possible to obtain estimates
0f the electron temperature under the operating conditions of
a deformation potential amplifier. The estimates have been made
by an unusual method. The method was to compare experimental
values of the electron mobility with a theoretical expression

for the ionised impurity limited mobility, in which the only



undetermined parameter was the electron temperature. A critical
assumption in this method was that the dominant scattering
mechanisms were ionised impurity and electrom—electron scattering.
McLEAN and PAIGE (1960) Bkave shown that the individual
contributions to the total scattering caused by this combination
of mechanisms can be egeparated under suitable conditions. The
contributions to the total scattering arising from other
mechanisms like acoustic phonon scattering have been shown to be
negligible, thus justifying the assumption concerning
the dominant scattering mechanisms. A number of possible
objections to the method were considered. It was shown that
neither the breakdown of the Born scattering approximation at
low temperatures or the effect of Joule heating by the applied
field, introduced a significant error. An objection peculiar to
the measurements made with the applied field along a {110)
direction was the differential heating of the electrons in
different valieys arising from the anisotropy in the mobility.
However it was shown that the rate of energy redistribution by
electron-electron collisions was sufficiently rapid to effectively
remove any temperature differences between valleys.

The results obtained in this section appear to be the first
quantitative data on the electron temperature under the
operating conditions of a deformation potential amplifier.

Using these results it will be shown in Chapter 4 to be possible



t0 make quantitative predictions concerning the gain of such

an amplifier. It is interesting to note that the author has

not been able to discover a previous report of this method

of determining electron temperature. The high field measurements
are also interesting because they add to the very small number

of hot electron measﬁrements at low temperatures which have

been reported.

59.




4.2

CHAPTER IV DEFCRFAATION PUPENTIAL A CLIFIER
L1 Introduction

This chapter is concerned with experimental work on the
deformation potential amplifier, and with the interpretation
of this work. The organisation of the Chepter is as follows.
Secﬁion (A.2) contains a description of the apparatus used and of
the preparation of the germanium amplifier rods. Various aspects
of both longitudinal wave and shear wave transducers are discussed
in Section (4.3), in relation to their use in amplifiers. The method
of measuring the gain of an amplifier is described in Section (h.h).
The results obtained with longitudinal mode amplifiers are presented
in Section (4.5). In section (4.6) an explanation is advanced of
the direction dependence of the results presented in the prsvious
section. Also in section(4.6) the theory of the amplifier set
out in Chapter 2 is extended to take account of electron heating
by the applied field. Calculations of the gain are made on the
basis of this extended model, which are compared with the exverimental
results. Section (4.7) contains a discussion of the deform=iion
potential amplifier as an electronic device, in the light of the

work described in the rest of the chapter.

Apparatus and Amplifier rods

A microwave system was developed to measure the change in
insertion loss of a deformation potential amplifier as a function
of electric field. This system, operated in the frequency range

8.5 to 9.6 GHz, and is described in detail in Chapter 6 in

6o,




connection with other measurements. The amplifier experiments
were conducted at a frequency of 8.9 Gdz. A microwave cevity was
used to excite the transducers attached to the end of the amplifier
rods.

The measurements were carried out at the boiling point of
helium, the amplifier being immersed in liquid helium. The drift
field pulse was transmitted to the amplifier via a soecially
constructed coaxial line. The line consisted of thin walled
stainless steel tubes with P.7.7.E. dielectric, similar to that
used in the Hall apvaratus sword. Stainless steel was used to
reduce the heut leak from the top of the cryostat into the liquid
helium.

The thyratron-delay line pulse generator used in the Hall
measurements, provided the drift field pulses. rfor the amplifier
measurements a 14Q characteristic impedance delay cable was used.
By using this low impedance delay cable, it was possible to produce
the 504 pulses required without charging the delay cable to a
voltage greater than 1 kV. Thus breakdown problems were avoided.
The pulse duration was 2uS, and the repetition rate 100 per second.
As with the Hall measurements, the specimen impedance (~22) was
much less than the impedance of the delay cable; so that a matching
resistor was placed at the top of the cryostat.

The amplifier rods were in the form of rectangular bars of
germanium, having dimensions 12 x 1.5 x 1.5 mm. The end faces of
the rods were polished flat to within one tenth of a wavelength of

visible light, and parallel to within about 3 seconds of arc,




4.3

Transducers

62.

The rods were cut after polishing, from pieces of crystal of larger
cross—section. This was necessary as no method was found of
polishing the end faces of such small cross—section rods to the
required flatness and paralldism. The polishing was largely

carried out in the Department, the technique has been described by
Bmmrr & WILSON (1966). The contacts were alloyed in the manner
described in Section (3.4), and were symmetrically placed on the rods
about 8 mm apart. Contacts were made to three of the four sides of
the rods, in the form of_an incomplete ring. The main error in
determining the electric field with such an arrangement of contacts
probably arises from their finite width, rather than from the
distortion of the lines of curren? flow resulting from the contacts
being made to the sides of the rod. The error in the field
determination arising from the latter cause is for the geometry

used, of the order of 3. (EERZ (1965)).

A transducer is needed to launch and detect an acoustic wave
in germanium. Particular attention was paid to cadmium sulphide

evaporated film transducers, as this was considered to be the type

of transducer most likely to operate satisfactorily at 9 Gz at h.2°K. ;

It has been shown to be possible to deposit crystallographically
highly orientated, evaporated, cadmium sulphide films; having a
Predominantly hexagonal crystal structure. deKLERK & XELLY (1965)
and other workers, have shown such films to have a preferred

orientation with the c-axis perpendicular to the substrate,
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RICHTZR (1962) and GIB305 (1966) have considered the behaviour

of cadmium sulphide films as transducers. They have shovn that

if an alternating electric field is applied to such a film, so that
the direction of the field is normal to the surface of the film, then
a longitudinal acoustic wave 1s generated.

Such films were prepared for this work both in the Department
and at Standard Telecommunications Laboratories Limited. Both the
direct evaporation technique described by FOSTER (1964), and the
indirect method described by de KIERK & KELLY (1965) were employed.
The cadmium sulphide films were evaporated onto gold films, which
had been previously evaporated or sputtered onto one end of one
of the germanium rods. The cadmium sulphide films were hzlf an
acoustic wavelength thick at 9 GHz. The transducers were
evaporated after the contacts had been alloyed to the rods, as the
heating involved in an»lying the contacts would have damaged the
transducer films. The transducers were excited in the hi~sh fieldragion
of a re~entrant coaxial cavity HANSEN (1939). The details of
these cavities are given in Chapter 6, in connection with other
measurements.

The position of the specimen was carefully adjusted so that the
transducer was flush with the top of the cavity. Wiith the specimen
in this position the gold backing film was expected to act as part
of the cavity wall. Thus the transducer experienced the full
electric displacement in the cavity, but the germenium rod was

screened from the field in the cavity by the gold film.,




This screening was necessary because 1if the end of the germaniunm
rod had been exposed to the electric field in the cavity, it would
have been impact ionised and thé resulting free carriers would have
attenuated the acoustic wave by an uniknown amourit. Consequently
any comparison between theory and experiment would have besen very
suspect. The gold film elso ensured thet the field through th
transducer was normazl to the film, thus preventing the excitation of
additional unwanted zcoustic modes. The electromagnetic—acoustic
sonsexvwation- efficiency of the longitudinal transducers was about
0.1%.

Particular interest was taken in shear wave transducers, as it
was predicted that shear mode aﬁplifiers would have a larger gein
than longitudinal mode ones. However, the position with regard
to shear wave transducers was much less satisfactory than with
longitudinal wave transducers. In order to appreciate the
situation, it is necessary to consider the possible tyves of shear
wave transducer and their modes of operation.

Again cadmium sulphide film transducers appeared to be
potentially the most satisfactory. The fact that these films tend
to grow with the c-axis perpendicular to the substrate has been
mentioned previously. RICHTER (1962) and GIBSON (1966) have shown
that if such a film is excited with the electric field applied in
the plane of the film (i.e. in the basal plane of the CdS), a shear
wave is generated. Using for example the method of LAMB & RICHTER

(1966), a field may be applied in the plane of tae evaporated film.

However, for all normal values of the input microwave power the end

L4._
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of the germanium rod would be iapact ionised, and the resulting
low resistivity germenium would short out the transducer.

Richter and Gioson have also shown that if the exciting electric
field is applied at an anzle of about 38.50 to the 'c' axis of a
cadmium sulphide film, strong shear acoustic wave generation should

The

result with no simultanceous longitudinal wave generation.
growth of dirsct, obliqusly evaporated films, has been investizated

by FOSTER (1967). This investigation showed that in the initial
layers of such films the c-axis is perpendicular to the substrate.
However, as the film grows in thiclmess the orientation of the c-axis
iz found to tilt until it is pointing in the direction of evaporation.
It was found that this tilting o fr c—axis was not complete in filns
less than about 0.5'm thick, The actual thickness depended on the
substrate. But the thaickness of a 9 Gdz resonant shear transducer

is approximatsly O.1um, so thet such transducers cannot be produced

by this method. With the above results in mind, two thick, obliquely
evaporated films, resonant at 500 !z were grown. It was lmown

that the initial layers of directly evaporated films tend to be
disordered, and it was hoped that the transduction in these films

at 9 GHz would be largely by surface excitation at the free surface

of the film. The c-axis being fully tilted at the free surface, it
was hoped that a shear wave would be launched. Both films were

found to act as satisfactory transducers at 450 UHz, but no acoustic

echoes were detected at 9 GHz at L,2%.



4 new evaporation odrocedurs was developed in the Department
with the objgct of producing efficient shear wave transducers. The
method involved obliquely evavorating a sufficiently thick layer of
low resistivity cadmium sulphide to ensure that the c-axis was
fully tilted at the free surface. Then on top of this low
resistivity layer, a high restivity layer of the zppropriate thickness
was evanorated. The objsctive was to arrenge that the transduction
should occur in the correctly orientated, hizh resistivity layer.
The low resistivity was ensured by depositing the first layer at
a low substrate tsmperaturs which results in a low resistivity non-
stoichimetric film, and further by doping the layer by co—evaporation
of cadmium, Shear wave transducers were prepared by this method
which operated successfully at frequencies of about 1 GHz at room
temperature. However, attempts to produce transducers operating
at a frequency ol 9 Giz at A.QOK were not successful.,

Simultaneously with the testing of cadmium sul phide film
transducers, attention was paid to other types of transducer.

The only probable alternatives appeared to be bonded piezo-electric
rods and thin ferromagnetic films.

There are well known difficulties associated with making low
loss bonds capable of both transmitting X-band acoustic waves and
being thermally cycled between room and ligquid helium temperatures.
These were accentuated by the small cross—sectional area of an
amplifier rod, which was a consequence of the high current density
required to obtain acoustic amplification. Attempts were made to

bond 3 mm diameter X and BC cut quartz rods to pieces of germanium.



Silicone oils of varying viscosity were used as the bonding agent.
All the bonds appeared to be capable of thermal cycling, but a
marked variation in the transmission loss was observed. Those
bonds made to X—cut quartz, that is the ones transmitting longitudinzl
waves; showed a transmission loss of about 10dB.  But all the bonds
made to BC cut quartz, that is for shear waves, showed a transmission
loss greater than the maximum detectable (about 35dB).

A ferromasnetic film transducer requires a steady magnetic
field for its operation. In general this field is of such a Qalue
for the generation of 9 Giz phonons, that We¥H| (SEAVEY(1963) ).
Where Wy 1is the cyclotron frequency, and T is the acoustic phonon
momentum relaxation time. Thus the use of these transducers would

impair the understanding of the behaviour of the device.

Yeasurement Technioue

The acoustic gain of an amplifier was determined by mezsuring
the change in insertion loss with applied field. This was done
by varying the applied field and adjusting a calibrated attenuator,
placed in front of the receivef, to maintain the signal at ths
receiver constant. The measured changes in attenuation were
directly related to the acoustic gain.

In order to make a comparison between theory and experiment
the drift velocity (W, ) of the electrons, rather than the applied
field is needed. This.information was obtained from the relation

AV =P,(E)E y where Py is the Hall mobility and & is the ratio
of the Hall and drift mobilities discussed in Chapter 3. Care

was taken to ensure tnt the vdlues of Hall mobility used were those
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appropriate to the fields applied.

Results

lieasurements were made on two longitudinal mode eamplifiers,
the results were almost identical.

The field deperdent chenzes in the insertion loss were small,
so that no accurate determination of the variation of these changes
with field could be made. Thus measurements were only'made at the
highest field aprlied, nemely 120V/cm (the current being 504).

The delzy. between the lzunching of the acoustic pulse into the bar
and the firing of the drift field pulser, was adjusted so that the
drift field was applied as the acoustic pulse was travelling evway
from the transducer. With this delay, the change in insertion loss

on applying the field was measured. Mirstly a measurement vas made

" when the dirsction of the field was such thzt it caused the cerriers

to drift in the direction of acoustic propagation. Secondly, a
measurement was made with the field direction reversed, so that the
carriers were drifting in the direction opposite to that of the

acoustic pulse. For these two cases the changes in insertion loss

on applyirg the field were OdB and +4dB resvectively. The delzy was

thenincreased so that the field was applied as the acoustic pulse

was travelling towards the transducer, after being reflected from

the end of the rod. With this new delay the above measurements
were repeated. “hen the current and acoustic propagation were in
the same direction the chance in insertion loss was #1dB, when

the field was reversed the change was +3dB. These figures are

approximate, the measursment accuracy being about *143B.

Ls.
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Comparison of Theory & Iruariment

The direction dependent results obtained with the lonszitudinal
mode amplifier are probably suscentible of the following explanation
The chanzes resulting from reversing the direction of the applied
field relative to the direction of acoustic propazation, are
predicted in the non—-reciprocal nature of the expression for the
attenuation (F ). It can be seen from eguation (2.19) that when

wt{l , the expression for ' can be written as

" A
ihere 4 is indenendent of the sign of V. It will bs shown that
lv.d = 2,2‘\]-5' « Thus if Vg is positive N - —1.24, vwheress
if W is nsrative L %.24. The dependence of the measured
values on the direction of propagation of the acoustic vulse, may
be explained in terms of the mechanism of acoustic attenuation by
neutral dorers demonstrated by POLERANDTZ (1965). Theoretical
treatments of the effect have been given by KiOL (1966) and
SUZUKI & NIKOSHIBA (1966). The attenuation is caused by neutral
donars, o that the mechanism is not effective when the electric
field is applied and the donars are imbact ionised. Murther
Pomerantz has shown that the effect does not become significant in
arsenic doved germanium until the temperature is raised above 15°K.
If the field is applied while the acoustic pulse is travelling
towards the transducer, no attenuation is expected. This follows
because the temperature of the rod is that of liquid helium as the

pulse propazates through unionised material, i.e. when travelling

away from the transducer. However, if the field is applied while
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the pulse is travellinz away from the transducer, then atteruation
is expected. This rssults from the fact that the applied field
heats the rod as shown in Chapter 3, and thus the ecoustic pulse
returns through heated unionised material. The thermal time
constant of the rod is expected to be longer than the time interval
between echoes.

In order to predict the gain of an amplifier, it is nescessary
to extend the theory developed in Chapter 2. The theory 6f the
deformation potential amplifier set out in Chapter 2 is bLased on the
assumption that the electron and lattice temperatures are equal.
However, in Chapter 3 it was shown that this was not the case for
the operating conditions of the amplifier. But eguations (2.18)
and (2.19) are still valid if the low field values of some of the
parameters they contain are replaced by high field ones. This
approach is valid if, as was shown in Chadter 3, the definition of
an electron temperature is justified.

The important equations from Chapter 2 are reproduced below.

They are for a shear wave along a {100) diresction polarised in {OI0)

direction.

N = n -ff' QﬁE&(LLﬁl
Mkl 1+ ww (B’

and for a longitudinel wave along a {Il0) direction.
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Mz M (E+$ EY o%(-B)

Vo pkale | + 0 T2(1-p)
b k*D
w’o\f}@ -%&- 3-%1' +
- Y%
and b= ?%

The effect of electron heating on the expression for the gain
is threefold.
a) the temperature appearing explicitly in the expression is the
electron temperature, its value being as found in Chapter 3.
b) the low field value of Yw is replaced by the high field one.
This can be done using the results of WEINREICH, SANDIRS & VHITE
(1959), who measured Vw as a function of lattice temperature.
The results show & dominant contribution to the scattering rate
from impurity intervalley scattering at temperatures below 80°K,
for the appropriate impurity concentration. Thereforz the value
of Ty does not depend on whether the electrons are in ther:-l
equilibrium with the lattice. In fact the results show thos
is only weakly dependent on the electron température.
¢) the value of the diffusion coefficient (D) is that obtained
from the Einstein relation (D = ké;L}L)' Where the mobility is
the drift mobility.
The values of the acoustic gain for the two modes of interest
may now be calculated, for a field of 120 Volts/cm. Use will be

made of the high field forms of equations (2.18) and (2.19),



together with the values of electron temperature frcm Chapter 3.
The measured high field valuss of electron concentration and
mobility are also required. The only undetermined parameter in
the expression for ths gain is the defcrmation potential. In
the case of the potential By a value of zbout +17ev has been
established by several measurements. Some uncertainty exists
about the value of the quentity Il;h%lh . The revorted
values are =1.Tev (HERRING & VOGT (1956)) and -2.7ev (FRITZSCIE
(1959)). A value of 2.2ev has been assumed in the calculation
indicated below. The density and acoustic velocities were
taken from the work of MCSKTNIIN (1953). For the longitudinal
acoustic mode

b=22 ad o%w(i-p) =01
therefore G, =+I-3 dB]om. (mkue C,=-[‘),

In order to discuss the effect on the zain of a deformation
potential amplifier of reversing the direction of the applied
field, it is convsnient to define two quantities Gy sl G- -
q+ is defined as the gain of an amplifier when the directions
of W and Vy are the same, (- is the gain when the directions
are opposite. It is simply shown from equations (2.18) and

beeause We(1-p) «!
(2.19) that,these two quantities as related as follows

-e =)
G Ty G+

Substituting in this relation, it is found that the longitudinal
mode amplifier that G- = -3dB/cm.

For the shear mode

v



b=l ml 0%(1-p) = 009.

therefore Q+ = 20dB/cm.

Inorder tn 2tinats the effect of electron heating, the
calculation of the gain for a longitudinal mode amplifier is
repeated assuming that Te = 4.2°%.  The result is

B=21 wl ate(i-p) = 045
therefore Gy = 45 dB/cm.
Thus it can be seen that electron heating is expected to have a
very large effect on the gain of an amplifier. Rer—the—<ase

g 3 4l ‘) _dicted Jucts e e e 35,

A similar reduction is expected for a shear mode amplifier.

It is apparent from the previous discussion that the measured
gain of the longitudinal mode amvlifier was A'+1dP/cm when the
directions of the applied field and of the acoustic propagation
wére the same, and -3dB/cm when the directions were opposed.
These results are in good agreement with the predicted ones.

The only other piece of experimental data was obltained by
PONERANTZ (1964) who measured a gain of 20dB/cm in a shear mode
amplifier. This is also in good agreement with the »redicted
value. It is clear that the values of electron temperature
obtained fiom the hot electron measurements, have made it possible
to predict with considerable precision the large reduction in the
gain of an amplifier resulting from electron heating. The extent

40 which precise agreement can be expected between the theoretical
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and experimental values for the gain of an amplifier, ié not

clear for the following reasons. In the case of the longitudinal
mode amplifier the measured gain is cloze to the limit of
measurement, and there is some doubt about the precise value of
the appropriate deformation potential. In the case of the shear
mode amplifier the electrical parameters of the amplifier

material are not known precisely, and the effect of the magnetic
field applied in order to operate the magnetostrictive shear wave
transducers is not entirely clear.

The agreement between the predicted and measured gain at a
frequency of 9GHz, sugeests that it should be possible to predict
with reaéonable accuracy the gain of an amplifier in the
technologically interesting frequency range of 10 to 100 Giz.

A calculation of gain was carried out in the same manner as above.
It wes found for a shear mode amplifier, that the maximum gain for
a field of 120V/cm is expscted to be approximately 1000dB/cm.

This gain is expected to occur at a frequency of 80 GHz. The factor
%'_;' in the expression for the gain, will again result in the
ga;n of a longitudinal mode amplifier being substantially smaller
than that of a shear mode amplifier. As was pointed out in
Chapter 2, equations (2.18) and (2.19) are only valid when WT{|,
For germanium of the doping used in the present experiments, this
condition breaks down for frequencies greater than about 200 GHz.
It should be recalled that in deriving equations (2.18) and (2.19)

various non-linear terms were neglected, for example in the

electron concentration and elasticity. This means that a 1cm.
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long shear mode amplifier would not have a gain of 100038 at
80 GHz, because as the acoustic enerzy density increased non-

linear processes would limit the gain.

Discussion of the deformation potential amplifier as an

electronic device

This study of the deformation potential amvlifier was
stimulated in part by the potential applications of the device as
a low noise microwave amplifier. These potential applications
would appsar to be at the higher microwave frequencies (10 -

100 GHz). Since the start of this work, the limitation of the
potential avplicztions to the higher frequencies has become more
apparent as a result of advences in the technology of competitive
devices, particularly the parametric amplifier.

A very imvortant property of any amplifier is the gein
available from it. The calculations made in this chapter appear
to provide the first quantitative estimates of the acoustic
gain of a deformation potential amplifier. ‘The predicted acoustic
gain is found to be in good agreement with the experimental data,
despite the difficulties outlined previously. This asreement
between theory and experiment at a frequency of 9 GHz, is consiaered
to lend additional weight to the predictions of the gain available
at higher frequencies. It is expected that at the hizher micro—
wave frequencies very substantial acoustic gains should be
available (e.g. 1000d3/cm at 80 Giz with a field of 120V/cm.)

despite the effect of electron heating.
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The gain of an electronic amplifier is usually defined in
terms of the ratio of the power at the output terminals to the
power at the input terminals. It is convenient to refer to this
as the terminal gein of the device. In the case of a deformation
potential amplifier there are two factors which determine the
terminal gain of the amplifier. The first is the acoustic gzin.
The second is the efficiency of the transducers. As has been
mentioned previously, an extensive programne of transducer
development was carried out in the Department simultaneously with
this work. Although significant developments in the transducer
deposition were medes it was found to be very difficult to produce
efficient shear wave transducers operating at a frequency of
9 GHz or higher. The same conclusion was reached in other
laboratories. The lack of efficient transducers has two
important effects on the device. Firstly the terminal gain of
the amplifier will be seriously reduced. Secondly the noise
figure of the device will be degraded. This degradation rssults
from the fact that the amplifie! signal will undergo transduction
twice, whereas the meain component of the noise undergoes only
one transduction. The chief source of noise in such an amplifier
is the amplified thermal noise. MAY (1965)

In conclusion it may be said that it has been demonstrated
that very large acoustic gains may be expscted in a deformation
potential =mplifier at the higher microwave freguencies.

However, the problems resulting from the lack of efficient
transducers make it unlikely that the mechanism will form the basis

of a viable electronic device.



Chapter 5 THEORZTICAL ASPECTS OF ACOUSTIC ATTENUATICN

MEASUREMENTS AT LOW TEMPERATURES

5.1 Introduction

This chapter is concerned with various aspects of the
theoretical background to some measurements which have been
made in the temperature range 15-120°K, of the attenuation of
microwave frequency acoustic waves in piezoelectric dielectrics.
The measurements were made by the well known pulse echo method
McSKIMMIN (1964). As the materials of interest were piezoelectric
it was convenient to excite the acoustic waves by the surface
excitation method. This method has been discussed in detail
by a number of authors including JACOBSON (1960) and
RICHTER (1966).

In the rest of this chapter no explicit account is taken
of the fact that the materials of interest are piezoelectric.
It is therefore of interest at this point, to consider the
influence of the piezoelectricity on the acoustic propagation.
This problem has been studied by KYAME (1949) and reviewed by
HUTSON and VHITE (1962). They found that for materials like
those which are the subject of the present study, no significant
effect is anticipated except the increase in the effective
elastic constant resulting from the piezoelectric fields set up

by the acoustic wave. This is the well know piezoelectric

stiffening effect.
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The layout of the chapter is as follows. Section (5.2)
deals with those aspects of specimen preparation and geometry
which might affect the attenuation measurements, for example
the flatness and parellelism of the end surfaces of the speci-
mens. Section (5.3) is concerned with those properties of the
material from which specimens are prepared, which could cause
attenuation of the acoustic wave in addition to that caused by
thermal phonons. Among the possible causes of additional
attenuation are lattice iﬁperfeotions and local strain in the
specimens. A treatment of the attenuation caused by thermal
phonons is given in Section (5.4). Consideration is given to the
selection rules to which the phonon-phonon processes are subject.
The type of process most likely to be responsible for the atten-
vation is shown to be a three phonon”process involving two
thermal phonons. The selection rules are found to severely
limit the type of three phonon process permitted. It is found
necessary to consider the effect on the selection rules of the
uncertainty in the energy of a thermal phonon, resulting from the
finite lifetime of the phonon. It is also found that a discussion ef
higher order three phonon processes is needed. Section (5.5)
contains a short eummary of the predicted behaviour of the
attenvation arising from three phonon processes.

5.2 Geometric and Surface Effects

It is well known that difficulties may arise, when making
acoustic attenuation measurements by the pulse echo method, as

a result of diffraction SEKI, GRANATO and TRUELL (195%) and the



finite cross—section of the specimen REDWOOD (1960). 1In
connection with these effects it is of interest to determine
the values of the guantities _%F, and _%_ ; where X\
is the acoustic wavelength, d is the acoustic beam diameter
and a is the average transverse dimension of the specimen.
These effects will be largest in the vresent messurements
for the 1.0 GHz longitudinal wave in zinc oxide. |

For. this case Wy = 6 x 1050m/sec,w) =1 x 107 Hz,
d = 0.2 cmy, 2 = 0.4 cm.

!«)\1 ~ 10%m

and XA .~ 10 °

o

Seki, Granato and Truell hzve given an approximate criterion
for estimating the importance of diffraction in attenuation
nmeasurements. This c;;terion is that the avpparent attenuation
caused by difiraction is ~ 1 dB over a length of %g « Thus
2dB/cm,

is the present case the avparent attenuation is ~ 10~

which may be neglected. The very small value of the ratio \
a

shows that gyided wave effects resulting from the finite cross—
section of the specimen could be neglected.

The method of detecting the acoustic pulse by means of the
inﬁerse niezoelectric effect at the launching surface, requires
that the acoustic wave front should be of constant phase.

As the end surfaces of the rods were not orecisely parallel, a
difference in the distance travelled by different parts of the
wave front between reflections was anticipated. This difference

was expected to lead to a phase difference across the wave front
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which would increase with successivie reflections. After a
number of reflections the phase difference would be approximately
2n and the signal received very small. On further reflection
the signal would go through a series of maxima and minima, each
maxima being smaller than the previous one. This ‘beating’
effect would be superimposed on the exponential decay of the echo
pattern due to the attenuation of the acoustic pulse. The
modification of the echo pattern owing to this effect has been
treated in detail by CARR and STRANDBERG (1962) and RICHTER (1966).
From an experimental standpoint it would appear to be valuable
to estimate approximately the number of the first echo to be
extinguished if the lack of parallelism were two seconds of arc.
Assuming the end faces to be entirely flat, a very simple
geometric argument suggests that the number (1) of the first
extinguished echo is given by
"~ 2

where @ is the angle between the end faces, N the wavelength
and 4 the beam diameter. (This relation shows the advantage of
keeping 4 as small as possible.)

The 'beating' effect is expected to be most pronounced in
the X~band measurements.

Using the values = 9x10? 1 v; =$M0‘mlstc, d= 015, © = 25 o 1070 ding

n = 20.
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The lack of parallelism of the end faces of the specimens
on which measurements were made was about 2-4 seconds of arc.
Thus it was anticipated that the 'beating' effect should be
observed on the echo pattern. This proved to be so. The
manner of obtaining information concerning the attenustion
from an echo pattern ehowing ‘beating' is discussed in
Chapter 6.

As the end surfaces of the specimens were not flat, the
distances travelled between reflections by different parts of
the acoustic wave front were expected t0o be different. 1In
this case the effect on the echo pattern depended on the precise
shape of two surfaces. However the effect on the echo pattern
was expected to be similar to that described above. The
wavelengths of the acoustic waves at 9.0 GHz were close to those
of visible light so it was anticipated that a lack :f flatness of
N would cause the same order of disturbance of the echo pattern
as a non-parallelism of 3 seconds of arc. The lack of flatness
of the end faces of the specimens was found to be about fb .

The end faces of the specimens had some scratches and polishing
marks on them. Thus it was expected that some of the acoustic
energy would be scattered on reflection, causing a reduction in
the amplitude of the coherent beam as compared with that
reflected by an ideally smooth surface. This would occur at each

reflection and might manifest itself as a contribution to the

apparent attenuation.
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5.3 Bulk Effects

Imperfections in a crystal will cause a local disturbance
of the elastic properties of the crystal, which may scatter
a coherent acoustic beam and add to the apparent attenuation
in the specimen. Defects in a crystal may take a variety of
forms. DPcssible defects are (a) point defects e.g. vacancies or
impurities (substantial or interstitial), (b) line defects
in particular dislocations, (c) sheet defects such as twin planes,
(d) volume defects i.e.voids or inclusions. An example of the
effect of volume defects is given in Chapter 8, in connection
with the room temperature attenuation measurements.

As the materials studied were piezoelectric semiconductors
it might be expected that they would have contained.conduction
electrons which would absorb energy from the acoustic wave in a
manner analogous with the deformation potential interaction
discussed in Chapter 2. The matter is considered in Section 6.5 ,
where it is shown that as a result of the high resistivity of
of the specimens the effect can be neglected.

The presence of certain paramagnetic impurities in the
specimens could lead to changes in the attenuation of the acoustic
wave, as a result of an absorption of acoustic energy or a
reduction in the thermal phonon lifetime. The mechanism is
considered to be as follows. A phonon, which may be either
acoustic or thermal, causes an electronic transition between
two energy levels of an impurity atom. The difference in energy

of the two levels is approximately equal to the phonon energy.



In general it is expected that the energy levels involved will
be degenerate levels which have been split by the crystal
field. Such a contribution to the total attenuation appears

to have been observed by CICCARELLO and DRANSFELD (1964). To
check for the presence of attenuation arising from this
mechanism a series of subsidiary experiments were conducted,
in which the echo pattern was carefully observed while a
magnetic field applied to the specimen was varied. Fields

in the range 0-4000 g::ss were applied, at temperatures of 4.29%
and 20°K. No significant change in the echo pattern was
observed in any such experiment, and it was thus concluded that
the effect was absent in those specimens on which atteruation
measurements were made.

Local strain in a crystal will modify the local elastic
properties of the material, but not in general in as abrupt a
manner as lattice imperfections. It is envisaged that the
principal results of propagating an acoustic wave through a
strained specimen will be that the wave front becomes distorted.
The variation of phase across the wave front will lead to some
cancellation of the signal at the receiving surface of the specimen.

The influence of the effects discussed in the present and
the previous section, on the observed echo pattern, will take
one of two forms. Firstly, the effects involving signal

cancellation at the receiving surface of the specimen i.e. those

8s.



84.

due to non-parallelism and lack of flatness of the end surfaces
and to local strain. These effects will cause a 'beating' pattern
té be superimposed on the exponential decay Ofthe echo pattern caused
by the lattice attenuation. Secondly the other effects will

simply add to the effect of the lsttice attenuation and make the
exponential decay more rapid. Owing to the nature of the effects
discussed above, sufficient information is not, in general,
available to estimate the apparent attenuation resulting from them.
However an experimental method used to extract information
concerning the attenuation caused by thermal phenons from an echo
pattern of the type described above, is explained and discussed

in Chapter 6. This method mzkes use of the fact that the
contributions to the total attenuation resulting from the mechan-
isms described above are at most only weakly temperature dependent,
whereas the contribution to the attenuation caused by thermal
phonons is, in general, very strongly temperature dependent.

5.4 Attenuation by Thermal Phonons

The attenuvation of acoustic waves by thermal phonons in
solids, has been discussed by many authors. The problem is
complicated by the wide ranges of temperature and acoustic
frequency over which measurements have been made. In order to
simplify the treatment it is convenient to dividé the conditions
into three regions.

Such a division is outlined below.



Region Conditions Pertaining

High Temperature WY <.
Intermediate WP, ’T,u) & kel.
Low Temnerature f{,w > kaT.

Where w refers to the acoustic wave and T, is the thermal
phonon felexation time. At a sufficiently low freguency the
intermediate region will not exist as the two conditions will
not be simultaneously satisfied. This however was not the
case in the freguency range in which measurements were made.

Although three regions have been defined only two of them
are of interest in connection with the present measurements.
This is because for a 10 GHz acoustic wave, the condition

J’iw) kgl gives the maximum temperature of the low
tempergture region as ~ 0.5°K. At this temperature the
attenuation caused by thermal phonons is so small that it cannot
be separated from that due to the other effects described in
the previous two sections.

The other limit of the intermediate region i.e. Wt =l
represents the situation where the acoustic wavelength is
aporoximately equal to the thermal phonon mean free path.

For temneratues such that WY, | , that is in the high
temperatue region, the mean free vath of the thermal phonons
is shorter than the acoustic wavelength. In this case the
strain associated with the acoustic wave can be treated as a

slowly varying field in which the thermal dhonons ar moving,



that is the acoustic wave is assumed to interact collectively
with the assembly of thermal phonons. On the other hand if
the temperature is such that W »I , the mean free path
of the thermal phonons is long compared to the acoustic
wavelength. In this case the interaction is assumed to take
the form of discrete interactions between thermal and acoustic
phonons. This is equivalent to saying that the uncertainty in

the energy of a = therm2l phonon as a result of its lifetime 7T, ,

is less than the energy of an acoustic

i.e. fwy X
Tt Dhonon ( kh) )0

or W > |

It is possible to treat both regions with the same
theoretical approach XWOK , MARTIN and MILLER (1965).
However this is a microscopic treatment making use of an
atomic displacement correlation function and thermodynamic
Green's functions. Such an approach is considered to be more
complex and less 'direct' in the context of comparing theoretical
predictions with experimental results, than treatments employing
phenomenological parameters. Comnsequently it is proposed to
adopt the procedure of treating the two regions separately by
&s simple methods as are realistic. The high temperature region
is treated in Chapter 8 in connection with the room temperature
easurements. |

Before proceeding to investigate the intermediate region

it is worthwhile to consider the meaning of the term phonon.



£7.

If suitable boundary conditions are as-umed, it is possible
to analyse a general vibration of a crystal into a sum of
vibrations each associated with one of the normal modes PEIERLS

(1955). The sum has the form

= NL 1 ﬁ«wi +V,
E Zu( +2) (the N, are integers) (5.1)

where the wy are the normal modes of the lattice and V is the
potential energy. The energy of the ith normal mode may Dbe
considered as the energy of Ni phonons each having energy'ﬁw;
plus a zero point energy %ﬁw% . When all the normal modes
are in thermal equilibrium the probable number ( ﬂ;) of

th

phonons in the i*" mode is given by the Bose—Einstein

distribution function

~ t
N, = .
(38 - ©-2)

Because of the elastic anharmonicity of the crystal the
modes are not completely indenendent. Usually the anharmonicity
may be treated as a vpertubation on the behaviour of a harmonic
lattice. This coupling between modes arising from the anhas..on-
icity, results in interactions between phonons which are
often referred to as phonon-phonon processes or phonon collisions.
Because no detailed information concerning the elastic
anharmonicity of the materials studied appears to be available,
no predictions of the magnitude of the attenuation can be made.
For this reason attention was directed to the variation of the

attenuation with temperature and frequency. It is assumed



throughout this work that the materials are e lastically isotropic.

The sound wave is considered as corresvonding to a very
large increase in the number of phonons in some modes, to values
far greater than the thermal equilibrium values for those modes.
As all the excited modes have almost the same wave vector and
frequency only one of the modes need be considered.

The object of this section is to consider the manner in
which the acoustic phonons zre absorbed as a result of inter—
actions with thermal phonons. The lowest order of such a
process is one involving three phonons.

The Debye model predicts that below the cut—off energy,
the expression for the density of phonon states has the form

N(E) = »o?
where r is a constant independent of the.phonon energy.
The expression for the distribution function is given in (5.2).
Thus the number of phonons having energies in the ~@n~e £ [ E+dE
is given by

ryr E

*(53) -

It is simply shown that this expression is strongly peaked at

an energy close to kBT' Even at a frequency of 10 GHz at lOOK,
the relation Huw, & kT is valid (where the suffix 1 denotes
an acoustic phonon). Therefore in order that an acoust;c
phonon ghould be able to interact with the majority of thermal
phonons, it is necessary that it should interact with a

phonon of much higher energy .
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Three phonon processes can be divided into two classes as
shown below

1 + 22— 3 (a)

1— 2 + 3 ' (b)

where the numbers represent phonons, which may be either
acoustic or thermal. Because the present interest is in
acoustic attenuation, the important processes are those in
which phonon 1 is an acoustic phonon. The conservation of
energy requires that the energies of phonons 2 and 3 in a
process belonging to class (b), should be less than that of
the acoustic phonon 1. But it has already been noted that
most of the thermal phonons have energies greatly in excess
of the acoustic phonons of the present experiments, thus
processes of class (b) will only occur infrequently and can
be neglected as a significant source of attenuation. Processes
of class (a) can involve the interaction of an acoustic phonon
and a thermal phonon, having an energy of about kBT’ and
simultaneously conserve energy. This is possible if phonons
2 and 3 are both thermal phonons. Thus the processes of
particular interest are those having the form
acoustic phonon + thermal phonon —s thermal phonon  (5.3)
Any phonon-phonon process must satisfy two selection rules.
The first is the conservation of energy, which may be written

for a process of the type (5.3)

W, + W, = W;. (5.4)



The second is the crystal momentum selection rule, this can

be written.

-h

‘i, + k, = I; 453 (5.5)

where the suffix 1 refers-to an acoustic phonon and the suffices
2 and 3 refer to thermél phonons. @ is a reciprocal lattice
vector.

The processes for which § # 0 are termed umklapp processes
and require that the initial and final thermal phonons are
in different Brillouin zones. Because § is small for an
acoustic phonon, the value of i for the initial thermal phonon
must be close to the edge of the Brillouin zoney H an
unklapp process is to occur. This means that the initial
thermal phonon must have a large energy. But Egquation (5.2)
shows that at low temperatures the number of these high energy
phonons drops exponentially as the temperature decreases.
Thus at low temperatures the occurrence of theee phonon umklapp
processes is rare, and they may be neglected. Therefore it
is justified to set § = O in Equation (5.5), so that the

selection rule now becomes

TZ, + K = k. (5.6)



The general relation (5.3) describes eight possible
processes’depending on the nolarisations of the three phonons.
Because the material is assumed to be isotropic no distinction
is made between different shear polurisations. A consideration
of Equation (5.6) shows that the number of probable vrocesses

can be restricted further.

Figure (5.1) DIAGRANMMATIC REPRESTATICON OF
EQUATION (5.6)

It follows because Ik| & Jkf = }ksl that tsg=1.
Thus from Figure (5.1)

| us? + ) = |k (5.7)

As T&Op and fk|=|ks (where €, is the Debye temperature),

the dispersion is very small and Equation (5.4) can be written

as

M) bk + (), Pl = (W) 1Kkal (.8)

%.



from Equations (5.7) and (5.8)

Ikl Doy, -5 00581 = T [im)s ~()a] (5.9)

but as  fk]«lkd  Equation (5.9) can only be satisfied if
CAREI A . That is the initial and final thermal
phonons must have the same polarisation. Four of the processes

of the type (5.3) satisfy this requirement, they may be denoted

as
1 + 1> 1 (5.10a)
1 + t — ¢ (5.10b)
t o+ bt — (5.10¢)
t o+ 1 — 1 (5.104)

where 1 and t represent longitudinally and transversely
polarised phonons resnectively. The order of the phonons is
as in (5.3), i.e. the first letter represents the acoustic
phonon. Having reduced the number of cotentially significant
three phonon processes to four, it is now necessary to consider
whether these processes can simultaneously satisfy the selection
rules described by Equations (5.4) and (5.6). This is
Conveniently done by means of a gravhical construction described
by HERRING (1954). The method is described in stages below.

. E
(a) Firstly from the origin O ink space the wave vector kl

92,

of the acoustic mode is drawn, the vector ending at the point 0'.



(b) Secondly for a particular angular frequency w5 ( ﬁtﬁég )
of the initial thermal phonon, all the corresponding
wave vectoxsiéaaxfzdrawn from 0'(assuming the material
to be non-dispersive). Because of the assumption of
isotropy made previously the ends of the vectors.zé will
describe the surface of a svhere.

(¢) Thirdly the angular frequency w, of the final thermal
phonon is calculated from Equztion (5.4), and all the
corresponding wave vectors ﬂ; are drgwn from O, Again
the ends of these vectors describe a sphere.

At any point of intersection of the two spheres.
- - -
kl + k2 = k3
-
and k3 was chosen in such a way as to ensure that
Wy + Wy = W3,
that is both the selection rules are simultaneously satisfied.
Figures (5.2a) to (5.2d) are representative of the
results of carrying out the above construction in the cases
of processes (5.10a) to (5.104), respectively. The figures
show sections through the constructions containing the vector
ﬁl- That figures (5.2) represent correct constructions can
be checked sigply from the sign of the quantity Ak| =lks|-kq ki
for three collinear phonons. This is significant as it
determines whether OAA(see Figure (5.24) is equal tolkger [k|+lkl
i.e. whether the circles intersect.

As M), = (V)5 for the processes of interest, it

is easily verified from Equations (5.4) and (5.6) that for
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() : (b)

ProcESS (S104) £+ L > L process (5.10b) £+ =L

() - (d)

. PROCESS (5.\o¢) 1+t -1 ‘ | prROCESS (5.\0&) Cel =2

Figure(5:2) “SECTIONS THROUGH THE HERRING CONSTRUCTIONS FOR PROCESSES(5.10).




the case of collinear phonons  Alk] = [-% (vﬁ]
$

thus if (W)= (%), ; Alk| =0 and the spheres touch - processes
(5.10a) and (5.10c¢) . TIf (¥5),>(W);; Bk s positive, and the
spheres do not intersect — process (5.10b) . If ()< (%),Mis
negative, and the spheres intersect = process (5.104).

From figure (5.2) it can be seen that for process (5.104)
both selection rules can be simulteneously satisfied, whereas
for process (5.10b) they camnot. For the processes (5.10a)
and (5.10c) the selection rules can only be satisfied with
the special arrangement of three collinear phonons. Up
to this point it has been assumed as a result of the low
temperature and the fact that 1Kil = 1k, / » that
the material could be assumed to be dispersionless. Although
this is true to a first aporoximation, there will be a very
small dispersion. Even though this dispersion is very small,
it is sufficient to ensure that the spheres in Figures (5.2a)

and (5.2¢) do not quite touch. Thus the only one of the

processes (5.10) which satisfies the selection rules is (5.104).

Therefore on the basis of the arguments advanced up to this
point it may be concluded that, in the intermediate region,
longitudinal acoustic waves cannot be attenuated by thermal
phonons having energies of ~ kel y via three phonon
processes. However such a process is possible for shear
Waves. This conclusion was originally reached by LANDAU and

RUMER (1937).

9+.



Several processes which might cause the attenuation of
a longitudinal wave have been considered by various authors.
For four phonon processes the selectioh rules can be satisfied.
POMERANCHUK (1941) (1942) has shown that such processes
cause an attenuvation of a longitudinal wave which will depend
on acoustic frequency and temperature as

M= AT’

where Al is a constant for a given material, which is
a function of the gquartic terms in the expression for the
elastic energy. ORBACH (1960) has shown that the attenuation
arising from four phonon processes is, in general, very small.

SLONIISKIT (1937) has considered the interaction of
low energy longitudinal acoustic phonons with thermal phonons
of approximately the same frequency. Such interactions are
not subject to the same restrictions as those between acoustic
phonons and thermal phonons having energies of AkaT. ORBACH
(1960) and SIMONS (1961) have criticised the treatment of
Slonimskii, andshown that the attenuation of a longitudinal
wave caused by this mechanism can be revresented by an

expression having the form

M= AT
Orbach has also shovmn that the attenuation would, in
general, be very small.
HERRING (1954) has shown that in some circumstances

the anisotropy of a crystal can modify the effects of the

selection rules and permit processes which would be forbidden

9s.
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in an isotropic matérial. It can be seen in general terms
from the construction above, that if the wave vector
surfaces had complicated shapes they might intersect when
spherical surfaces would not. The attenuation resulting
from this process will wvary as

(= Ayw!T?
in the case of the crystal class (6 mm) to which the materials
of interest belong.

In general, the attenuation of a longitudinal wave as
a result of the above processes is small., Further the
predicted temperature and freguency devendencies do not
agree with the results of the present and other measurements.
It is therefore necessary to look for another vrocess to
account for the attenuvation of longitudinal waves.

In the case of shear waves however, interaction with
thermal phonons having energies of épproximately keT,via
process (5.10d))has been shown to satisfy the selection
rules., LANDAU and RUMER (1937) have obtained an expression
for the attenuation to be expected as a result of this process,

and have shown that it has the form

M= 83w (5.11)

where ¥ is a function of the lattice anharmonicity. An

account of a similar calculation is given in Ap-endix A.
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The same general exnression is obtained for all the processes
(5.10). The processes will not however occur if they do not
satisfy the selection rules.

Mainly as a result of interactions involving only
thermal phonons, the lifetimes of the thermal phonons are
limited. As a consequence of its finite lifetime (T )
the energy and the crystal momentum of a thefmal phonon will
be uncertain. SIMONS (1963) (1964) and MARIS (1964) have
considered the processes (5.10a) to (5.10c), which do not
appear to satisfy the selection rules. They argued that if
the uncertainties in the energies and crystal momenta of
the thermal phonons 52 greater than the amounts by which the
selection rules are not satisfied, then the processes can
not be considered to be forbidden by the selection rules.
These processes will give rise to attenuatibns which can be
represented by the exnression (5.11). The effect of uncertainty
in the thermal phonon crystal momentum on the Herring
constructions has been illustrated in Figure (5.3) for the
case of processes (5.10a) and (5.10¢).

As the temperature varies the lifetime of the thermal
phonons will vary, as will the uncertainty in their energies
and crystal momenta. This has an interesting effect on
the above argument concerning the selection rules. The
effect can be illustrated by the following argument which is
similar to that given by MARIS (1964). It is convenient to
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consider the processes (5.10a) and (5.10c). The uncertainty

in the thermal phonon energy is ~« % , and the
3
uncertainty in the crystal momentum A/i%% . Where
st

T¢ 1is the phonon lifetime and Ve is the appropriate
velocity. As T & € and I kaf = | ks the dispersion
will be very small, s0 the true velocity dispersion
relationship can be replaced by that for a linear chain of

atoms namely

CATET A T AC PN (5.12)
Wil Z(W)e

where L is the atomic spacing, and W,~wy .

As oL « 1, Equation (5.12) may be written after expanding
2(%)o :

S WL o
2(%)3
(VS) W, = M) - Ry (5.!3)

24 (%)
From Equations (5.4), and (5.6), the minimum

separation of the spheres in the Herring construction for

processes (5.10a) and (5.10c) is

(&). -L - ‘|_ ( 5 . 14 )
(Vi\ﬁg (V's)o]

From Equation (5.13) and (5.14) the separation can be

written ag




w2 L
24 (w)¢

Thus in order that the selection rules should not be

effective T must have such a value that
I > m;wzsz (5'15)
Vs e 24 (%)e
(where 'V%? is the uncertainty in the thermal phonon wave
s\t
vector.)

The effect of this condition can be seen more clearly
if m2 is replaced by %%I . It was shown previously that
the phonon distribution is strongly peaked at an energy close
to KBT. This approximation is sometimes called the
‘dominant phonon' approximation. Making this sp.roximation

the unequality (5.15) becomes

oy oUkET? £.16)
KU TS
The fact that i%$i & 1, was used in obtaining equaticn (5.13).
$

Replacing @, by keI  this inequality becomes
) K

R %),

From the inequalities (5.16) and (5.17) it is seen that

when (3% ~| the uncertainty in the wave vectors of the



thermal phonons must cause the surfaces of the lerring
construction to overlap very substantially. As was discuszed
at the start of this chavpter the condition w7 I sets

the unper limit of the intermediate region, therefore at least
in the higher temperature v»z1t of the intermediate region

the selection rules will be satisfied. Under these conditions
the attenuation should behave in the manner indic: ted by
Equation (5.11).

In general the thermal phoron lifetime will increase mote
rapidly than T -2 as the temperature is reduced, so that at
sufficiently low temperatures the inequality (5.16) will
not be satisfied andthe processes (5.10a) and (5.10c) will
be forbidden by the selection rules. For process (5.10d)
there will be no lower limit of the type discussed above.

The amount by which the process (5.10b),‘fails to satisfy the
selection rules is much larger than for processes (5.10a)

and (5.10¢), consequently the lower limit of the region in
which this process is possible will occur at a higher
temperature. In fact the process may not be permitted

at any tempeiature.

In connecticn with the interpretation of the
measurements, it is of interest to consider the variation
with frequency, of the limiting temperatures of the regions

in which the processes (5.10a) and (5.10c) may occur.

100.
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The lower limit iz set apprroximately by the inequality (5.16),
from which it is seen that ac w.' ircreases the limiting
ﬁalue of ¥, must decrease i.e. the limit occurs at
higher temperatures. The usner limit is wTy~xt , from
which it is obvicus that as w, 1increases 7T¢ nust
decreases l1.es the limit again occurs &t higher
temperatures. Thus ¢s the acoustic frequency increases the
whole region moves upwards in temperature.

Treatments have been given by KWOK, MARTIN and
MILLEL: (1965) and GUREVICH and SHKLCVSII (1967) of the
attenvation of wcoustic waves at those terjperctuvres at
which the processes (5.1Ca) and (5.10b) are forbidden
by the selection rules. The basis of this avproach
would avvesr to be that by using vowerful thermodynamic
Green's function teckniques it is possible to extend the
pertubation treatment'to take account of higher order
process involving the cubié anharmonicity.

The account of'these higher order processes given
below concentrates on their relation to the selection
rules, a feature not discussed in previous treatmentis.

A second order three phonon process might be viewed as
two successive first order processes. The key to the
opergtion of a process of this type would seem to be

that the intermediate state should be short lived.



Provided that the intermediate phonon is suffiently

short lived, the uncertainty in its energy would te larger
than any amount by which energy was not conserved in the
two first order processes mzking up the second order one.

Such a process is illustrated diagrarmatically below.

PHONON ! PHoNON .4
(m”é;\*\\\\ ///”/i;»ﬁb
<
P%:xou 3
PHONON 2 ‘ PHONON S
(@ SHORT LNE), o)

INTERMEDIATE PHioNoN. '

Figure (5.4) DIAGRAMMATIC REPRESENTATION CF SECOND ORDER

THREE PHONON PROCESS

A process of this type would seem to have a number of
interesting features. There are four long lived phonons,
80 that in the long term the process is able to satisfy

the selection rules. However because the process proceeds
via two three phonon processes the larger cubic rather than
quartic anharmonicity will control the transition rates,

80 thgt the attenuatidon will be correspondingly larger.
Because there is little restriction on the energy of the

intermediate phonon, there will be a large number of possible

62.



intermediate paths for the process. That is the second
order processes are capable of simultaneously satisfying
the selection rules and causing substantial attenuation.
Second order processes are possible in which the
first of the first order processes has the form of any
of the processes (5.10). Of particular interest in the
present context are second order processes which lead to
the attenuation of longitudinal waves, i.e. those in
which the initial first_order process has the form of
processes (5.10a) or (5.10b). The work of Kwok, Martin
and Miller and Gurevitch and Shklovskii, mentioned
previously, shows that the attenuation resulting from
such processes is expected to show two asymptotic regions.
At high temperatures, provided W/T > | y the attenuation
is expected to vary as wﬁ*’ y in agreement with the
discussion above in‘terms of first order processes. At
low temperatures both types of second order process are

expected to result in an attenuwation which is independent

of frequency, but a difference in the temperature dependeice

is predicted. The process in which the initial first order

Process has the form of (5.10a), is expected to lead to
an attenuvation varying as T7; whereas the attenuation
resulting from the other type of process is expected to
vary as T°. However SHIREN (1966) and KLEIN (1966)

have shown that dispersion

103,
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and the anisotropy of the lattice anharmonicity can effect

the form of the attenuation in the lower temperature region.

A further difficulty in comparing theory with experiment,

is that the range of temperatures in which the low temperature
asymptotic behaviour occurs is very low in many materials.
This results in the attenuztion being so low that any
measurements are subject to considerable uncertainty.

5.5 Summary of the Predicted Behaviour of the Acoustic

Attenuation

The object of this section is to collect together the
various predictions made in the course of the previous
section, concerning the temperature and frequency
dependence of the acoustic attenuvation resulting from three
phonon processes. These predictions may conveniently be
divided into three groups. Those involving (a) the
temperature dependence of the attenuation, (b) the frequency
dependence of the attenuation and (c) the upper and lower
temperature limits of the Landau—Rumer or T4 regime. The
present summary is restricted to the behaviour of the
attenuation of longitudinal waves. In certain cases, i.e.
when process (5.10d) is the dominant one, the attenuation
of shear waves will behave differently at the lowest
temperatureé. This situation is treated in the fuller

discussion of the previous section. Only longitudinal

Waves are considered here because the only measurements

for which detailed results are presented in
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Chapter 7, were made with longitudinal waves.

- The attenuvation is expected to show two asymtotic regimes.
In the higher temnerature regime it is anticinated that the
attenuation will vary as the fourth power of the temperature,
as predicted in Aprendix A from a consideration of first
order three phonon processes. The thermal phonon lifetime is
expected to increase with decreasing temperature in such a
manner that a situation is reached in which the uncertainty
in the thermal phonon wave vector is less than the amount
by which the selection rules are not satisfied. In this

condition the first order process is forbidden by the

selection rules, and it is neceszary to consider higher order
three phonon processes. The treatmént including the effects

of higher order processes, yields the same results in the
high temoerature regime as those obtained in Appendix A by
considering only first order processes. This treatment oredicts
that the attenuation should also exhibit a lower temperature
asymptotic region in which the attenuation varies as T7 or T9
depending on the nature of the vyrocess responsible for the
attenuation.

It is anticipated that the attenuation should vary linearly
with the acoustic frequency in the higher temperature or Landau-
Rumer regime. In the lower temperatufe regime the attenuation
is expected to be independent of frequency.

Both the upper and lower temperature limits of the
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Landau-Runier or higher temjcrature asymototic regine, are

expected to increase as the acoustic freguency increases.
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Chanter 6 EXPERIMFNTAL ASPFCTS OF ACOUSTIC ATTERUATION

MEASURLIEZNTS AT LOW TEMPTRATURSS

6.1 Introduction

This chapter describes the exnerimental aspects of a series
of measurements of acoustic attenuation as a function of
temvoerature, carried out in the temnerature range 15—1200K;
at frequencies of 1.0, 3.6 and 8.8 GHz. Measurements were
made on zinc oxide, cadmium sulphide and cadmium selenide.

The form of the chapter is described below. 1In
Section (6.2) the basic form of the microwave systems is
discussed. This is common to all three gystems. Sections
(6.3) and (6.4) contain detailed descriptions of, X, S and L
band systems. In Section (6.3) the particular problems of
making measurements on short rods are comsidered. The specially
designed cryostats used in the low temperature measurements are
described in Section (6.5). Especial attention is paid to the
methods of temperature measurement and control. The method of
preparing specimens is described in Section (6.6). Properties
of the crystals from which specimens were prepared are also
discussed, for examvle the resistivity of the material, and
the presence of local strain in the crystals. The method of
making attenuation measurements is described in Section (6.7).
For a particular specimen and acoustic frequency a minimum
attenuation is defined, below which any measurements are

considered to be of doubtful value.
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6.2 General Description of the licrowave Systems

EXFERIMENTAL
CARITY,

uUMITeER

HiGH POWER

PULSED TRANGEMITER |
MEALLEEMENT
SYsSTeM |

-

FIGURE 6.1 GENERALISED BLOCK DIAGRAM OF MICROWAVE SYSTENS

A separate microwave system was developed for each of the
three frequencies at which measurements were made. These
systems were basically similar but showed considerable
variation in detail. They were used to launch the microwave
frequenéy acoustic pulses by surface excitation, into rods of
the materials of interest; and to receive the signals
resulting from successive reflections of the acoustic pulses.
Each of the systems was designed to have a large dynamic
range, to permit measurements over a wide'range of acoustic

attenuation. This was achieved by using a high power vulsed
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transmitter and a sensitive heterodyne receiver. The acoustic
system was one-port in character, and it was therefore
necessary to protect the receiver while the transmitter was
firing. This was arranged by using a combination of a

circulatar and a limiter (Figure (6.1)). Measurements of the
relative amplitudes of the signals or echoes from the
specimens, were made by comparison methods using precision
attenuators. The particular method employed varied from system
to systemn.

6.3 X=Band microwave system

Figure (6.2) is a detailed block diagram of the X-band

system, which was assembled using waveguide comvonents.

Figure (6.3) is a general view of the apparatus. A type

2J51A magnetron tunable over the range 8.5 to 9.6 GHz, was used
as the transmitter. In normal operation the magnetron

produced a peak power of about 60kW. In order to reduce the
difficulties associated with this high level of peak power the
magnetron was run close to its lowest stable output, at about
20kW peak power. This was arranged by using the minimum maguet
field and reducing the amplitude of H.T. pulse applied to the
magnetron.

The magnetron was driven from a standard radar transceiver
(Decca type 625) which had been suitably modified. Three main
modifications were needed. Firstly the adjustment of the
amplitude of the driving pulse as indicated above. Secondly

the reduction of the driving pulse length to 0.2usec, which
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was the shortest well shaped »ulse produced by the magnetron.
This shorter pulse was needed to avoid overlap of successive
echoes when making measurements with short specimens. Thirdly
the circuit was modified to permit external triggering of the
transceiver. This made it possible to arrange for the magnetron
firing to be synchronized with the 1000 Hz power supply to the
transceiver from a motor alternator, thus reducing the effect
of pick up from this sup»ly. An additional advantage of
external triggering was that it made it possible to trigger
the oscilloscone time-base before the magnetron fired. A
difficulty arose when it was found that the transceiver could
not be externally triggered at 1000 Hz, this was circumvented
by the use of a frequency divider (¢ 10). A pulse amplifier
was needed to provide a sufficiently large pulse to trigger
the transceiver. The complete triggering arrangement for
the system is shown diagrammatically in Figure (6.4). The
trigger to the pulse forming P.I.N. diode modulator was used
to trigger the high current pulser in the deformation
potential amplifier exneriments.

In order to avoid breaking down the glass vane attenuators
used to adjust the input microwave power to the cavity, a
directional coupler was used as a 10 dB pad in the manner
shown in Figure (6.2). The first attenuator was fixed at
13 dB to gvoid the peak input nower to the cavity exceeding
100W, as it was found that the cavity broke down if this power

was greater than about 200W.
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The waveguide switch made it vossible to switch
conveniently between the magnetron and a klystron as the source
of power. The functions of the klystron were purely diagnostic.
When operated as a swept frequency source the klystron could be
used in conjunction with the crystal detector and the wavemeter
to check the Q and resonant frequency of the cavity at low
temperatures. Using the klystron as a fixed frequency source
in conjunction with the pulse forming P.I.N. diode modulator
and the receiver it was possible to readily check the recovery
time of the limiter under operating conditions, an important
factor when making measurements on short specimens. This
check was carried out as indicated below. When the waveguide
switch was switched to the .magnetron, the two 20 dF directional
counlers (Figure(6.2)) still provided a »ath by means of
which signals from the klystron could reach the receiver. These
signals arrived at the receiver via the limiter, in gddition to
those arising from the magnétron nulse. The pulse forming
P.I.N. diode modulator was used to provide pulses of power

from the klystron, the delay of which could be adjusted with

",

respect to the firing of the magnetron. The delay of the klystron

pulse with respect to the breakthrough pulse from the magnetron
was reduced and the attenuation of the klystron pulse noted.

In this manner it was possible to make a good estimate of the
recovery time of the limiter. The recovery time was found to
be approximately O.5usec (to 0.1 dB attenuation). A further

use of the klystron was in making a rapid approximate check of
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the receiver sensitivity. This was particularly valuable if
the receiver had been inadvertantly exposed to an excessive
amount of breakthrough, thus possibly damaging the mixer
diodes. The first sten in the check was to set the klystron
output at some krown level (usually 1mW), with the aid of the
power meter. Then using the P.I.N. diode modulator to
produce pulses of power, the relevant attenuators were adjusted
until the signal was about twice the amplitude of the noise,
on the display. The sensitivity was then readily obtained in
=dBm. Vith undamaged diodes this was in the range -20 to -95 dBm.
When the magnetron was tuned to the cavity resonent
frequency the circulator provided 20 dB isolstion between the
transmitter and receiver, over the tuning Tange of the
magnetron. The four port directional coupler between the
circulator and cavity (Figure (6.2), made it possible to
measure the input power to the cavity and to monitor the
reflected power from the cavity. The cavity was of the re—entrant
coaxial type, details of which are given later. No provision
was made to tune the cavity resonant frequency, the procedure
being to tune the transmitter to the resonant freguency of the
cavity. The initial tuning stage was to measure the resonant
frequency using the klystron and the wavemeter. Fine tuning
was affected by using the tuning facility of the magnetron to

minimise the reflected power indicated by the crystal detector.



The circulator did not isolate the receiver sufficiently
from the magretron to prevent naralysis of the receiver angd
damage to the mixer diodes. Consequently while the magnetron
was firing additional isolation was provided by the limiter.
The limiter consisted of a T/R cell followed by a high power
P.I.N. diode modulator. The T/R cell was a special development
type obtained from Ferranti Limited, which operated over the
whole tuning range of the magnetron and had a fast recovery
time. The P.I.N. diode modulator was needed to prevent that
initial part of the breakthrough pulse not reflected while the
T/R cell was switching on, from damaging the mixer diodes.

The particular type of P.I.N. diode modulator used had the
advantage that the power needed to damage it was high ( ~ 100W
peak). However when driven with a square voltage vulse it was
found to have a very long recovery time of apnroximately 1lOusec.
It was found possible to shorten this time to ~ 0.5usec,

by arranging that the negative driving pulse had a positive
spike of about 10V on the trailing edge. The method of
checking the limiter recovery time during a run has been
described above.

Comparison of the amplitudes of the echoes from the
specimen were made by a comparison method,which is described
later, using a precision attenuator. The resetting accuracy
of the attenuator was about %0.1 d@B. For reasons of
mechanical convenience a high quality 81338 vane attenuator

was used, which was compared from time to time with a rotary

H3,
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vane attenuator. No discrepancy greater than 0.1 dB
was detected.

An isolator was nlaced between the precision attenuator
and the receiver in order to imnrove the low ( ~ 6 dB)
isolation between the local oscillator and the main line.
This virtually eliminzted any possibility of vpower from the
local oscillator entering the main line, being reflected and
effecting the measurements.

The mixer—preamplifier was a standard item, its characteristics
viere Overating Range 8.2-12.4 GHz

Noise figure 6.5 dB

Intermediate frequency 30 IMHz

I.F. gain 20 4B

I.F. bandwidth 12 MHz.
After further amplification the video signals were displayed
directly on a 30 MHz oscilloscope.

For the X~band measurements a cavity was used in order
to ovroduce the intense electric field at the end of the specimen
required to launch an acoustic wave of significant amplitude.
The type of cavity chosen was the re—entrant coaxial one
described by HANSEN (1939), which has been used for this
purpose by a number of workers. The high electric field
region in this type of cavity is found in the gap between the

top of the post and the end of the cavity.
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Figure 6.5 RE-ENTRANT COAXIAL CAVITY

Figure (6.5) shows the dimensions of the re—entrant cavity,

the post diameter of 3mm was chosen so that it would be larger than
the 'diameter' of the smaller cross—section specimens (Section 6.6)):
As a result if such a specimen were mounted with its end |
surface close to the top of the cavity »ost, the electric field
would be predominantly normal to this end surface. Thus
because the end surface is only exposed to a very small
fringing field, the amplitude of any unwanted modes launched as
a result of the fringing field would be correspondingly small.

Given the diameter of the post, the remaining dimensions were
chosen using the design data given by MORENO (1958) so that the
resonant frequency of the cavity was 9.5 GHz. Coupling to the

cavity was effected by cutting a narrow straight slot in the
base of the cavity as shown in Figure (6.5), the length of the

slot was slowly increased until the cavity was just undercoupled.



The cavity was machined from brass, and had a relatively

low Q of about 300. The advantage of a relatively low Q was

that the dimensional changes caused by making measurements at

a series of different temveratures, had a smaller detuning

effect than would have been the case with a cavity of higher Q.
For the reasons outlined in Section (6.6) the specimens

were of two different cross—sectional arecas., Two different

methods of mounting the speciments were needed as it was

required to excite only part of the face of the larger specimens

in order to reduce the influence of the non-parallelism of the

ends .
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FIGURE (6.6) EXCITATION ARRANGENENTS FOR X~BAND APPARATUB

Figure (6.6) illustrates both methods of mounting. The -
smaller cross-section rods were glued into modified 4BA nuts.
Glue was used as the rods were too small to be conventiently
held mechanically. The problem with this method is that

inserting the specimen into the high electric field region of

té,
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the cavity causes a substantial change in the resonant
frequency of the cavity. The mounting procédure was to screw
the nut containing the specimen onto the screwed part of the
cavity 1id until the resonant frequency of the cavity was
8.9 GHz. The position of the nut was then locked with a
grub screw. Measurerent and annroximate calculation showed
that for the specimen size and dielectric constants involved,
at a resonant frequency of 8.9 GHz the end of the specimen was
‘Just above the top of the cavity post. This ensured a sub-
stantially normal electric field at the end of the rod without
damaging the highly polished fzace.

The sketch of the second arrangement is thought to be
self explanatory. This method h=d the disadvantage that an
unwanted mode was weakly excited, but this did not effect the
measurements as it was not used with short specimens (Section (6.6))
The advantage of the method was that it reduced the cross-—
sectional area of the acoustic beam without cutting the specimen
into small pieces.

6.4 S and L Band Microwave Systems

Figure (6.8) is a block diagram of the S~band microwave
system, which was assembled using coaxial components. Figure
(6.9) is a general view of the complete apparatus. The

high power pulsed oscillator, consisted of type 2C39A planar
triode mounted ih a cavity resonator. This oscillator was

one of several constructed in the Department by J. Richter for

operation at frequencies around 1 GHz. It was necesszry to
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to change the length of the cavity and alter the feedback
arrangement, in order to make this oscillator onerate at

3.6 GHz. ©Full details of the design, construction, and mode
of operation of this type of oscillator, together with
details of the modulator used to derive it have been given
by RICHTER (1966). The modulator driving the high power
oscillator was triggered from the main pulse of a master pulse
generator, via a trigger pulse amplifier. The repetition rate
was 1000 Hz, and the r.f. pulse length 0.7 usec.

The length of the anode cavity of the triode oscillator was
such that it must have been operating at the fifth harmonic of
the cavity, i.e. the cavity fundamental was 720 lHz. Despite
the preferential selection of a particular harmonic by the
feedback arrangement, there was some possibility of a small
amount of pDower being generated at the first (720 MHz) and
third (2160 MHz) harmonics of the oscillator. The seventh
harmonic at 5040 MHz-wés above the cut—off frequency of
the triode (4 GHz). To attenuate the lower harmonics, a 3GHz
high pass filter was vlaced in front of the osciilator.

The circulator, crystal detector, and power meter,
fulfilled the same roles as the comparable components in the
X-band system.

The arréngement for nroducing an intense electric field
at the surface of the specimen was the same for both the S and L

band systems. The method was to place the end of the specimen



in contact with the centre conductor of an open-—circuited
transmission line, and use a stub tuner to produce the
maximum voltage across the oven—circuited termimation. The

specimen mounting arrangement is illustrated in Figure (6.7).
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FIGURE 6.7 EXCITATION ARRANGETNT FOE S AND L RAVD APPARLTUSES

The position of the locating points ensured that the bellows
was slightly in compression, and therefore that the polished
cap was in good contact with the end surface of the specimen.
The method of tuning was simply to tune the stub tuner for
maximum echo height on the oscilloscope display. As
was expected, using this method an unwanted mode was weakly
boublesome _
excited, however this was not H=oubelsocme as the method was

not used with short specimens.

"9.



120.

A waveguide rotary vine attenuztor was used for the
comparison of echo amplitudes, as no coaxial attenuator of
sufficient precision apreared to be commercially availableﬁ

The components of the limiter are given in Figure (6.8).
The passive P.I.N. diode allowed an initial spike of power to
pass in the same manner as a T/R cell, so that a second active
P.I.N. diode modulator was required. The d.c. short was needed
to obtain the correct bias conditions for the passive P.I.N.

. diode. The d.c. block acted as a high pass filter which
removed the substantial amount of noise generated at the
intermediate frequency of the receiver, by switching the

P.I.N. diodes. The active P.I.N, diode modulator was driven

by a pulse generator which was cavable of providing the 100 mA
pulses needed for this purpose. This pulse generator was
triggered by the trigger output of the master pulse generator.
When driven by a square voltage pulse, the recovery time of the
active P.I.N. diode modulator was approximately 2usec. As only
long specimens were measured with the L and S band systems,
this recovery time was quite adequate and no special driving pulse
was required.

The second circulator was used as an isolator, 1o increase
the main line to local oscillator isolation, for the reasons

outlined in the account of the X-band system.
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The mixer—preamplifier was one which had been built in the
department, it had the following characteristics.

onerating range 2.0-4.,0 GHz

noise figure 8 4B

intermediate frequency 30 NHz

I.F. gain 30 dB

I.F. bandwidth 6 MHz

After additional amplification the video signals were
again displayed directly on a 30 MHz oscilloscope, the
time-base of which was triggered from the trigger output of
the master pulse generator.

The L band microwave system used was orebuilt by J. Richter
in the department, it has been fully described by RICHTER (1966).
6.5 Cryostats |

»The.usual pair of glasc dewars were used to contain the
liquid helium. The method by which the liquid helium was
transferred from the storage dewar to the experimental
cryostat was the standard one.

Revorted measurements of acoustic attenuation made at
low temveratures on other materials and later confirmed in the
present measurements, showed the attenuation to be a very
sensitive function of temperature. Therefore it was considered
to be of great importance that the temverature measurements
should be made as accurately as possible; and further that

& temperature control system should be devised, rather than
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arranging to allow the specimens to warm up slowly. The
reasons for the choice of a platinum resistance thermometer
are given in Section (3.3). In the same section details of
the accuracy and reproducibility of this type of thermometer
are given.

The objection to the technique of making measurements as
the specimen warms up, is that while the cryostat warms up
temperature gradients may be set up in it. Thus it is possible
that the thermometer will be at a temperature significantly
different from that of the specimen. In the present measurements
even small temperature differences will be important. With
a temperature control arrangement the following measurement
procedure was possible. The initial attenuation measurement
was made at a short interval of time ( ~ 20 seconds) after the
thermometer had reached the required reading. The attenuation
measurement was repeated after a further short interval, the

thermometer reading being the same. The fact that no difference

between the two attenuation measurements was ever detected, was
taken to indicate that the first timé interval was long enough
for any temperature difference to be sensibly eliminated.

Two specially designed low temperature assemblies were
built, one for use with the X-band avnparatus and the other for
use with the S and 1L band avparatuses. These assemblies
differed only in their microwave components. TFor this reason
only the X-band assembly is described. This assembly is

illustrated in Figure (6.10).
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The base of the microwave cavity was screwed into a brass
block, through which a length of thin walled, stainless steel
waveguide passed making a microwave connection between the
cavity and the rest of the microwave system. The function of
the brass block was to vrovidea large énough thermal capacity

to prevent rapid fluctuations of the specimen temperature.

123,

Iliounted in the brass Hlock were two carbon heater resistors and the

sensing element of the vlatinum resistance thermometer. The

sensing element was slightly loose in its mounting hole at

room temperature to allow for differential contraction on cooling.

The importance of not changing the residual resistance of the
sensing element by cold working is explained in Section (3.3).
A copper heat exchange coil wés wrapped around the brass
block. The upper end of the coil was attached to a thin
walled, stainless steel tube, the other end of which could be
closed by a vacuum valve. The lower end of the heat exchanger
was connected to a brass tube, which was of such a length
that when the assembly was screwed into place in the helium
dewar, the open end of the brass tube was close to the bottom

of the dewar. Apart from this composite exchanger tube, the

components of the temverature control system were the heater and

& pipe connecting the experimental helium dewar to a cylinder
of helium gas. The function of this pipe was to enable the
Pressure of helium gas in the helium dewar to be raised above

atmospheric when reguired.

The operation of the temverature control system is outlined

i
|
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below. Liquid helium was transferred into the dewar until

its level was a few inches below the brass block. In this

condition the temperature controller had two modes of

operation. The first was used when controlling the specimen
temperature at a value fairly close to that of liquid helium,

or when cooling the specimen rapidly. In this case control

was achieved by opening the valve at the top of the exchanger

tube and regulating the flow of helium gas from the cylinder

to adjust the excess pressure in the helium dewar. The ﬁ
pressure in the dewar determined the specimen temperature as j

a result of controlling the height of the liquid helium

in the brass tube and the flow of cold gas through the heat
exchanger. The second mode of control was employed over most
of the temperature range of interest, the recuired temperature

was obtained by closing the valve at the top of the exchanger
tube and balancing the heat flow down the brass tube by the
power dissipated in the heater resistors.

The successful operation of the second mode of control
depends on the brass tube having an appropriate thermal
resistance. For the lower specimen temveratures of»interest,
the temperature gradient in the tube is small. Thus if the
thermal resistance of the tube is too high, then the heat flow

down the tube is small. This means that positive temperature

fluctuations would take a long time to correct. However if

the thermal resistance is too low then the heat flow required

to maintain the specimen at the higher temperatures causes



the liquid helium to boil off at an unaccentably high rate.

The flow of helium gss from the cylinder in the case of
the first mode of control, and the current to the heater
resistors for the second mode, were controlled manuva.ly by a
second overator using the resistance thermometer both as an
indicator and a measuring instrument.

6.6 Svnecimens

The materials investigated were zinc oxide, cadmium sulphide
and cadmium selenide. Hydrothermally grovn zinc oxide crystals
were obtained from Litton Industries, and vapour grown zinc
oxide from the 3M company. The cadmium sulphide and the
- cadmium selenide was vapour grown material. The sulphide was
obtained from A.L.I. Limited and the Clevite Corporation, and
the selenide from the Clevite Corvoration.

The specimens studied were single crystals of the hexagonal
form of these materials, having é structure belonging to the
crystal class 6 m.m.

Attention was very largely concentrated on the piezoelectr—
ically active acoustic modes along symmetry directions, commonly
employed in acoustic-electric exreriments and devices. These
nodes zre the longitudinal mode pronagating parallel to the
c-axis, and the shear mode propagating along the a—axis

and nolarised parallel to the c-axis.




As the modes of intercst were piezoelectrically active
and the materials were semiconductors, acoustic attenuation
caused by free current carriers was possible (HUTSON and
WHITE (1962)). For this reason anproximate measurements
of the room temperature resistivity were made, under ambient
illumination, on those crystals used in the acoustic attenuation
measurements. The resistivity measurements were made by the
usual four probe d.c. method, to eliminate the effects of
contact resistance. Contacts were made by applying indium
amalgam directly to freshly etched crystal surfoces. The
voltage between the potentiometric contacts was measured with
an electrometer. With the exception of one low resistivity
crystal which will be considered sevarately later, the
resistivity of all the crystals was 1089 cm or greater.

The theory of Hutson and White can be used to estimate
the attenuation of the acoustic wave caused by free carriers.
The attenuation is calculated below for the worst case, that of
the longitudinal wave in zinc oxide. It is first necessary

to calculate the values of the parameters w, and wpy -

Wl = |x|o4lan. (if the resistivity is 10%9 cm)
X

W= B = twio”|sec.
kel

this latter value depends on the assumption that the mobility
(#) is 100em®/Volt sec, which should be correct to within a

faétor of two.

126,
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As w»q$%»wc,the expression for the attenuation given by Hut son aad,
White (Equation (2.19) of their paper) reduces to

= oK
%[+ @y]

where X isthe electromechanical coupling coefficient. It

can be seen that the expression for the attenuation is only
weakly dependent on the acoustic frequency(m(m&ﬁ

Taking the value of v_ given by BATEMAN (1962) and the
value of K given by CLAIRORNE, HEMPEILL and EINSPRUCH (1969),

and assuming a frequency of 1 GHz.

M= 1x107? ABJem

This aftenuation which is small enough to be neglected,
represents the worst case. For other modes, materials, and
frequencies, the attenuation wili be smaller. This calculation
is based on the measured room temperature resistivity, at the low
temperatures at which the attenuvation measurements were made the
resistivity will probably be higher as a result of carrier
'freeze~out'. This will result in an even smaller attenuation
caused by free carriers.

By utilising the photo—-elastic effect, the crystals
of interest were examined for local strain. The technigue

employed was the well known one of vlacing the crystal under

test between,K crossed polaroids and making a visual inspection

Such an examination was carried out on the crystals of zinc



oxide and czdmium sulphide, but nof on the cadnium selenide
crystals as this material is opaque to visiBle radiation.
Figure (6.11) is a photogrash of =z crystal examined in this
manner.. It shows the end face of a bar of low resistivity
zinc oxide in which the axis of the bar was parallel to the
c~axis. The sharply defined V-shaped region in the top
right-hand section of the photograph is thought to be in
some way different from the rest of the face, possibiy of
different crystallographic orientation. Obviously no
neasurements were made on this crystal. The crystals on
which measurements were made showed much less evidence of
strain than Figure (6.11), but in most cases some small

evidence was db served.

The importance of the accurate crystallographic orientation

of the specimens, and of obtaining the best possible flatness
and paralleism of the end surfaces is indicated in Chapter 5.
The ystallographic orientation was carried out by the X—ray
'back reflection laue' technique (CULLITY (1956)). The ease
with which the orientation could be effected was considerably
enhanced by the use of a jig which could be attachéd both to
the X-ray generator and the crystal cutting machine. The
accuracy of the orientation was always checked after cutting,

and was found to be better than 20 in all cases.

128,
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The polishing of the end faces of the specimens
was carried oﬁt in the Department, the technique hzs been
described by BENNETT and WILSON (1966). The specimens
were of two different cross-sectional areas. Those with
the larger area (~ 4 x 4 mm) were polished after cutting.

The smaller cross—section rods ( ~ 1.5 x 1.5 mm) however,

were cut from the centre of a larger block of material after
polishing. This ap-roach was adopted as it was not found
possible to polish rods of such small cross—section to the
regquired flatness and narallelism after cutting. The end

faces of the small rods and those parts of the end faces of the
large rods which were excited, were thought to be more flat and
parallel than the whole end surfaces of the larger rods. These
larger surfaces were parallel to within 3 to 6 seconds of arc,
which was about the limit of measurement,; and were flat to
within one-=fifth a wavelength of visible light. The small
cross—section rods were cut somewhat oversize and carefully
lavped down to size by hand, to remove possible cutting

damage.

Specimens of two lengths were used,thatnrods of 2-3mm in
length and long rods of ~ 12 mm in length. Although the
short rods caused additional measurement probléms they made
it possible to extend the range of the attenuation measurements,
and initially facilitated an exverimental check of the maximum

temperature at which measurements could be made.

.
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The small cross—section rods were initially used
‘because they had the previously mentioned advantage that their
cross—section was smaller than that of the post of the
X-band cavities. So that by mounting these rods with the
launching surface close to the post, no unwonted modes were
detected. The absence of unwonted modes is a major advantage
in the case of short rods when the echoes are closely spaced
Ain time. The disadvantage of this method of excitation was
that the small cross—section specimens were inconvenient for
other qeasurements. This was particularly so with the long
zinc oxide specimens, which were also required for the room
temperature attehuation measurements described later. As this
material was very expensive (£500/éc), the second mode of
excitation described in Section (6.2) was used. This method
is applicable to specimens of larger cross—sectional areas.

6.7 Measurement Technigue

The normal procedure for making acouétic attenugtion
measurements by the pulse-echo method (McSKIMMIN (1964)), is
not applicable when the echo pattern is oistzg}?d Eé»effects
like those described in -Sections (5.2) and (5.;?:5 Therefore
the attenuation relative to that at 4.2°K was measured, rather
than the absolute attenuation. The measurement procedure was
& well known one. It consisted of cooling the specimen to
4.2°K, and finding the attenuation of the smaller with respect to

the larger of a varticular pair, or pairs, of echoes.

i3¢,



This attenuation was termed the residual attenuation. It
should be noted that as was discussed in Section (5.2) and
(5.3), part of this attenuation is caused by processes which
are not acoustic absorption processes. The measurements were
repeated at each of a series of successively higher temperatures,
and the relative attenuations obtained by subtracting the wvalue
at»4.2°K from each of those at the higher temperatures.
Using a precision attenuator placed in front of the receiver,
the comparison of a pair of echoes could be made directly. This
was done by finding the increase in attenuation which was needed
to reduce the height of the larger of the pair, 6n the oscillo-
scope screen, to the initial height of the smalier. In
order to ensure that no changes had occurred in the microwave
system during an attenuation measurement, an additional check
was'carried out. Immediately after a measurement the attenuvator
was readjusted until the first‘echo reattained its initial height
on the display, when a check was made to ensure that the
attenuator was at its initial reading. On measuring the length
of the specimen with a micrometer screw the specific attenuation
was, ignoring thermal expansion,‘readily obtained. This
temperature dependent part of the attenuation or relative
attenuation, is the attenuation required for comparison with
the theory discussed in Chapter 5.

""In the case of the short rods, as both ends of the rod

were exposed to the microwave electric field, both ends were

BL‘



132.

found to launch and detect acoustic pulses. This resulted

wndd hove been

in the senﬁr tion of the echoes in tlme, being half the separaticn A

| oy one and of fhe Hﬂ.luL\ﬁm,b4nwLﬁ>ﬁttg
with—bthe—longer—rode

observed, écause it was anticivated that
conditions might be different at the two ends of a short rod,
e numbesed
measurements were carried out only on &tbewnate echoes.
]

The‘method of measurement described above is dependent
on the assumption that the vart of the apparent attenuation
not caused by thermal phonons, is independent of temverature.

That is at all higher temveratures it is assumed that the residual
attenuation is equal to its measured value at 4. OK. This
assumption is considered to be suspect, and to lead to possible
error when the lattice dependent part of the attenuation is

small compared to the residual attenuation. This situation
‘appears to have been reached in some reported measurements of
relative attenuations as low as 10—3dB/cm; when the present

work and other reported work, suggests that the residual
attenuation was likely to be in the range 10 * to 10 2dB/cm.

The procedure adovted in the present work to avoid the effect
0f the residual attenuation on the results, was to limit the
measurements to these temperatures at which the measured
attenuation was greater than twice that at 4.2°K. That is
the smallest relative attenuation measured was equal to the
residual attenuation. The temperature dependence of the
residual attenuation is expected to be small., Of the mechanisms

discussed in Chapter 5, the only ones likely to lead to a
























































































































