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ABSTRACT,

Mechanical properties of the substrate are shown to exert a primary influence
on surface wave propagation in vapour deposited Cadmium Sulphide thin film
structures. The implications of substrate anisotropy are numerically explored,
and it is shown to be an adequate approximation to regard a suitably oriented
CdS~on-Sapphire system as mechanically isotropic with respect to waveguide

dispersion.

Acoustoelectric coupling dispersion is discussed within an acoustic ray
waveguide framework, and it is concluded that no theoretical objection exists
to obtaining thin film acoustic surface wave gain rates comparable to those

currently obtained in single crystal bulk wave amplifiers.

Thermodynamic stabilization is shown to be prerequisite to the successful
operation of high field CdS thin film devices., Available techniques for the
suppression of impurity and secondary phase effects are discussed, and a post-
evaporation heat treatment procedure,; aimed both at compensation of native
atom astoichiometries and at drift mobility enhancement through copper

recrystallization catalysis is described.

Observations of thin film high field photocurrent saturation, post-threshold
localized field redistribution and acoustoelectric bunching-type noise are

diagnosed as characterizing inhomogeneous low gain rate surface wave noise

amplification processes.
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CHAPTER 1.

BACKGROUND TO THE RESEARCH.

1.1 INTRODUCTION,

Two proposals due to Kfﬁmer ay 2], the first (1958), that certéin énergy band
structural properties giving rise to a negative effective mass might be used
to obtain negative resistance effects in semioconducting crystals, and the
second (1959), that these effects might be employed in a practical device,
(the NEMAG), for amplifieation and generation, were important in that they
caused attention to be drawn to the then virtually unexplored device area &f

high field, differential negative resistance, bulk effects in solids.

Somewhat earlier, Voigt (1910) (3] had pointed out the contribution of internal
electric fields to the elastic stiffness of a piezoelectric medium. The
classiecal theory of wave propagation in piezoelectric media, which served to
emphasize this stiffening eoncept, was developed by Kyame (1949) [h], ( and
independently by Koga et.al. (1957) [5]) and extended by Meijer et.al.(1953) [6]

and Kyame (1954.) (7] to cover the case of piezoelectric semiconductors.

In a closely related field, Weinreich (1956) [8], extending investigations by
Parmenter (1953) [9] and others, was led to predict that the electronic
eontribution to acoustic attenuation in a non-piezoelectric conductor could

become negative if the eleetron drift velocity were to exceed thevelocity of

sound.

In 1960, Nine (10] reported the observation of photosensitive attenuation of



longitudinal and shear ultrasonic waves travelling respectively parsllel to

and normal to the hexagonal axis of single crytals of Cadmium Sulphide, but
failed to consider, as a possible mechanism piezoaecoustoelectric interactions.
Shortly afterwards Hutson (1960) [11], investigating an anomalous phonon drag
effect observed during thermoelectric power measurements in Zinc Oxzide,

meésured the electromechanical coupling constants of both CdS and Zn0. Bxtending
Kyame's work on wave propagation, he realized that piezoelectric coupling to
electrons could cause directionally dependent, relaxation type acoustic

dispersion and attenuation, quantitatively similar to that observed by Nines

Two fundamentally important discoveries emerged from a studys vnédertsken by
Hutson et.al, (1961) [121<of the photosensitive ultrasonic attenuation of CdS
as a function of the externally applied field. The first confirmed VWhite's
prediction that for electron drift velocities greater than the velocity of
sound, the sign of the acoustic attenuation reversed. The second showed,
somewhat surprisingly, that even in the absence of an input signal, if a
sufficiently long external d.c. drive pulse was applied to the crystal, a
growing acoustic flux could be detected by a transducer mounicd at the crystal

anode.,

Shortly after these experiments, following a proposal by A. Rose after careful
elimination of the alternative possibilities, Smith (1962) -19) concluded that
the current saturation observed to set in approximately 0.1/ scc after
application of a super-critical ( >1600 V/cm) voltage pulse to semiconducting
CdS and CdSe crystals, could best be attributed to the amplification of non-
injected hypersonic waves., Ifforts to detect these waves, however, proved
unsuccessful., Hﬁtson (1962) [14] proposed that this current saturation should

be regarded as a depletion of forward momentum of the electron stream (or as



an clectron flow counter to the direction of elecctron drift) as cnergy was
transferred to the growing acoustic flux in the crystal. Experimental
confirmation of this hypothesis was provided, for photosensitive CdS, by Wang
(1962) [15] in a series of measurements of acoustoclectric currents and fields

as a function of the applied drift fiecld.

Detecting the buildup of acoustic flux in uniform crystals of CdS using a
series of transducers mounted succcssively at the crystal anodes, icFec (1963) L16]
obtained strong correlation between current saturation and the builid-up of
acoustic flux in the systeng and provided additional confirmation of ¥hite's
(1962) (17] theory that in a current saturated condition, the entire crystal
could be regarded as a resonant cavity supporting standing cohercnt sound waves
(the loss suffered by the backward wave component reflected from the anode
being exceeded by the gain of the forward wave component). Current oscillations
observed during decay of the current from its ohmic to its saturated value were
attributed initially, and in many cases perhaps correctly, to the building of
such an acoustic standing wave system. However, in a sample oriented for
longitudinal wave amplification, current saturation was observed to sct in at
drift fields only one half as large o3 those required to give longitudinal wave
gain. Turthermore, thc period of oscillatory decay of the photocurrent from
its ohmic value was found to be both field dependent and longer than the round

trip transit time.

In several CdS crystals mounted in the conventional coherent wave zain
configuration, Kroger et.al. (1963) [18] reported the observation of an acoustic
wave propagating with an anomalously low velocity. The same {principal)

authors later observed, in apparently uniform samples of CdS, continuous

oscillations of period dependent, in addition to the crystal lenzth, upon such



parameter as the temperature, the electron density, and the volteg: anplied
to the crystal ~ Kroger et.al. (196L4) [19]. Both phenomena wore inturpreted
as involving the collective propagation of momentum by the phonon ficzld in

acoustically amplifying crystals.

The observations of Smith, McFec and Kroger et.al. triggered, cspeciolly in
the Japanesc schools, a considerablc accumulation of data conccerningz +the non-
ohmic and oscillatory high field bchaviour of piezoelectric scmiconducting and
scmi-insulating crystals. (Local irradiation of the latter was reported by

.
Okada and Matino (1963) [20]

to result in undamped coherent photocurrent
oscillations (Seec Chapter 4, section 7)). It gradually becamc apparent that

the inhomogencous nature of semi-insulating CdS crystals available for acousto-
electric high field studies in many cases contributed significantly to the
anomalies observed, and the critical evaluation,by progressively refincd

techniques, of matcrial homogeneity became a rcgular and essentisl featurc of

significant industrial and academic acoustoclectric research reporis.

In 1961, Ridley and Watkins (1961) [21] had proposed that bulk ne;ative
resistance could be obtained by heating carriers in a high mobility sub-band
with an clectric field, thereby inducing transfer to a higher encrsy, lower
mobility sub-band, In a second proposal f-:961 - [zzl)they had poinied out
that bulk nogative resistance could rosult from an increasc in the capture
cross sccetion of repulsive centres as a field heated the mobile :loctron
population. Ridley (1963) 123) later showed it to be thermodynsmically
favourablc for layer-likc ficld redistributions to form across thc body of

any semiconductor biasedto within a bulk, N shaped, ncgative rcsistance rangg.

Thesec rcscarches culminated in the obscrvation of high ficld rcgions (*domains™)



moving through bulk N-type negative resistance samples with velocities, c,
characterised by the mechanisms underlying the differential negative resistance *
which included:-

(1) for the slow domains (c <1cm/sec) observed in Cas [24],:h1Au
doped Ge 221 in gans [26) und in se [27), ctrective field
dependent l;‘gombina’cion .

(i1) for the acoustic domains (¢ 2 2 x 105cm/sec) observed in GaSb [28],
in Cdas [29], in GaAs [30] and in Te [31]; high gain rate acousto-
electric interaction.

(iii) for the rapid domains (c = 1O7cm/seo) observed in GaAs [32], in
DP{Bﬂ,inGmmP[yd,inIM&Eﬁd,inCMk[BHemdinZ£e[5ﬂ;

field induced redistribution of electrons over bands with different

effective masses and mobilities.

1.2 __ACOUSTOELECTRIC DIVICZE FABRICATIONe

The design of devices based upon electron-phonon interactions in plezoelectric
semiconductars is influenced, to a significant extent, by the technological

considerations of material quality, geometrical control and heat dissipation.

Crystals of Zn0, a material superior in many acoustoelectric aspects to CdS,

are virtually unobtainable. Commercially available CdS crystals are comparatively
expensive (2 £70/cm cube) and seldom exhibit the high degree of clectronic
uniformity essential for the unambiguous interpretation of high field

experimental results.

* Better "negative differential resistivity", since, as was pointed out by
Boér (1965), a negative differential resistance could be obscured by the

occurence of static layer-like inhomogenities in the specimen.
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Sophisticated tochniques,‘including diamond vheel cutting, mask:zd chemical
etching, air ebrasion, spark erosion and soft lap polishing, have, vhile time-
consuming and expensive, been successfully extended to achicve the regquired
degr:e of control over the geometry of CAS crystals, which are at once soft

and relatively brittle.

The potential application of piczoacoustoelectric effects to acoustic amplification
(Hutson ct.al. [12] (1961), Zabolotskaya ct.al. [57] (1967)) optical scanning,
visual display and the synthesis of complcx clcctronic functions by zcometrical

or electronic fieldprofile shaping ( Clumétson [38] (1967), Butler and

Sandbank (391 (1967)) is well cstablished. It has becn shown 4o be possible,

for examﬁle, to show up to twenty scparatc lcvels (created by ctching or plating)

Omm, This

4 [ secs through a length of

during a domain transit of
corrcsponds to approximately 107 bits per second, a rate entircly compatiblc
with present digital systems practice. Unfortunatcly, a bulk acoustoelcctric
domain devicc is not only incompatiblc with mass production tochnicucs, but is
also inhercntly restricted by thormal considcrations to a typical meximum of

ten domain transits per second [39].

Vapour cvaporation techniques are readily adeptable to mass produvction. In
contrast to bulk crystal machining, control of film geometry mey, by masking,
be achieved in the fabrication stage. Sincc thin film componcnts may both
rest upon thermally conducting dielcctric heat sinks and, if active, overate
at power levels considerably lower than cquivalent bulk devicss, it bocomes
imamediately apparent that thin film, surfacc acoustic wave, acoustoelectric’

devices hold many potential advantages over their bulk wave equivalents.

This study has, as its objcct, exploration of the feasibility of observing



it

acoustoelectric intcractions in vapour-deposited films of CdS, with o vicew to
the cventual exploitation of a family of thin film acoustoeleccturic dovices
directly analogous to the family of bulk acoustoelcctric devices currently

under development.

The study has been divided into two basic arcas, viz:-
(i) =a study of surface wave propagation in anistropic thin film structures.
(ii) a study of the preparation and high field behaviour of Cd% thin films.
Thesc areas arc dicussed in turn in the following chaptcers, and the final
chapter is concerncd with ~ review of the progress achieved, tosether with a

delineation of the principal areas for further investigation.



CHAPTER 2.

ULTRASONIC PROPAGATION IN THIMN PILMS.

2.1 INTRODUCTION,

40]

Lord Rayleigh [ s extending an earlier analysis by Lamb [hj], showed that
waves prodﬁoing retrograde elliptical particle displacements in the sagittal
plane could propagate over the plane surface of an isotropic elastic half-
space with a velocity slightly less than that of the familiar transverse body
waves. He deduced the nondispersive nature of propagation and found the
approximate shape of the displacement ellipse, Oldham [42] subsequently
identified as a wave of Rayleigh type the so-called third phase of seismic
disturbance. His acute observation that

"the rate of propagation is, in some way not worked out, a

function of the size of the wave"
preceded by over a decade Love's [43] analysis of dispersion in a layered
halfspace system, and by a quarte:r of a century, Stoneley's (44] short note
on the importance of the concept of group velocity in the analysis of pulse
propagation in dispersive layers. That

"energy trapping could take place at the surface of separation

of two media with similar surface wave velocities, giving

rise to an interface wave of Rayleigh type”

was first pointed out by Stoneley [45].

Further advances in the understanding of surface wave propagation over

monolayered elastically isotropic halfspaces are reviewcd by Ewing, Jardetsky



[ 46]

and Press Research directed towards the realization of microwave

circuit functions using surface waves is currently in progress in Britain

¥7]

under the supervision of E.A. Ash [

That certain anomalies in seismological records could be accounted for by

[48] (49]

continental anisotropy was proposed by Stoneley . Analyseé by Synge ’
Buchwald L 50, 511 and Buchwald and Davis [521 of Rayleigh-type wave propagation
over unlayered anisotropichalfspaces raise important questions concerning the
allowable directions and velocities of surface wave propagation with respect

to the crystallographic axes, which will be discussed in the following analysis,
since the materials of principle interest are elastically anisotropic.
2.2 TH® WAVE T(UATICN,

e . e fama sacrscwte e e

In a three dimensional Cartesian coordinatec system define the strain tensor as

-

= u u = = z 2.' .
S0 = 2,1 + My ) = 8y (k,1 = 1,2,3) (2.2.1)
o)
where 4 = a—Jgiuk:representing the displacement of a material point from
k,1 a?X]_
its mean position, coordinates X
Tor small strains, Hookes law
0..= 3. =%
ij T %1%kl T 20131:1(111{,1 *+ug y) (2.2.2)

relates the stress tensor Crij to the strain tensor, the elastic coefficients,
(stiffness constants) forming a tensor of fourth rank (piezoelectric and other
effects being disregarded). Thermodynamic arguments, coupled with the
criterion of positive definite strain energy, reduce from eighty-one to

twenty-one the maximum number of independent elastic coefficients required



=10

to specify completely the elastic behaviour of an ideal elastic medium through

the symmetry conditions

= = = 2.2.
%15kl T %3ik1 T Cigic T %k1ij (2.2.3)
Equation 2.2.2 may be differentiated with respect to distance to yield, in

the absence of body forces, the three relations

a0 -

ij = 4 $ [u ou
1= ey <.5,,.1§ L (2.2.4)
_ Ly
- R >3 vhich couple to constitute the well-known wave
~ it

cquation, in which p represents the material density.’

2,3 PLANE WAVE SOLUTIONS ‘T0 THE WAVD EQUATION.

%
To simplify subsequent analysis only those particular integrals of 2.2,I%
which describe the family of plane waves will be considered. Consider

solutions to 2.2.L of the form

W, = u£ + iuﬁ': ak.exp[ia)(ijj—t)] (2.3.1)

In general, the angular frequency, w, the amplitude goefficients, a0 and
the slownesses,s., may assume complex values. It is convenient here o
J

restrict @ to real values greater than zero. n. represents unit wave
k. J
normals (real). Note that s, = nj/v = Z% (where v represents the phase

velocity of wave propagation and k has its usual meaning),

(53] .

Lighthill's observation that plane waves are possible (in anisotropic
media) only if there is an energy supply transmitting energy parallel to

the wavefronts" limits the generality of the following analysis,



e

Substitution of 2.3.1 into 2.2.4 above gives a set of three homogeneous
linear equations which may be written in the form

[P 8 yp = ®pars %¢%s Tlaxl =0 (2.3.2)

where (ypr is the familiar Kronecker delta.

For the a to assume nontrivial values it is necessary and sufficient that

the Sj should inter-relate to satisfy the equation

det K, = O (2.3.3)
(Kpp =p pp = Coars SqSS) (2.3.4)

For cach set of values Sj satisfying 2.3.3 there exists a corresponding set
of three normalised amplitude coefficients

a, = ;% (24345)

given by 2.3.2. The constant of normaligzation,
f,is particular to that set, but may otherwise be arbitrarily selected, and in
a physical situation might possibly depend on the initial level of excitation

of a disturbance,

204  WAVE PROPAGATTION IN UNBOUNDED ANI3OTROPIC MEDIA.

Only concepts believed to be essential to the understanding of the subsequent

sections are included. The detailed topology of the phase surfames

introduced is discussed by Lighthill (>3] (%]

[55]

Musgrave .

, Duff and more briefly by

Note firstlysthat equations 2.2,2, 2.2.3 may be questioned on theoretical
(56, 57]

grounds » Secondly, that the classical theory of elasticity will not
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apply for wavelengths comparable with interatomic spacings, and thirdly, that
cases may occur where integrals of the wave equation other than those belonging

to the family of plane waves are of importance.

Admitting solely real elastic coefficients, Dquation 2.3.3 may be expanded to

yield a sixth order polynomial in S, with real coefficients bR

5 R
2 b.s =0 2.4.1
R=0 R ( )

if a point P(szs is arbitrarily chosen on

3)
the real plane OsZOs5 (Figure 2.1).

At an arbitrery angle g to Os,, draw a halfline on this plane through 0,:and

2,
consider the behaviour of the roots ¥ to 2.4.1 as P is led from the origin

along this halfline.

The roots S, for P at the origin are in general real and of the form

’ L4 2220

S; =% A;+M 5+ M « As P moves away from O the roots change continuously
(not necessarily symnetrically) until at some point L two roots coalesce to
become ccmplex conjugate. At two further, in general distinct, points('l‘1 Tz)
the remaining rpots coalesce succesgively to form a total of three complex
conjugate pairs of roots. Should P travel to infinity, the roots will continue

to occur in three complex conjugate pairs. Reversing the direction of the

halfline results merely in the reversal of the signs of the roots.

Other arbitrary choices of @ lead to the formation of curves in the plane
Os?Os3 defined by the loci of L T,l T,. The plane 052 Os3 may be rotated

with respect to the crystallographic axes, tracing out a surface 8 in real

space time, of the three sheets generated by the curves L T1 TZ'



FIGURE 21

FIGURE 22



Setting w = 1, (s = k) at each point Q of the curves L T, T, construct a
tangent (Figure 2.2). Then the loci of points B defined by the intersections
with these tangents of normals from the origin defines yet another surface W
of three sheets in real space time as 082 033 is rotated with respect to the

crystallographic axes.

If a source of excitation exists at 0, the surface W, representing the position
at time t = 1 of waves starting from O at t = 0, is known as the wave surface.
If Q is a point on the surfaceS , B the corresponding point on the wave

surface W, vector oq represents in direction and inverse magnitude the

velocity of waves observed at B emanating from O. Consequently, surface S is
known as the slowness or reciprocal velocity surface. Vector 0B represents

the group velocity of the wave motion observed at B emanating from O,
conSributions to which are made by all points Qi at which the outward normal

n is Parallel to OB. Clearly, in Figure 2.2,points 0, B and Q are generally
cdlinear only in the degenerate case of isotropy,when all sheets of S, and W

reduce to spheres concentric about O.

Real coefficients bq of the sextic Z2.4.1 arise from the restriction of Oijkl’

to real values., Complex coefficients b, may represent either an

32’ 33’ R.

attenuation mechanism, or, in the case of an ideally elastic medium, simultaneous
generation of a pair of travelling waves with negative complex conjugate
propagation constants. Spatial decrease in amplitude of the standing waves
thereby formed need not represent energy dissipation, since standing waves do

not represent energy transport [58]. Note that the roots of a sextic with
complex coefficients need not occur in complex conjugate pairs, neither

need there be an even distribution of positive and negative signs among their

imaginary parts.
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2.5 WAVE PROPAGATION IN BOUNDED ANISOTROPIC MEDIA.

(page 24)
Consider, in Figure 2.3, two parallel sided, homogeneous, infinite anisotropic
slabs in a three dimensional Cartesian coordinate system, firmly adherent in
the plane Xy = -h, their free faces bound by vacuum in +the planes X, = 0(slab I)

x, = -H(slab II). (Where necessary in the following arguments upper case
symbols, equivalent to the lower case symbols defined previously, will be used

in the case of slab II, the lower case symbols being retained for slab I).

It is required to examine the restrictions imposed by the boundary conditions
of zero normal stress on the faces %, = 0, Xy = -H; continuity of stress and

displacement along the interface X, = ~h;, on the coexistence of two wave systems

@, = 2, cxp iw(ij.— t) (a)

1Y J
U, =&, exp m(ijj- t) (b) (2.5.1)
Q@ = w; S £ Sy S2 = 8,; s, = S3)

propagating simultaneously in slabs I and II.

Restricting the elastic coefficients %o real values, arbitrarily assign 52 33
(real)inequations 2.5.1., Successive substitution of 2.5.1 into the wave
equation 2.2.4 gives two sets of three homogeneous linear equations identical
in form to 2.3.2. If the amplitude coefficients a.p Ap are to assume nontrivi-"
values, two equations equivalent in form to 2.3.3 must hold, and as S, 33 are

assigned, these may be expanded to yield two sixth order polynomials equivalent

to 241 viz:

bR = 0 (a)

2 .5.9

B oo

which may be solved for s, S Given the roots

1 74°



-] O

(), 5 (¥

S5 = m tl
u(t) o (t)

a)
(t,T = §..,6) (2.5.3)

’
b

TN

¥
one may.,by back substitution obtain.the

normalised amplitude coefficients corresponding to each root

(£) _ . (%) /(%)
Tk (e (2.5.4)
Dk(T) - (D/5(1) (v)
k
Defining sz(t) SZ(T) 853 sj(t) = SB(T) =s3; the displacements corresponding
to the wave motion are obtained by summation:-
t t
p = t-l r >dl(’ >€Xp[lw(s(t)x - ] (2.5.5)
U =3 F(T>D(T>“xp[lw(8(T) - t)]
P org
The corresponding stresses are
=i S t)
rlJ = lCt)tEl Claklf( d]it)S{t)eprlw(Sét’Xa-t>]
. o (o (2.5.6)
s T T T . T -\ T
%3 = e Cijle( )Dé >Sl exp[iw(83 7 x,-t) ]
Applying boundary conditions, and simplifying,
- - (t) s{Be(t) _
.faﬂxﬁm~o. IJMWES. f (a)
5 {
%l T,‘:-‘h‘;‘:Upi:,q:—-_‘.f-h' tz.:___lf\t)dl()t)CXp[1w< S\t)r) (‘b)
-5 F(T)DéT) exp[iw(—-s,(T)h)]‘ = 0
T= ( e (2.5.7)
. . = - N qu 4 _L(t) A
‘rlal;q._:_h._ :Lakxl_-h Claklt—l k5 expliw(-s, h) ] (o)
6
- Cijkl TilDl({T) Si(T>F(T)exp[iw(—S$T)h> ] =0
T =0: C 3 p(T) (T >F(T>exp[iw(-§?H)]‘ =0 (4)

sj]xl-—-—H_ 1jklopg x 1
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a set of twelve homogeneous linear equations in the twelve unknowns f( t)F(T)

which may be written in matrix form as

(Al [x1 =0 (2.5.8)

For the coexistence of the two wavesystems 2.5.1 it is necessary and sufficient

that nontrivial values f(t)F(T) exist, i.e, that (32,35, w h,H) be such that

4] = o (245.9)

2.6 GENERALIZED RAYLEIGH, STONELEY AND SEZAWA WAVES.

Surface waves may be defined as those waves which , When propagating in a
medium with a single or several plane parallel boundaries possess a propagation
vector parallel to this or these boundaries. A more convenient definition,

dué to Rayleigh and adopted for this arguement, defincs surface waves to be
those waves which, in the case of a semi-infinite medium, cause zero particle

displacement at infinite depth.

2.6(a): GENERALIZED RAYLZIGH WAVES.

In the analysis of the bimaterial slab, put h = + 0 (effectively eliminating
slab I7). In order that up may tend to zero as x ~ - o admit only those roots

(2.5.3(a)) of 2.5.2(a) which possess negative imaginary parts.

31“) - alt) (8 (t = 1,2,3) (2.6.(a).1)

Obtain the dk(t) corresponding to these roots by back substitution. The only
relevant boundary condition is that o7 jlx. =
=

o = O«
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t)(t ) (%)

ngkl 2 dk =0 (2.6(a).2)

()

For nontrivial f to exist it is necessary and sufficient that

det K = 0 (2.6(a).3)
- g (Mg (%) (2.6(a).4)

th lqrs T s

In order that generalized Rayleigh waves should exist in the system, it is

necessary and sufficient that 2.6(a).3 be satisfied.

2,6(b): GENERALIZED STONELEY WAVES.

In the analysis of the bimaterial slab, definé theé interface as x.

; = 0, and allow

the free boundary planes to extend to -oo, +00. In order that up may tend to
Zero as x —= +00, Up to zero as x - ~00, admit only thses three roots (2.5.3(&))
of 2.5.2(a) possessing positive imaginary parts, those three roots (2.5.3(b))
of 2.5.2(b) possessing negative imaginary parts. Evaluate by back substitution

the corresponding dk(t) Dk(T).

The boundary conditions become up‘x1 -0~ Up'x1 = 0’ U-ij|x1 =0 - 1jlx1 =0
giving 3
(a5 p(Mp(M_ g (o (2.6(1).1)
‘t:l T=1
3 p(8) (£) (%) 3 p(Dp(T) g (T)
Ciikl 2 £ 7ap 'sr¥=0,.., 3 p{TptTigiT)_ ¢
taEL S, k7L Toklp_y koL (b)

a set of six homogeneous linear equations

in six unknowns f(t) F(T).



For generalized Stoneley waves to exist in the system, it is necessary and

sufficient that 52 53 be found such that
det Ly;=0 (i = 14..6) (2.6(b).2)

where Lij is a 6x6 matrix, the elements of which are given by the coefficients

of the unknown f(t) F(T> in 2.6.(b) .1,

2.6(c): GENTRALIZED SEZAWA WAVES.

In the analysis of the bimaterial slab, put H = @@ and allow Up to tend to zero
as x,~* - by admitting only those roots (2.5.3(b)) of 2.5.2(b) which possess

negative imaginary parts

S1(T) - (D (D) (T = 1,2,3) (2.6(c).1)

Evaluate by back substitution the Dk dk corresponding to 2.6(c).1, 2.5.3(a).
That O’ij X = - = O is ensured by the initiel step in the argumoent. When the
remaining boundary conditions arc applied, the following nine homogeneous

linear equations in the nine unknowns f(t) F(E) (t=1.0.6 T = 1,2,3) are

obtained
Cljklgéidét>sét)f(t> =0 (a)
Y .
”TEIF(T>DéT>exp[iw(—ng)h)] =0
- Ciin : F(T)DéT)SiT)GXP[iw(-S;h)] =0

=L (2.6(c).2)
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from which the determinantal equation
det My, = O (2.6(c).3)

emerges directly as the characteristic

equation governing wave propagation in the system.

2o _ THE PHASE SURFACIS FOR BOUNDED MADIA,

K

It is required by the adopted definition of a surface wave that displacement
tends to zero as distance from the surface of the semi-infinite halfspace tends
to infinity. There exists, as a result of this definition, a lower limit to
the possible slowness of surface wave propagation, set by the occurrence of

real roots to the sextic 2.4.71 within the outer sheot of the slowness surface.

While it may be possible to find directions on the 052 Os, plane along which

3
real s, 33 values may satisfy the relevant characteristic equation, these
directions,at the present state of analysis,must be regarded as discrete. Only
in certain cases of elastic symmetry may the characteristic equations be

regarded as defining true surface wave slowness curves in real space time,

analogous to those defined in Chapter 2, Secction 4.

Since roots Sy to 2.4.1 generally possess, for permiséﬁble surface wave
velocities, finite real and imaginary parts, surface wave displacement
amplitudes will exhibit sinusoidal variation in addition to exponential decay
with depth, lie in a plane whose orientation varies with distance from the

free surface, and ocxhibit space dependent eccentricity.

The question of forbidden directions of propagation, discussed most recently

by Lim and Farnell (5] is apparently one of surface wave dcfinition. It
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would appear that the above analyses camnot be applied to any situation in
which the condition, that three and only three of the "halfspace" roots S1 to
24401 poOssess negative imaginary parts fails., If it is necessary, in order
to satisfy the boundary conditions, to enter such e situation, the Rayleigh
definition of surface wave propagétion will be violated, and within this
admittedly restrictive definition, one may then consider surface wave

propagation to be forbidden.

2.7(a): GENERALIZED RAYLEIGH WAVES.

Generalized Rayleigh waves on ideal elastic media do not, as may be inferred
by inspection of 2.6(a).3, exhibit dispersion. As is pointed out by Tseng [60]
and by Gazis and Wallis [6”, dispersion may however occur for surface vave
propagation over unlayered halfspaces for frequency ranges or situations in
which the classical analysis (as presented) ist;dequate.

The theory of the generalised Rayleigh wave is due largely to Synge [49’ 62],

I [
Buchwald L50, 51] and Buchwald and Davis [52].

2,7(b): GENERALIZED STONELEY WAVES,

Similarily, classical generalized Stoneley waves show no dispersion. In the
degenerate isotropic case the range of existence of these waves is severcly
limited by the inter-relationship of the elastic properties of the media forming the

(45, 63, 64)

interface » Consequently, generalized Stoneley waves are to be
expected only under highly specialized conditions, which have yet to be
extensively studied. Brief mention is mrde of the generalized Stoneley wave
in a study of reflexion and refraction at anisotropic interfaces duc to

[65],

Kusgrave
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2,7(c): GENERALIZED SEZAWA WAVES,

It follows by inspection from 2.6(c)+3 that dispersion in the monolayered
halfspace may be normalized with respect to layer thickness h, if wh is

employed as the frequency variable, The equation
M.,. = i " = o [ .
det JlJ 1(82,830) h) =0 (2.7 ¢).1)

is then characteristic to such frogments
of a surface S in real three dimensional SQ,SE;Q)h space as may be permitted,
by elastic symmetry and the Rayleigh definition of surface wave éxponential

decay, to exiat.

Consider a plane, P, in this space, normal to the plane Wh = 0, passing
through the origin O at an arbitrary mgle 6 to the plane s, = O. Assume the
elastic symmetry of the system to be such that the surface S 1s continuous
over its rangc of existence, in SZ,SB,Q)h space. Then the dispersion of wavos
with slowness vectors parallel to the intersection of P with wh = 0 is
characterized by the curves of interscotion of P with the surface S, general

properties of which may be deduced ag follows: -

Superimpose, in Figure 2.4, the inter.ections of the slovmess surfaces Sy 81
for the halfspacc and layer with the plane wh = 0.
(i) A lower limit to surfaca vave slowness is set, as is described
above, by the outer sheet of +the slowness curve for the halfspace (T)
(ii) In cases both of zero and infinite layer thickness +he analysis
of Chapter 2, sections 6(a) and 7(a) is appropriate. In order 4o
retain consistency with this analysis, the slovness of Sezawa

wave propagation will be forced in the low and high frequency limits
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to the slowness of zencralized Rayleigh waves on the substrate
and layer respectiveay.

(iii) The periodicity of the functions exp{i(-a)s1-h)] exp[i(—a)S1h)]
implics, at least in certain instances, the existence of an .
infinite number of eigenvalues wh satisfying the characteristic
é quation 2.6(c).3 within the range Ty = Ry of slowness. In
certain cases (e.z. isotropy) the roots 8, S1 of Equation 2.5.2
both become purely imaginary outside the outermost slowness curve,T_,
of Figure E;iéj, the functions exp[i(cus1h)] exp[i(—cuS1h)] loose

their periodicity, and the existence of an infinite number of

eigenvalues of wh,for a given slowness, can be expected to be

curtailed.

Eigenvalues Wh, where they exist,frequently occur in branches over the plane
P, coinciding with the curves of intersection of the surface S with the plane
P. Each branch characterises s mode of propagation of surface waves in the

system,

2,8 WAVE PROPAGATION IN UNBCUNDED PIEZOELECTRIC HMEDIA.

The foregoing discussion is based, in the main, upon geometrical arguements in
real space time for centrosymmetric anisotropic media. A total of twenty-one
of the thirty-two classes to which crystalline media may belong possess no
centre of symmetry and, as a result, exhibit piezoelectric effects. The
dyriamic behaviour of such media is governed by the piezoelectric equations of

(66 ]

state
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» E
T35 % %igk Sin T Cagx %k (a)
(2.8,1)
—e.. S. + €8 (b)
i 1jk "k ij 7 J

coupled with Haxwells equations,

Substitution of planc wave solutions into the above set of coupled equations
yields a set of five linear homogeneous equations. The five-by-five determinant
characteristic to thesc cquations is of fifth degrec in C;/a))z'

and may be used to define slowness, velocity and wave surfaces of five sheets

in space-time. Two shects of each surface characterize the well known
electromagnetic birefringence, the other three the acoustic trirefringence

of the medium under consideration. In general, for a piezoelectric medium,
acoustic.waves may be visualized as propagating with coupled electric fields,

electromagnetic waves as propagating with coupled acoustic vibrations.

The presence of mobile charge in a piezoelectric lattice presents, as was
. (7] s C . .
appreciated by Kyame s & potential mechanism for acoustic attenuation, and

forces dicussion of the phase surfaces intq coilplex space-time,

It will readily be eppreciated that any perturbation of the system of equations
2.6.1 is potentially capable of perturbing the dependent phase surfaces. That
the effect of carrier drift through a wide bandgap n-type, piezoelectric
semiconductor could, under certain conditions, so modify the shape of one or
more of the phase surface sheets in complex space-time as to cause the
electronic contribution to the attenuation of an ultrasonic wave to beocome

i 1 ,-:..
negative was pointed out by D.L. White L17] in a one dimensional analysis

based on Equation 2,8.1.

e

Mathematical approximations in White's analysis have been shown by Parsons [67]

to give rise to certain "anomalies" which do not directly concern this study.
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In summary, this well known analysis describes the perturbation of the
equilibrium carrier distribution in a piezoelectric semiconductor by a
classical, small amplitude plane wave, and, self consistently, shows how the
carrier distribution adjusts to the precence of the wave, White's principal
assumptions depend for their validity upon true linearity of the basic
differential equations of the system, upon mobile carriers being scattered
many times per acoustic vavelength, )~, i and upon the bound charge **
equilibrating with the conduction band in a time, t, short compared with the

time taken by one wavelength or bunch of acoustoelectrically produced space

charge to pass through & given point in the crystal,

Blements of White's theory may perhaps ‘best be explained with reference to the
rotating vector diagrems of Figure 2.5, d 1is the alternating current due to
perturbation of carriers, n is the alternating carrier density, and E is the
selfconsistent polarization field produced by the strain S in the piezoelectric
lattice. From conservation of energy srguments it follows that the acoustic
power lost to thé electrons is given by J.E = lJl IE] cos @ , Changes in the
externally applied field EDC can be shown to cause phase shifts in the systen,
In particular, the transition Va< V, to (e Vs ( where Vy = Bore Bpo v, =
velocity of sound) corresponds to a trensition of 0 from 0< 5'<%; to

-gk g < Ty causing Jeo% to become negative and power to be fed from the drifting

electron stream to the acoustic vave.

* i.e. that k1<< 1, where k = %?, and 1 is the electron mean free path

(given at room temperature in centimetres by Ioffe's approximation:-

« 1
1= 1075(2%)2p),
0]

Bound, or trapped, in the sense of not contributing to the d.c. conductivity.
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Discussion of acoustoelectric interactions in unbounded systems is resumed in
Chapter 4. Further discussion in this, and the following chapter is conducted

within White's three principal assumptions (small signal, k1<<1,wt<< 1),

2.9 ACOUSTOELECTRIC INTERACTIONS IN BOUNDED SYSTEMS.

The considerations of Chapter?2, section 7 may, indirectly, be applied to
surface waves propagating over semi-infinite, piezoelectric halfspaces.
Displacement is required to tend to zero as distance from the boundary tends

to infinity, directions of unattenuated propagation are discrete, and displace-
ments suffer complex exponential decay with depth. ~However, as in Chapter 2,
section 8, the analysis of propagation must be based on the complete set of
equations for the system (Bquations 2.8.1, coupled with Maxwell's equations
plus all the relevant boundary conditions), and must extend into complex

space time,

As was axiomatically assumed in the earlier sections of this chapter, particle
motions, and accordingly, nontrivial solutions to the equations of motion,

are confined to the boundsof the solid. However, the electromagnetic fields
assoclated with particle motions in piezoelectric media are not, and solutions

to the coupled set of equations must be sought in the entire space.

The external fields associated with surfoce waves propagating over piezoelectric
halfspaces decay with distance x from the free surface as exp[l3kx], where

v
B = (1—(v§)2)%, and k is the appropriate propagation constant (:27§Zh),
L

”

?Vs is the velocity of surface wave propagation, VL the velocity of light

i

in free space.
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Thus, while it is in principle feasible to utilize the interaction betwsen surface
wave external fields and a free electron beam to obtain amplification of
surface waves travelling over a piezoelectric halfspace (the Kaliski

(

68
amplifier }), a severe upper frequency limitation is encountered in

attempting to concentrate the bean sufficiently close to the (charging)

insulator.

Tvio variants of the Kaliski surface amplifier were proposed in order to
overcome this inherent difficulty. The first, partielly realized and analysed,

respectively, by Mayo of R.C.A, [69] (70]

and Gulyaev et.al. , permitted the
external field associated with piczoelectric halfspace waoves to interact with
carriers in a semiconductor located above the halfspace. The second, realized
and numerically analysed, respectively, by R.M. White et.al. (7] and Tseng [601,
rclied upon interaction between surface channeled carriers and the surface

wave fields internal to a photosensitive piezoelectric semiconducting

halfspace. While a number of "Second-generation" variants of these two

bounded acoustoelectric systems have been proposed by Savvinykh et.al. [72],
Pustovoit {73], Kaliski E7AJ, Solymar and Ash [75] and others, severe

difficulties imposed by the boundary conditions have confined explicit

analyses to restricted cases of limited validity.

The acoustoelestric variant of principal interest to this study - a CdS
monolayer of finite thickness, h, in firm contact with an effectively semi~

infinite insulating halfspace - is shown, schematically, in Figure 2.6.

Suppose, in a manner analogous to the foregoing analysis of generalized
Sezawa wave propagation (Chapter 2, sections 6 and 7), the slowness of a

postulated surface wave to be arbitrarily assigned in complex space ‘time, -



Then its physical existence in the model of Figure 2.6 will depend entirely
on its ability to simultaneously satisfy the boundary conditions of stress
and displacement continuity at the interface,freedom from normal stress at the
surface, and (approximately) continuity of normal electrical displacement and

tangential clectric field at both surface and interface.

The determinant characteristic to the set of linear equations constructed by
combining these boundary conditions with the eqﬁations of state and Maxwell's
equations (Equations 2.8.1) defines, by anology to Chapter 2, section 7(0), a
possibly infinitely degencrate surface in real normalized frequency, complex
space time which may, potentially, be perturbed by changes in the parameters
defining the system (charge density, carrier drift, mechanical forces).
Numerical exploration of this surface is undoubtedly feasible., However,
since current channelling, trapping and inhomogeneity effects prevent an
experimentél approach to any numerically tractable model, and since each
surface is particular to the conductivity, mobility, externally applied drift
field, and layer thickness of the model, the tedium involved in making such

an exploration cannot at present be justified.

The wide conceptual gap between the explicit analyses of acoustoelectric
coupling in effectively identical systems due to Kaliski on the one hand and
Tseng on the other (low and high frequency limits of the CdS-on-insulator
system) may however be bridged by physical arguments.. A numerical framework
essential to the formulation of such arguments is presented in the following

chapter,
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HAPTER 3.

e oy xamne:

NUMERICAL STUDIE: OF ULIRASCNIC PROPAGATION TIY THIN FILHS,

3.1 INTRODUCTION,

The first phese snd group velocity, sheer horizontol (Love), surface wave
dispersion characteristics ware manually calculated, using four and subsequently
seven figure tables, by Jeffreys in 1925. A decade later, having overcome
difficulties equivalent to the manual evaluation of shear horizontal
characteristics for a triple leyercd halfspace, the same author published

the first known curves for chear vertical (Bezawa) surface wave dispersion

(76, 771

over a monoleyered halfsnace svstein.
g

The advent of digital computation facilities led %o a relaxation in the
difficulties accompenying numericel treatment of clastic boundary value
problems. At the present state of the art, it is in principle possible,
using sophisticated technique:, to evoluate complete surface wave dispersion
characteristics for an infinite muuber of isotropic layers overlying an

isotropic helfspace,

Investigations concerning the influence of the basic strmctural parameters of an

isotropic, monolayered halfspace system on the dispersive characteristics of

-

. [78%
shear vertical (Sezawa) surface waves, duc to Mooney and Bolt “' -, are currently

being extended at University Collese, London, by D.P. tiorgan and T.A. Ash.

1 -
The theoretical work of Synge [19] and Stoneley [48] stimulated a large

number of numerical studies of surface wave propagation on crystallinc media.
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These studies were entirely restricted to the propagation of surface waves
i
over the symnetry planes of media of high elastic symnetry , and shed little

light on the important question of permitted directions of propagation.

The first programme capable of being applied to the study of surfacec wave
propagation in complex space time for an arbitrary choice of symmetry conditions
has recently been developed by Lim and Farnell (29, 19 ]. Their formulation

has already yielded information concerning the numerical structure of the
anomalously high velocity preudo-surface waves recently discovered on quartz [80]

[81]

and copper , and is currently being extended to the numerical study of

anisotropic interface (Stoneley) and monolaycred halfspace (Sezawa) waves.

Four significant departures from the classical plane wave treatment of
generalized Rayleigh waves should bricfly be mentioned. The first, due to
Gazis et.al., established a relationship between thc permitted directions of
surface waves and thc bounds of stability of the cubic crystal class.[sg] The
second, duc to Buchwald, avoided the adoption of plane vave solutions altogether
by applying Lighthill's Fourier integral method to the problem.[so] The third
due to Gazis and Wallis {61], demonstrated high frequency dispersion of
gencralized Rayleigh-type waves in unlayercd cubic crystals by applying
relevant boundary conditions to a Born-von Karman lattice model. And finally,
the fourth, due (independently) to Kaliski and Tseng, included the joint
effects of piezoelectricity and the presence of drifting charge on the
attenuation of surface waves travelling in simplified, mechanically non-

(74, 60]

dispersive systems.

until the pioneering investigations of high symmetry dircctions of [83]
propagation in & -quartz due to Ingebritsen and Tomning (July 1966) .
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Anderson numerically investigated the dispersion of shear vertical type
waves in plates for three solids exhibiting transverse isotropy. Schnitzler
of R.C.A. has recently published partial results of the first known numerical

analysis of a high symmetry anisotropic monolayered halfspace system ( <001>

oriented CdS on the <001> and < 011> faces of Ge). [85]

During the course of this study, partial rcsults of four investigations of
surface wave propagation over the principal planes of the only trigonal
medium studied to date, o -quartz, were published [59, 83, 86, 8ﬂ. Since no
mmerical information was available concerning surface wave propagation in the
anisotropic CdS-on~insulator monolayered halfspace system, thc following

studies were undertaken.

5+2  SURPACE WAVE DISPERSION IN CdS-0N-"ISOTROPIC" SUBSTRATE SYSTENS.

In monolayered systems possessing symaetry equal to, or higher than, transverse
isotropy (unique axis normal to the free surface), it may be shown that the
generalizéd Sezawa wave decomposes into two uncoupled parts, éharacterized
according to whether particle displacement takes place within (shear vertical,
Rayleigh) or normal to (shear horizontal, Love) the sagittal plane. The
dispersion of these two uncoupled component parts, may, nunerically, be treated

separately.

In this section, material anisotropy will bLe ignored, and fundamental dispersion
characterictics determined for a representative selection of CdS monolayered
isotropic substrate systems. The elastic parameters for the materials

considered are listed in Table 3.1  (M.K.S. units).

See footnote * on following page.



TABLE 3.1
MATERTAL LONGIT. WAVE VELOCITY SHEAR WAVE VELOCITY RIGIDITY MOD. RESEMBLES
Layer 1,362 x 10° 1,766 % 10° 1,50, x 100 cas
Substrate I 11,097 x 105 6.359 x 103 16.118 x 1010 Sapphire
Substrate IT 10.0  x 10° 485 x 107 6.5 x10'°  Beryl
Substrate III 7.28 x 103 Le6 x 103 6.63 x 1010 Apatite
Substrate IV 5.968 x ‘IO3 3.764 x ‘IO3 3.12 x 1010 Silica
Substrate V 5.640 x '103 34280 x ‘IO3 2.5 x 1010 Pyrex
Substrate VI 5,100 x 10° 2,810 x 107 1.81 x10'°  Crown Glass
Substrate VII 3.980 x 103 2830 x ‘IO3 2,18 x ‘IO10 Flint Glass

.« 3.2(2)SHEAR HORIZONTAL WAVES IN MONOLAYERED ISOTROPIC SYSTEMS.

Simple harmonic, horizontally polarized, plane waves satisfy the monolayered
halfspace boundary conditions of zero normal stress at the free surface, stress

and displacement continuity a’c the interface if

l - Koo
tan (y kH) = Ez 3.2(a) 1
P‘; , .

= —_,~1, k is the propagation constant,

|
H the layer thickness, ¢ the phase velocity of surface wave propagation; pis

In transversely isotropic systems, the modulus ), resembles the isotropic
rigidity modulus for shear vertical surface wave motion, whereas the
corresponding modulus for shear horizontal wave motion is #( Cyy - 012)‘. A
second order inconsistency between the data presented for shear horizontal and

shear vertical dispersion in a trucly transversely isotropic system may exist

“%  Reference [46], pages 209-210.



the rigidty modulus and f the velocity of shear wave propagation. The

subscripts 1 and 2 refer, rcspectively, to the monolayer and the halfspace.

No relevant solutions to this equation exist if ﬁ:? < B1. Real roots kH
occur for 131 <ec < ﬂ2. For fixed c, the ecxistance of a multiplicity of roots
kH is implied by the repetitive nature of the "tan" function. Varying c over
the permitted range B1< c <132, roots ki occur in an infinity of branches,
each branch corresponding to a different mode of propagation in the system.

It is easily shown that the different modes correspond to differing numbers

*
of nodal planes within the layer .

A simple programme for the solution of Bquation 3.2(a).1 was written in Atlas

Autocode and processed on the Edinburgh Regional Computing Centre KDF9 computer
for a CdS layer lying on each of the seven listed substrate materials. Results
for the fundamental mode of propagation (no nodal plene) are given, graphically,

in Figure 3.1(a).

It should be noted that similar results may be obtained from the nomograms

published by Sato [88].

3.2(b) SHEAR VERTICAL VAVES IN HMONOLAYSRED ISOTROPIC SYSTHIS.

By applying criteria of non-destructive travelling wave interference and
total internal reflection to acoustic ray propagation in a monolayered system,
Tolstoy and Usdin [85] were able, without formulating the question as a
boundary valuc problem of the wave equation, o derive the following explicit

characteristic equation for vertically polarized wave propagation:

* Reference [ 46], pages 209-210.
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CA = cos [(r +s8) H - €] - AT cos [(r-s) H- €] (3.2(p).1)

A, C are the longitudinal-longitudinal and shear-longitudinal free surface
reflection coefficients; T A are moduli of the longitudinal-longitudinal
and longitudinal-shear interface reflection coefficients; (€ +¢), -¢ are

the corresponding changes in phase suffered upon total reflection from the inter-

2 A4 2 1
face, r = k(%g - 1)% and s = k(%lz - 1)%. k, ¢, H and B, are defined as in
1

Equation 3e2(a) et a1 is the velocity of bulk longitudinal wave propagation

in the layer.

A short programme for the location of roots to this equation in the ¢ - kH plane
was evaluated on the Glasgow University KDF9 computer. It emerged that th-
programme was competent for root seeking only in the range 8 2:>c >(x1. (For

C<Qy, T becomes imaginary, corresponding to the fact that longitudinal waves

in the layer cammot have phase velocities less than ™).

[ 90]

Access to a complementary programme, written by Hadi , based on an isotropic
boundary value formulation, and competent for root seeking only in the rans~
c<a,, was kindly provided by Professor E.A. Ash, and a complete picture of

dispersion in monolayered halfspace systems emerged.

Hadi's programme was subsequently upgraded by D.P. Morgan and again kindly
made available. Complete correspondence between the independcnt numerical
computations of Morgan and Mooney and Bolt [78] made an upgrading of the

Tolstoy KDF9 programme unnecessary.

Shear vertical fundamental dispersion curves for an isotropic CdS layer firmly
adhering to each of the seven listed substrate materials are given in Figurse

3.1(b). Phase and group velocity dispersion curves for two cases of particular
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interest (CdS-on-Sapphire, CdS-on-Silica) are given in Figures 3.2 and -3.3.

An approximate surface particle amplitude ratio curve for the fundamental

mode in CdS-on-Sapphire, interpolated from data published by Mooney and Bolt [78]
is given in Figure 3.3. For detailed interpretation of this curve, the reader
is referred both to the original reference and to the discussion in section 7

of this chapter.

3.3 DISCUSSION,

Note, in Pigure 3,1, firstly that systems are strongly dispersive (fundamental
mode) for wavelengths comparable with the layer thickness, and secondly, that
dispersion of the fundamental shear vertical (shear horizontal) mode takes

place between the Rayleigh (bulk shear wave) velocities of substrate and layer.

In the casé of the higher modes, both shear vertical and shear horizontal curves
exhibit:.. low frequency cut-off at a phase velocity equal to the velocity of
transverse waves in the substrate. This cut-off efrect may be traced through
Figure 2.4 to the occurence of real roots to the sextic polynomial 2.4.1 for(:ﬁ%
forbidding, within the adopted definition of a surface wave, exponential decay
of displacement with depth. Attempted higher modc excitation with a sub-cut-
off frequency will probably, within a few wavelengths, result in energy
conversion into halfspace bulk and lower order mode surface waves. Under

normal circumstances no high frequency cut-off is experienced, the higher

mode phase velocities tending to the propagation velocity of shear waves in +

the layer,

These observations are in accordance with the established results of Mooney

and Bolt [78] and others. Note however that they pertain only to the degenerate

~
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isotropic case. No account has been taken of the anisotropy inherent in
crystalline media which may, within the adopted requirement of exponential

decay with depth, threaten the very existence of surface waves in the system.

Effects which might be overlooked in directly applying conclusions derived
from a study of the "equivalent isotropic" monolayered system to an anisotropic
layer overlying an anisotropic halfspace are listed below:-

(1) For propagation parallel to forbidden ¢ directions of either layer
or halfspace generalized Rayleigh wave propagation "anomalous"
cut-offs may be experienced. Schnitzler's analysis [85]) of the
<001>CdS layered <001> and <0113 faces of Ge provides an
interesting example of this predicted phenomenon.

(ii) Dissociation of Love and Rayleigh components of the generalized

| Sezawa wave may occur with changes in frequency.

(iii) Higher modes may be considerably modified. In particular, notice
that roots 31, to Equation 2.2.. possegé in general finite real
and imaginary parts outside the outer-gggg;;g;e-slowness sheet.

The periodicity of the function exp[i@4v§1h)] in Equations 2.6(0);3
will pefsist in this region, and the higher modes will no longer
necessarily tend at high frequencies to the shear wave velooity of
the layer.

(iv) The energy propagation vector is not in general colinear with the

surfaoce wave velocity vector. Since dispersion is concerned with

a frequency dependent transition of the "centre of gravity" of

® The precise physical meaning of a forbidden direction is currently a

matter for debate. See Chapter 2, section 6, and the analyses of Lim and
Farnell [59].
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energy from substrate to layer, or vice versa, a situation is
accessable in which the direction of energy propagation may be
frequency dependent.
(v) Pscudo-surface wave dispersion may well occur in an anisotropic

monolayered halfspace systen.

If isotropically derived dispersion ourwes are to be applied with any confidence

to an experimental system employing an anisotropic material as substrate (e.g. CaS-

on-Sapphire), it is mandatory so to orient the crystal cut as to permit quasi-

isotropic surface wave propagation over the halfspace,

2ek4  NUMERICAL ANALYSIS OF ANISOTROPIC SURFACE WAVE PROPAGATION,

The analytical sequence set out in Chapter 2, section 5 was applied directly
to the numerical analysis of surface wave propagation over the unlayered
principal planes of sapphire and & -quartz. The programme employed was
designed on a modular basis capable of extension to the analysis of any plane
wave variant of the general anisotropic plate problem. Since the analytical
sequence in Chapter 2, section 5 is selfexplanatory, no flow diagram will be
given. The following remarks are confined to the general structure of the

routines.

Zeros of o high degree polynomial such as Equation 2.4.1 are notoriously sensitive
to slight changes in the coefficients bR' Analogue methods of coefficient
evaluation (e.z. Lagrangian interpolation) are consequently of little use, and
brute force Cramer expansion of the wave equation determinant must be resorted

to. The resulting ten digit coefficient accuracy did not, in the cases

examined, give risec to apparently rounding errors in the remainder of the
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programme., It should, in this context, be pointed out that patholoxical cascs
might arise in which the phase surfaces arc so sensitive to small changer in
the input data (i.e. clastic coefficients and material density) as to be poorly
defined by the accuracy of currently available experimental techniques. Any

attempt at precise numerical analysis of such pathological surfaccs should

toke this factor, in general outside the control of the analyst, into account.

In the ceses exemined, Dairstow's process was found to rapidly converge onto

the zeros of the sextic cheracteristic polynomial 2.L4.1. In cases where 2.4.1
assuned & bicubic form, Tartaglia's method was adopted in order to avoid

rounding crrors accumulating from the successive use of Bairstow's process and an

approximate complex number squere root finding routine.

A rough search and plot routine at fixed intervals of slovwness was used 1o
)

locate chenges of =ign in the real and imaginary parts of the determinent
charzcteristic fo unloyered halfspace propagation (Fquation 2,6(a).3) A ffalse
root” pivotal condensation technique, which may best be described graphically

(Fignre 3.3), then ropidly converged onto the required root.

Programuing wes severcly hampered by the absence of complez number facilities
in the available compiler. It was found to be valid to regerd the 001 plane
of sapphire as effectively clastically isotropic with respect to surface
wave propagation. The predicted "anomalies” in Sezawa wave dispersion
introduced by system anisotropy were accordingly decmed to be of secondary
interest to the experimental investigation, and analysis of the anisotropic

b3

monolayered halfspace, wes not pursued at any length.

J

impeded by unreliable evaluation of the required nine-by-nine complex determinant.
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3.5 BURPACT VAVZ PROPAGATION OVER THY PRINCIPAL PLANES OF QUARTZ AND SAPPHIRE.

For clerity of presentation, only solected sections of the curves of inter-
section of generalized Rayleigh wave slovness cylinders vith the principal
planes of quartz and sapphire are plotted. (Figures 3.4, 3.5 and 3.6).

Complete curves of intersection may be obtained from these plots by oppealing

to the elastic symmetry of the trigonal cryatal system.,

Curves for propagation over the (001> planc of both quartz and sapphire are

in substantial agreement with the results of Lim and Farnell *. The curve

for propagation over the <010) plane of quartz is also confirmed by the results
of these workers. Zxperimental verification of the curve for propagation
over the <100} plahe of quartz is provided, in part, by Verevkina et.al. [87]
Numerical results for propagation over the (100> and (010 planes of

sapphire, and for propagation over the (€100? plane of quartz have been

communicated, for verification, to Lim and Farnell.

The question of "forbidden’ directions of propagation is of direct concern to
this study only in so far as it affects surface wave acoustoelectric inter-
'actions in vepour deposited CdS thin films. Such directions (numeriéally
characterized by the spparent absence of zeros to the charaéteristic determinant
(2.58(a).3) outside the outer bulk wave slovmess sheet) have been shown by Lim
and Farnell to be associated with deep, and even infinite penetration of surface
wave energy into the halfspace. Since no difficulties were expericnced in

root sezking on the crystallographic plane of principel experimental interest

*

Input paremeters were obtained from data published im [91]) and [167]

*%  Personal communication.
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(<001> plane of sapphire), the numerical structure of surfacc wave propagation

¥
along such forbidden directions as were located, was not pursued at length.

347  SURFACY WAVE ACOUSTONLECTRIC COUPLING.

3,701  SYSTEM SPECIFICATION.

In an experimental situation the boundary conditions and the contiuum theory
of elasticity, on which the foregoing analyses were based, become open to
question, on grounds of surface roughness and crystallite aggloueration, for
£ilm thicknesses less the 1000 & and for frequencies greater than 10" rad./sec.

Subsequent discussion must, accordingly, be confined within these limits,

A rigorous general discussion of bounded acoustoclactric interactions,
appliceble to all possible substrate variants of the CdS-on-Substrate systen,
is attended by severe analytical, numericcl and experimental difficulties.
Since the only variant of direct concern is that which optimizes thermal
dissipation and the probability of growing high mobility CdS thin films, the
physical properties of the seven representative substrates (Chapter 3, section

2) should be considered in som: detail.

Silica and @ quartz possess coefficients of expansion incompativle with CdS,
and are therefore liable, during the thermal treatments involved in the growth

of high mobility films, to perturbd both the interfacial boundary conditions.

E.g. along the ¥ axis on the <001 > plane of O quartz, at 300 to the
positive Z axis on the <100> plane of & quartz, and along the X axis
on <010> planes of both @& quartz and sapphire.
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and the assumption of zero body forccs. Films grown on these two materials
are, in addition, liable %o seek a minimua energy configuration through the
creation of electronically important structural defects. The external fields
aspvociated with surface waves in O quartz offer potential surface wave
electromechenicel coupling advantages which must however be weighed against

poor thermal conductivity and the hazards associated with surface wave

anisotropy.

The chemical and mechanical stebility of the three glasses (pyrex, crown and
£1lint) cannot be guaranteed at post-evaporation heat treatment temperatures
in excess of 600°C (Chapter 5, section 5). Since glesses are emorphous, the
possibility of epitaxial CdS thin film growth does not exist. Finally, the
linear expansion coefficicnt match betwecn CAS and pyrex must be weighed

against the relatively poor thermal conductivity of the latter.

Beryl end apatite are not readily available in substrate form and, accordingly,

need not be considered further.

The properties of sapphire descrve destailed consideration. A chemically stable s
extremely hard, high dielectric strength materisl, scpphire shows low

absorption with resjpect to Gilz ultrasonic bulk waves, is readily available in
synthetic form, and may be polished to the tolerances neccssary for the

boundary conditions (Chapter 2, section 5) to hold over the frequency range

of interest. It combines a relatively hizh thermal conductivity with a
coefficient of expansion closely matched to that of Cd4. The <001> plane

is both practically isotropic for surfice wove pronagation and well suited to
the < 001> epitaxial deposition of CdS monolayers, the system thereby formed

combining approximate transverse isotropy with a hizh degree of surfasce wave
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dispersion. Synthetic sapphire therefore forms an ideol substrate edium for

acouscoelectric studies in CdS thin films.

1

The variant of Cd3-on- <001> oricnted sapphire iz accordingly adopted for

discussion in the followinz subsections.

3:7.% . PIEFOFLICTRIC ACTTVITY OF SURPACY WAVE. T GdS-ON-SAPPHIRT,

The wurtzite (hexagonal Cad3) structure consists of two interpencetrating close-
packed hexagonal lattices, one of Cd (shaded) atoms and the other of § (unshaded)
atoms. In the unstrained state esch CA(S) ntom lies at the centre of a

rejular tetrahedron of $(Cd) atoms, charges associated with the two hexagonal
lattices are fully compenseted, end the structure possesres no dipolc moment.

The piezoclectric activity of the material may be visualized as originating

in mechenical separation of the centres of positive and negative cherze (Figure 3.7A)
Components of the piezoelectric polarization vector (Pq, Pz, PB) are related
to the strain tensor through the second equation of state 2.G.1.
P1 = G,]S 315
P, =ey55,, (3.7.2.1)
P3=831 ",H+ S +(‘53333

Vapour deposited CdS crystallites tend (see Chapter 5, section 6) to possess
a unique, onc degree, "c" oxis orientation normal to the plane of even an

.

amorphous substrate. By direct substitution of the Cd% piezoelectric constant
N . . s . 1 .
matrix into the system of transformation equations given by Cady [9 ], it

may readily be shown that the piezoelectric properties of the film as a whole
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The principal source of acoustoelectric coupling in CdS lies in the piezo-
electric polarization fields associated with lattice strain, vhich, in effcct,
modulate the carrier population to produce moving enhancement ("-") and
depletion regions ("+"). For bulk wave propagation through CdS it is evident
that the carrier drift will be seriously pcrturbed only by those strain waves
which cause polarization in a direction coincident with the direction of

. . . oo 192 ] . .
propagation (Figure 3.75 after McFee ). Once a transverse field system
has been set up in the crystal, small depletion rcgions at the widely separated
bounderies will play no significent part in transport through the crystal
(Figure 3.7C). TFor convenience, bulk strain woves producing longitudinal and
transverse piezoelectric polarization fields heve, respectively, been

designated as piezoelectrically active and inactive.

Notice, in contrast to the bullk case, thot over the dispersive frequency range,
the plane boundaries of & thin film are not widely separcrted (Fisures 3.7D and
3,78). Depletion and enhancement regions produced by transverse piezoclectric
polarization fields may conceivibly occup:s a substantial proportion of the
totel film thickness and may thercefore play a significant part in transport
along the film. The distinction usually dren betwoen active and inactive

i
bulk waves has, therefore, no direct analogy in & thin film situation.

e led _ "IRANSVERSELY ISOTROPICH CdS—ON—SAPPHIRE_QLOW’ANQ.HIGHQ§3EQEE§Q{4QQ££§§Z,

In the normzlized high frequency limit, the acoustoclectric coupling problen

*  The acoustoelectric inactivity of shear horizontal (Love) waves in the

system under consideration stems from the total absence of associlonted

piczoelectric polarization fields.
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under consideration may be shown to degenerate to one of Rayleigh wave
propagation over the basal plane of single crystal CdS. If current channelin;
effects are of no consequence, the recent analysis of this variant of the

(60]

Kaliski amplifier, due to Tseng , may be directly adonted.

Under a given set of conditions (conductivity, drift mobility, applied field,
frequency), the surface wave propagation constant may be accurately determined only
by machine computation, Under certain favourable circumstances, the following

explicit approximations may however be derived:-

2 Y (Way W
Vg= <f.e,ii>% L Keer, Y il “% (a)
I \ 2 ¥+ (Yo +@ )2

2
X = Keff QC

¥
2 R ¥ @ ) (®)
w " wp

Cepr = VE, A(= 1.403 x 10'° N/m® for cas) (c)
V2
Ksz = _R -1 (= 0.0292 for cds) (a)
2
'R0 V2 4B
q H“AE
T €
Go = T =¥ =1 -
kT, R o
l‘l’ (3.7._3.1) i
VR’ VRO are the CdS basal plane Rayleigh

wave velocities in:the presence, and obsence, of piezoelectric stiffening
(1.7306 Kn/sec, 1.705 Km/sec).
[40]

By considering complex roots to Lord Royleigh's original expression for
propagation over an isotropic halfspace, it may be shown [95] that the Rayleigh
wave attemuation factor per WaVelength.(‘yn) is approximately related to

longitudinal ( o) and transverse ( B') wave attemuation factors by the

linear equation

y' =’ + (1 -24) g (3.7.3.2)

%  Equations 113, 114 and 115 of reference 60.



where A is a function only of the Poisson ratio, ¢ , and is given by

2
A= lgl_w%l_—:.gd%num.‘.im,, (3.7'303)
c(3c - 1627 - 160 + 21)

V

where b = ( 12198 £ Cas) and
V. Lo 35 2

YR, 1.705 L
C = V: (: Tﬁzg for Cdb).

Substitution of the bulk wevc acoustoclectric attenuation foctors derived by

White into 3.7.3.2 yields ‘
Y= A (K- K2 )) e (3.7.3.4)

¥v? +(wc+°" )2
where K12 and Kt are, rcspectively

longitudinal and transverse wave coupling constants.

For propagation over the basal plane of CaS KL = 0 and Ktz = 0.035. Tor CdS,

A = 0.021, Thus an effective Rayleigh wave coupling constant of

K2=K2+A(Kl - K,

2
r t )

= 0.0245 (347.3.5)

nay be predicted. The origin of the
apparent disparity between this figure and that predicted by Tseng (0.0292)
may be sought both in the approximate naturs of Equation 3.7.3.2 and in the
liberties taken with rigor in applying this equation to an acoustoelectrically
complex situation. It is however of' interest +to note that a similar rule-of-
thumb calculation for surface wave propagation normel to the basal plane leads
to the prediction of & surface wave coupling constent of the order of only

% of the analogous bulk longitudinal wave coupling constant.

One example of the many "peculiarities® which attend surface wave amplification

in the CdS-on-Substrate system should perhaps briefly be mentioned, prior to
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discussing amplification in the ultra-low normalized frequency limit. The
complex mechanicnl properties of CdS are sensitive to changes in both drift
field and illumination level., Both "external®™ influences induce changes in

the complex coefficicnts of the CdS wave propagation sextic polynomial 2.4.1
vhich in turn induce changes in the structure of the roots to this polynomial.
Consider the guestion of amplification along a permitted direction of propagation.
A change in drift field could conceivably result in an unfavourable
redistribution of positive and negative signs among the imaginary parts of the
roots to Equation 2.4.1, causing this previously permitted direction to

become forbidden. While the question of enerzy flow along forbidden directions
has yet to be cxamined in detail, it is conceivable that the drastic change
caused by a simple alteration of drift field could ceuse surface wave encrgy

to be pumped into the substrate through surface wave-bulk wave coupling. The
resultont amplification anomaly could either be reversed or compounded simply

by altering the level of illumination.

In the low normalized frequency limit, thé analysis of coupling in the CdS-on-
Sapphire variant degenerates into equivalence with Kaliski's analysis of
ultrasonic surface wave amplification in non-piezoelectric dielectrics hy
means of currents flowing in ultra thin piezoelectric semiconducting boﬁndary

[ 94 1

layers

The problem was formulated by Kaliski in terms of an isotropic Rayleizh wave-
type wove propagation model. To facilitate analysis, channcling effocts, fields
xternal to the piezo-semiconductor, and transversal piezocoupling effects

were specifically excluded, and only longitudinal strains of the layer were

considered. An explicit solution to the resulting set of equations was
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obtained using perturbation techniques. :

The derived approximate Rayleigh-type surface wave amplification coefficient
differs qualitatively from the onalogous expression derived by Tseng (3.7.3.1(p))
only in so far as amplification is found to be an increasing function of the
layer thickness, Considering as a numerical example the amplification of

15 Mz surface waves in ultra thin CdS-on-Silica {(h = 0.5 microns; O = 103S2 an),
Kaliski predicted an available sain rate of 1.6 dB/cm, which compares

fqvourably with the 21 dB/cm, 8 MHz and 20 dB/cn, 30 MHz Rayleigh wave gain

rates observed on the basal plane of 10h‘ﬂ cm single crystal CdS by R.i. White

et.al. (7] and Vaskova et.nl. L9 ].

A wide conceptual gap exists between, on thz one hand, the non-rigorous
perturbation analysis of Kaliski and, on the other, the numerical analysis of
T'seng. Formidable difficulties are attendant on tho rigorous analysis of
acoustoelectric intersction in the intervening normalized frequency range of
waveguide dispersion. The following subsection is concerned with “nteraction

in this mathematically “forbidden" frequency range.

Sefel  DISPERSIVE ACU I STORLECTRIC COUPLING IN CdS-ON-SAPPHIRE.

Physical insight into the dispersive character of acoustoelectric Sezawa wave
coupling iﬁ CdS-on-Sapphire may be obtained by physically correlafing Tolstoy
and Usdin's concept of critical angle refleetion, non-destructive travelling-
wave-interference Sezaws wave dispersion, and the surfoce particle displacement

emplitude ratio dispersion characteristics published by Mooney and Bolt (Figurc 3.28)

®  For analytical details the reader is referred to the original publication.



Two critical points (A and B in Figurc 3.2B-) » ey be located on the dispersion

curves.,

These points corrcspond to surface weve phase velocities at which the

(&4
angles of incidence of the longitudinal ( @ = sin I /c) and transverse

. =1 . .
( ¥= sin Ai /c) components of the travelling wave interference systen

become criticel.

Require the power density of the fundemental mode to remain constant throughout

the followinz discussion. At point A, ¢ = Cys B=35, Y= sin” ' ( B, /c 1),

and for the fundamentel mode wh = 3500. A% point B, ¢ = By, 0 is imaginary,

Y = -;—T and @B £ 7600. Thus when:-

o4

i

C<ﬁl.

c=F)

.>°>5L

5 Wh >7600: both Y and 6 arc imaginary, the free surfece
boundary conditions dominate surface waye propagation, and
Tseng's [ &] acoustoelectric coupling analysis may be applicd
with confidence to the systen.

5 Wh = 75800 Y = %; ond € is imaginary, the surface wave can
be visualized as a vertically polarized, non-destructive
interference system pfopcgating normal to the "¢ axis of the
Ca film, Wwhile ccoustoelectric coupling mizht well bo expected
to show an increase over Tseng's case, it should be emphasized
that the analogy to the couplinz of transverse body waves
propagating over the basel plane of single crystal CdS is
incomplete. The discrepancy is illustrated by the correcsponding

non-zero surface particle amplitude ratio.

3 7606 > wh > 3500: 'g > Y > sin—1('31 /c) and 0 remains

imaginery, the travelling wave non-destructive interference
pattern becomes more complicated as c increases, Y decreases.

Acoustoelectric surface wave coupling, which depends upon the
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resultant piezoelectric polarization fields, becomes difficult
to predict without specific numerical information. The nett
effect of a decrease in W h is a small increase in the vertical
excursion of the surfece particles, which implies a possible
increase in coupling.

c=Cy; ®h = 3500: y = sin-1( /3‘/0) and 6 = X | longitudinal waves

[\

propagating parallel to the interfacial plane are , for the first
time, able to play an active part in the travelling interference
pattern. Available energy must now be shered between both
longitudinal and shear wave components of the system., ‘[his
sharing process appears to be mirrored, at the surface, in an
abrupt increase in th: amplitude of horizontal displacement at
the expensc of vertical displecement. Since longitudinal bulk
waves are piezoelectrically inactive when propagating normal to

to the "o axis o:

O

single crystal CdS, it would seem rceasonable
to expect an abrupt decrease in surface wave coupling over this
range.
By>c>c 5 3500 > wh > 0: Y = sin”| ﬁ'/c and g >8> gin C:l/c:, the
"centre of gravity' of surface wave energy sinks, as wh decreases,
deeper into the substrate, and the system tendn to the model of
surface wave acoustoeléctric interaction investigated by Kaliski.
Increase in the vertical cxcursion of the surfrce at the expense

of the horizontal eppears to imply a gradual restoration of

acoustoelectric couplin:.

In the absence of trapping, the acoustoelectric current caused by depletion of

the forward momentum of an electron stream as energy is transferred to a
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St

growing bulk flux wave (frequency w , phase velocity vs) may bo written

We €° g% ( Y )

J = —u. = ey 3.7.4.1.)
o7 MaTe BN (T

a

Over simplifying an extremely complicated situation, it secems reasonable to
assume a linear relationship between the "piezoelectric effentiveness” of a
strain amplitude S1 of given normalized frequency in a CdS-on-Sapphire system

and the corresponding ratio of vertical (uv) to horizontal (uH) surface particle

Yigouy
displacement amplitude. One might, without any =i , write, for the CdS-on-
Sapphire system
uv 2
it {1 A . _.’, .
Jae - (uh) Jae (3e7ek.2 )

The following points,(which hold irrespective of the precise form of the above
equation) are illustrated by a study of "Jae" as a function of externally
applied field, frequency, and conductivity, in a postulated CdS-on-Sapphire
thin film of fixed thickness (0.254) and mobility (100 cmZ/V sec) (see Figure

3.8)t~

1
(i) The normelized frequency of maximum gain,(a)c G’D)z h,(Chapter i,
section 6) strongly influences the form of the fundamental sheet
surtace

of the acoustoeclectric current, for a bounded system.

(ii) The zcro acoustoelectric geain condition, “Jae" = 0, exhibits a
field dependencelwhich roflects the dispersive characteristics of
the bounded system.,

(iii) The power spectral purity (and hence dynamics) of acoustoelectric

domains (Chapter L) formed in the system will be dictated by the

shape of the peaks of acoustoelectric gain.

*  See Chapter 4, section 2.
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(iv) Under certain conditions, high field current saturation effects
characteristic of acoustoelectric interaction may exhibit photo-
sensitive multiple "knee” structures reflecting the photosensitive

topology of the acoustoelectric current surface.

3,8 CONCLUSIONS.

It has been shown by numerical analysis to be a valid approximation to regard
an <001 > oriented hexagonal CdS monolayered <001 > oriented sapphire half-
space system as mechanically isotropic. Dispersion characteristics for surface
wave propagation in such a system have been obtained, and the dispersive nature
of thc acoustoelectric coupling coefficient in the system has been discussed.
Since acoustoelectric coupling is not adversely affected by random rotations

of the CdS crystallites about the <001 > axis, it is concluded that in a
viepour deposited CdS thin film-suitebly oriented sapphire substrate system, no
theoretical objection exists to obtaining acoustic surface wave gain rates of

the same order as thosc currently obtained in acoustic bulk wave amplifiers.

The question naturally arising as to how, for a given flux frequency, acoustic
gain is to be shared between the available modes of propagation can only be
answered by numerical construction of the surface wave acoustoclectric coupling
surface for the particular system under consideration. Such a construction
would, in addition, permit location of the sheet dogeneracies at which mode

coupling might be of importance.

It is to be expected that the available gain of the higher order modes will

suffer from diffusion of electrons across nodal planes in the film.
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Acoustic scattering at grain boundaries and surfeace imperfections, thought to
play an essentizl part in mode coupling processes reported in an aluminium
wire waveguide, may cause significant distortion of the Cd3~on-Sapphire

(96, 97 ]

coupling sheets. It has been shown for example, that for definite
values of the spatial period of surface roughness of an unlayercd body, small

in height in comparison to the Rayleigh wavelength, the damping due to scattering,
even by fine grain non-uniformities, can be very great for narrow bands of
frequency. Similar considerations probably apply for rather broader frequency
bands of surface waves in polycrystalline scoustic waveguides L98 ]. The

feasibility of investigating CaS crystallite size by the location of absorption

pesks in an obliquely reflected em beam appears worthy of further consideration.



CHAPTER L.

ACOUSTOELECTRIC INTERACTIONS I CADMIUM SULPHIDE.

4ol  TIELD INDUCED BULK EFFECTS.

Given the time, mathematical ability and a sufficient number of experimentally
inaccessable variables, a large number of plausible theoretical mechanisms

might be advanced to explain almost any observed effect in any material in
(steady-state") dynamic equilibrium with its surroundings. Prior to restricting
discussion to acoustoelectric interactions in CdS, it is useful to list a few

of the known effects of applied field on a single crystal photoconductor.

Neglecting impurity banding, surface, and junction effects, an externally
applied field may induce
(i) changes in the forbidden energy gap(s)
(i1) changes in the free carrier wave and distribution functions
(iii) changes in the wave functions of defect levels
(iv)  extraction (by tunneling or hopping) of electrons from the valence
band to levels in the forbidden gap and thence to the conduction
band(s) either directly or by intermediate steps
(v) extraction of holes from forbidden gap levels into the velence band
(vi)  ocarrier heating, which may assist processes (iv) and (v) by impact
(vii) changes in such trapping parameters as capture probabilitics
(viii) Joule heating of the lattice
(ix) changes in the spatial distribution of the phonén population.by acousto-

electric or deformation potential coupling to the carrier stream,
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Many of these effects may be inter-related, some, in a given situation, may
be thought improbable, and nearly &ll, in onc aspect or another, are poorly
understood. In order to preserve both bre?ity and tractibility it is clearly
necessary to impose severe restrictions on the analysis of any high field bulk
effect. The absence of such artificial restrictions, and the presence of

competing interactions, cannot however be ignored in an imperfect experimental

situation,

The following discussion is concerned generally with acoustoelectric interactions
in cadmium sulphide, and specifically with the macroscopic consequences of

]
thermal acoustic noise amplification in the frequency range k1 <<1 . For a

more general treatment of acoustoelectric effects and the energy losses by
hot electrons, the reader is referred to the multiple part review by Rose of

R.CoA. [99 ].

4.2 ACQUSTOELECTRIC FIELD DFPENDENT CARRIJIR BUNCHING.

|

‘ 100 101
Consider, after Moore ], Haydl et.al. [101] and others, a homogeneous
piezoelectric semiconductor of infinite extent, above absolute zero, through
which electrons are drifting faster than the speed of sound. The random

acoustic flux coursing through the crystal quasi-parallel to the electron

stream may, if amplified sufficiently, be visualized as locking local carriers

2
*  The 200 can/Vsec CdS electron mean free path 1, and the propagation constant-

layer thickness product kh (Figure 3.1) inter-relate with the minimum layer
thickness for validity of the boundzry conditions (1000 8), to make

dispersion improbable for acoustic frequencies such that k1 21,



in potential wells dug by moving strain waves in the piezoelectric lattice, -

Define "steady-state" to be a dynamic equilibrium in which favoured waves
start from any arbitrary lattice point, grow, forming potential wells, are
scattered, and collapse, only to be replaced by other similarily favoured
waves. Upon scattering, electrons "acoustoelectrically trapped" in the
potential wells return to the mobilc electron stream to await recapture by

further wells.,

Under a constant externally applied drift field, the "trapping" process is, as

[100]

was pointed out by Moore s statistically stationary in time. A mathematical
anology to conventional trapping and thermal detrapping from static donor levels

accordingly exists, provided the random naturc of the acoustic flux is retained
under emplifying conditions.
Regard, in the first instance, acoustic flux as a collection of small

*
amplitude plane waves, of frequencies G)L, giving rise to alternating

piezoelectric polarization fields Eﬁi(x) and partially neutralizing space:

charge bunches gr%l(x) superimposed on the equilibrium carrier density n(x).

On(x)

ox

Neglecting carrier diffusion due to » the law of internal current may

be written as
T o= qualn(x) + 3fense(x)) (B(x) + 3Ee(x)) (4e241)

vhere ECO is the equilibrium field, q is
the absolute unit charge, ﬁtd is the trap controlled drift mobility, and the

guantities fl account for the division of bunched space charge into two

* one dimensional propagation exp[i(kx- wt)] space time dependence.,
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streans in dynamic equilibrium, travelling, respectively, in the conduction

band and the forbidden gap.

Provided no phasc difference exists between these two streams, and provided a

[102]

simple trapping model is acceptable , the quantities f. are real, and

1
are given by

n tf

n+ nt tf + tx

n, ng and tf’ﬁx are, respectively, the
densities of free and trapped electrons and the times spent by electrons in

the conduction band and in traps. H . may, if these two criteria arc satisfied,

d
be vwritien as flﬁLH, where Ky is the trap-independent Hall mobility. The
question of a phase differcnce between the two streams, which does not directly

[r02] (1031 _ 4

concern this study, is considersd by Moore and Smith Greebe

others.

The product J in Equation L.2,1 is composed of four distinct parts, the
conventional d.c. drift current, a set of first order currents at frequencies
wl’ a set of non-linear mixing currents at all sum and difference frequency
combinations, and finally, a set of direct acoustoelectric currents. The
first order currents arc responsible for the growth of acoustic waves, and the
non-linear mixing currents relate to the mixing of energy among sound yaves in

the system.[105]

Concentrating attention on the direct current part of J, one may write
. P s J

Jdc = qun(x):+ qﬂa'%‘ReZ(fe’nsg‘Eg$)
£ (4he2.2)



For small electromechanical coupling, kvs = w , where v is the phase velocity
of sound propagation. It may be shown, for harmonic plane waves, that

Jl 2 q.n 1eVge The acoustoelectric current term of the above equation may
»

therefore be written as

Jae = #auq IRe(fyn g B*) (4.2.3)

= -t & "ZRe(fgJTg Eg*) (4.2.4)
S

Applying the principle of conservation of energy to the system, one obtains

au
= = -'%Re%(Je'E@*> = melagl,

at (Le2.5)

where o, is the attenuation coefficient of

the component cul, Ilﬂ= VS%C 812) is the acoustic energy flux; c is the
appropriate elastic stiffness constant, and Sl is the corresponding lattice

strain.

If the fl are constant over the frequency range of interest, and are, in

addition, real, Weinreich's relation results dircctly

= £ A (14e2.6)

Jae vs dt

The attenuation coefficients al in Equation 4.2.5 are, (subject to the same

restriction of real fl) given approximately by White's [17] equation
2 \
oy e
C Y

O —_ (S N
e - 206[ - <wc %)2 (4.2.7)

H -+ — e

\f we T wp
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o 2 fUE . . -
where tvc =2, ab = VS /fDn, y=1- —ét-, 0 is the low field conductivity,
€ the dielectric constant and Dn is the electron diffusion constant., Substitution
of Equation 4.2.7 into Equation 4.2.6 combined with Zquation /h.2.5 yields

Equation 3.7.4.1.

Consider now the question of build up of a potential well under the influencé

of the first order currents (Equation L.2.1), from its initiation to the point
in time at which it becomes large enough to induce significant carrier

bunching. TFor an appreciable part of this incubation period (ti) it may be

that the small signel approach is valid. An implicit expression for the distance
1 = vsti which must be travelled under small signal gain conditions prior to

0

the onset of acoustoelectrically induced negative differential conductivity,

has been derived by Haydl egt.al, [101] $.
1 87° eKT
(2C(m‘80)zexp(2am60> = m eXp(ZG’.bgo) (L4e2.8)

am is the acoustic gain rate of the favoured band of random acoustic noise,

ab the corresponding lattice attenuation.

The field dependence of lO =V tj for one piezoelectric semiconductor is

’ [101 ]

illustrated, after Haydl et.al. , in Figure 4.1.

The rate of doing work on a potential well, once a significant nunber of

carricrs are locked in its trough, must, since the small signal approach now

[99]

brecks down, be written out of hand as

ay = ne(E - Eo)v
i a’'s (4.2.9)

Sce olso the small signal approach of Autin [104].
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The force neEa causes the bunched carriers to drift at the velocity of sound.
The excess force, ne(E-E%), is transmitted to the potential well by driving the

bunched carriers against its flank.

Carrier bunching, of itself, implies a decrease in the local unbunched carrier
concentration, an increase in the local resistivity, and an increase in the

. - . ; . . dU
local field ¥ external to the potential well., The resultant increase in 57
causes further carrier bunching, and a convective "feedback" process, terminated

either by well collapse or by exhaustion of the local free carrier supply, is

set in motion,

In the weak-mixing limit (ultrasonic frequencies) a potential well mean lifetime
(initiation to annihilation) tt may reasonably be regarded as being centirely
determined by mcoustic lattice processes and hence independent of applied field.
. . .. 5 . . [105]
In the strong mixing limit (hypersonic frequencies) Prohofsky has shown
the piezoelectric-electronic non-lincar interaction to be much stronger than
the usual crystal anharmonic interactions, and has therefrom deduced that
acoustoelectric interactions may be dominant in determining the mean lifetimes

of hypersonic waves. For simplicity, the latter case will be excluded from

the following discussion,

The (approximately) field independent mean lifetime tt of a well may,
perhaps crudcly, be expressed as the sum of the mean incubation time ti, the

nean collapsc time to’ and the mean lifetime in a saturated condition tl.

tt=ti+t

1+t (442.10)

Exhaustion of the free carrier supply will, according to this oversimplified

life cycle, occur in a crystal if the acoustoelectric gain is such that ti << tt'°
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%
In Moore's two state model , the mean lifetimes tS, to in the states S, 0 refer,
respectively, to electrons being acoustoelectrically trapped in potential wells
or free to move in the conduction band under the influence of the externally

applied field. One may, perhaps cven more crudely, write

ot
t

tt +le| b

(4e2.11)
: t o+ (1 - }eg)ti

ct
]

E3
The detailed form of the convective fecdback function l€|<<1 is

undoubtedly interesting, but will not be discusscd here.

Note that tt and tc are, to a first order approximation, independent of the
applied field. The field dependence of the mean lifetime in a saturated

condition, t,, follows directly from Equations 4.2.8 and 4.2.10.

Inspection of these relations 5.2.8 - 4.2.11 shows it to be reasonable to expect
that for ti < tt, the probability per unit time of electronic transitions S —» 0
(bunched to unbunched states), given by 1/ts, decreases with increase in the
field applied to the crystal., The probability per unit time of transitions
0-s (unbunched to bunched states), given by 1/to, similarly increases with
increase in externally applied field. The onset of negative differential
conductivity in a piezoelectric semiconductor may, accordingly, be regarded

as a necessary consequence of convective acoustoelectric carrier trapping.

M successfully applied to the spectral analysis of current noise in

relating to the physical situation in which the effective captive cross-
section of a well changes (not necessarily monotonically) as the local
field becomes stronger, the gain rate higher and the well deeper (unless

limited by non-linearity of the semiconductor).



Summarizing the above analysis, two distinct non-linear consequences of
electron drift through homogeneous, infinite, piezoelectric semiconductors

exist: current saturation, caused, if ti > t,_, by the internal generation of

.t’
acoustoelsctric current as a direct result of acoustic flux growth; and
negative differential conductivity, caused, if ti < tt’ by large signal

carrier trapping.

This study is concerned with acoustoelectric interactions in CdS thin films,
with particular reference to surface wave domain propagation. The dynamical
behaviour of bulk wave domains is, unfortunately, not yet fully established.
Currently, available proparation techniques do not, as yet, yield homogencous
thin films. The following scctions are, accordingly, devoted to the
development of a temporary framework for domain visualization, and to a study

of low gain rate acoustoclectric interactions in inhomogeneous specimens.

4e3 THY DYNAMICS OF HIGH FIELD INSTABILITIES,

An attempt is made in the following non-rigorous analysis to extend Bo®ér and

[106]

Dussd's graphical treatment of the dynamics of slow (c <| cm/sec) and

fast (c = 107

c/sec) domains to the case of acoustoelectric domains.
Analytical details, since they do not directly concern this study, will, as

far as possible, be omitted from the text. Boér and Dussel's notation will

however be retained, permitting direct comparison with the original treatment.

The quantities in the following equations should be referred to a co-ordinate
system moving through the crystal at the specd of sound when acoustoelectric

interactions are under consideration, Br simplicity, boundary effects will be

ignored, and analysis conducted in one dimension.
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With respect to the relevant frame of reference (static in the cases of field
dependent free electron density, field dependent mobility, and synchronous in
the case of acoustoelectric carrier bunching) Poisson's equation and the law

of internal current may be written

oF _ .&e. -
ox eeo(n * Nt - D) (a) (1.3.1)
i = enuE - uxT %% + €€g %% (b)

where e represents the unit charge ,Eeo
the dielectric permittivity, n, and p, are the densities of, respectively

trapped clectrons and holes, and the other symbols have their usual meaning.

Combining these two equations yields a partial differential equation of order,
and linearity, determined by the behaviour of the functions @ (x, t, BE). (86
representing U, n, n., p, ore ). 1In order to contain the problem it is
clearly imperative to refer the functions 6 to a reasonably well behaved

model,

Choosing a simple model, and rustricting discussion to the case of small
departures from equilibrium, the differential equation may be linearized about
certain values of applied field without, possibly, serious loss of information.
The standard approach of investigeting the ability of particular integrals of

the forn

8(x, t) = ¢e%eM 4 const. terms (4.3.2)
(k:"propagation" sonstant; A : time constant;
¢ =n, B, Nt’ Pt’"j in turn) to satisfy the linearized equation, may then be

adopted.

If the model permits A to be put equal to ~ck, solutions represent small,
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exponential travelling waves. Unless k is purely imaginary, as x tends to oo
the linearization may become invalid., If the crystal is of finite length L,

a finite real part of k may be admitted, provided the further relationship

X+ L
l E(x)dx . = V (403-3)

is satisfied (V: externally impressed
voltage). If, in 4.3.3, x is the only variable, solutions 4.3.2 must be space

periodic, with L an integral multiple of the period length.

Putting N = -kc, where c is a constant, 4.3.2 may be rewritten

$(x, t) = ¢efTe™hCt o g(x - cr) = ¢(x/) (430l
If 4.3.4 satisfies the differential equation, time may be eliminated as an

independent variable using the Galilean transformation

5 (L.3.5)

d
Lo L - L.
ot ax dX7

Referring Equations 4.3.1 to a co-ordinate frame travelling at a velocity c

relative to the original (synchronous or static) frame of reference, one has

= enul - ukT = - s
! a Iuk ax €€oC ax (4-306)
o1 e
—r = =—=(n + -
dx 660( it pt)

Provided attention is concentrated solely on the "steady state” situation,
(excluding domain growth and annihilation processes), gﬁy may be set identically

-3
to zero.

Turning now to the models representing acoustoelectric carrier bunching and

field dependent recombination/mobility saturation (Figures 4.2.A and L4.2.B

This is equivalent to stating that device current does not change with time

once a domain has formed, and involves no conflict with experiment
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respectively) notice that in so far as the acoustoelectric mathematical analog
to conventional trapping and thermal detrapping may be pursued, the two models

are effectively equivalent, and may be described by the same sets of equations

aNp ‘
3% = o - Anl (ke347)
p = eln +0; - M) = e(n+ N - (Np - Ny))

NDX and ND+ are here defined as the densities of bunched/filled and unbunched

(empty) states in potential wells/conventional traps. Provided &, the
relaxation time for clectrons in bunches/traps,is sufficiently rapid, second
derivatives in 4.3.5 may be eliminated by assuming quasi-thermal between

bunched/trapped electrons and those in the conduction band

NE - n (4e3.8)
ANp + Pn
Equations 4.3.6 may now be written
dn e . ANpn
—r = -=-1=-==(ny.E - J’e - c{n + - (ND - NA) z)
ax HicT G+fn (4e3.9)
dE e ANDn
—r = =——(n + - (Np - N
ax eeo(n c+fn ( D NA))

The transferrved electron effect may be described by making [ the only field
dependent variable in the above set of equations. Both field dependent
recombination and acoustoeclectiric interaction processes may be discussed in
terms of a ficld independent electron relaxation time o (related to detrapping
or well collapse) and an effective electron recombination coefficient, f
(related to trapping or convective well growth) that is a strongly increasing

function of externally applied field.



Y A

Leo&  SOLUTIONS OF TLUATIONS 4.3.9.

A discussion of the techniques to be employed in the solution of the above
equations is beyond the scope of this thesis. Graphical analvsis of the
behaviour of solution curves on the n-%¥ plane, howeversled Boér and Dussel to
the conclusion that
"for field dependent recombination the domain velocity is bounded by
velocities of the order of the drift velocity of electrons, times a
retarding factor due to trapping, at a field sitrenyth corresponding

to the .econd singular point

c ; ("I:%E #E) II (')J,-o}-l-o/l\

‘

With increasing influence of traps ths trapping factor can be orders

of magnitude smaller then unity, and thereby reduce the domain velocity

from the value of the drif{ velocity by this amount.
When roferred to the synchronous co-ordinate framewori, this statemen’ is in
agreement with available abservations of acoustorlzctric domain velocity. In
terms of the analysis provided in Chapter !4, section 2, c must nccessarily be
small, since-% ‘<<1is prerequigite to the onset of acoustoelectrically induced

t

negative differential conductivity. A fall in imuediately-post-creation
domain velocity has recently been observed by Pohlendt and Wettling in CdaS.
This fall could possibly correspond to the final stages of convective growth,

mirrored in the approach of-ﬁ to a "steady state".
t

The question of solution behaviour for ¢ < U has yet to be discussed. No
mathematical account has yet been given of the complex proces:es leading to
domain formation and annihilation. It is believed however that the pictur:

emerging from the above analysis - of an acoustoclectric domain as being a
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high field instability, created for thermodynamic reasons [23] by the effective
acoustoelectric removal of mobilc carrisrs from the conduction band, and
propagating with a velocity governed basically.by the mobile carrier drift
velocity but strongly boot-strapped by carrier bunching to the collective
velocities of individual, continuously created snd annihilated potential wells
which build a region of intense acoustic cnergy tied to the instability - may

go some way towards portraying the physical situation, at least in the weak

non-linear mixing limit,

It will readily be appreciated that in defective crystols,other processes

(either distributed or junction) may induce negative differential conductivity effect
at fields far lower than those required to give acoustoclectric gain. These
processes may well dominate the formation o7 inhomogeneous field

distributions in imperfect crystals.

4,5 _SURFACE WIVE DOMAINS IN CAS-ON-SAPPHIRT WAVESUIDES.

Acoustoelectric instability (“domain”) formestion is favoured by the simultaneous
presence of a distributed acoustic source, a distributed small signal gain
mechanism, and a distributed large signal, convective bunching feedback lcop

(Chapter ), section 2)

Low energy electron diffraction experiments on nickel have indicated that the
mean squarce vibrational amplitude of surface atoms is greater then that of

] [108] . ,
atoms in the bulk « An analogous surface wave source is spontencously

presented to a CdS-on-Sapphire waveguide above absolute zero., If the resulis

of the previous analysis (chapter 3, section 7) are azcepted, small signal
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surface wave gain will occur under the influence of an applied drift field.
If, further, a large signal convective bunching feedback loop can be sustained
while the nystem enters an effective negative differential conductivity state,

moving domains will form in the waveguide.

The power spectrui of the phonon packet as:ociated with an acoustically dispersed
wavegulided domain may be influenced by changes in the preincubation externally
applied voltage, the postincubation dynamic field distribution 2nd the_intensity
of illumination (in the case of photosensitive samples). Systemmatic "anomalies”

in domain behaviour are to be expected as a necessary consequence of dispersion.

Detailed discussion of the properties of as yet unobserved waveguided domains
is premature, and should be deferred until rigorous mathematical treatments of
domain formation and small signal surface wave acoustoelectric coupling become

available,

4§ STATIC DONAINS T TNHONOGTHOUS TOW GATN RATH MATERIAL,

SR e

The small signal, bulk wave, amplification coefficient rcashes & peak when

We w L
Y = —(27 + 25); W = Wy = (wcwD)z, vizi-
w, & (4e61)
- OUpax = vy 8ce
Since .
wyp = (wewp)?
.

- Vszq (4.6.2)

|
= bl z
it is evident that -(xqu is directly

preportional to the square root of the dividend U]lt If the crystal conductivity
is low, -<2me will be small, and ti will be correspondingly large. In high

resistivity CdS, ti may well exceed tt, in which case convective bunching cannot

OoCcCur.
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Current saturation, accompanied by observable ascoustic flux output at the
. . L105] . ,
crystal anodc, may still teke place , provided the crystal is homogeneous.
Consider, however, applying a voltaze V to an inhomogenecous low gain rate
specimen comnosed of two homogenesous sections (parts 1 and 2) which differ

only in so far as the carrier concentrstion in part 2 exceeds the carrier

concentration in part 1 (Figure L.3).

Since Eq > EZ’ part 1 will achieve a state of acoustic gain while part 2 is
stlll in a state of acoustic attenuation. In this situation, 1t the flux
amplified from the acoustic thermsl background in part 1 be totally attenuated
in part 2. No acoustic output will then be observed at the crystal anode.
Acoustocleciric currents Jae1 and Jae2 will, respectively, opposes and assist

the current J flowing through the specimen., In order to maintain current
continuity, fields local to regions of acoustic amplification will substantially
exceed their prethreshold velues, while fields local to regions of acoustic
attenuation will fall well below their ohmic values and mry even become negative.

The process may, to some cxtent, be convective since the acoustic gain rate in
the high field regions may increase . Since the conductivity of the adjoining

regions differs, it may easily be shown [109] thot the static acoustoelectrically

induced field redistribution will be accompanied by crystal saturation.

The occurence of current saturation, accompanied by the formation of static,
post-threshold, gross field inhomogenities in an inhomogeneous piezoelectric

photoconductor, may be rezarded as positive indications of localized, low

¥  Thuot this increased gein rate might, in borderline cases, lead to ti < g,
L
thereby triggering convective growth, is an interesting possibility, which

need not be considered here.
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gain rate acoustoelesctric ocmplification.

Lo7  CURRENT OSCILLATIONS IN Su.l-INSULAIING PIEZOELECTRIC CRYSTALS,

[110]

Consider, after Paige » 2 photoconducting, uniform Cd5 crystal through
which electrons ars drifting faster than the speed of sound, and in which the
phonon distribution has reached a steady state. If the conductivity in the
cathode region is suddenly increasecd, the phonon flux in that region will decay
to zero, and flux throughout the crystal will fall, causing a fall in acousto-
electric current and a consequent rise in current through the device. Under
certain conditions the cathode region may at this juncture revert to an
amplifying condition, increasing, after a suitable laz, phonon flux throughout
the crystal, and decreasing the current. This fall in current may again switch

‘the cathode to an attenuating state, thereby establishing an oscillating cycle

of acoustoelectric origin.

The situation msy be represented by a ons dimensional model of the form of

Fizure L.l (n1 > nz). Fluctuating boundary conditions at the inhomogenity

interface present significant mathematical difficulties

t111]

, which may, as has

been shovn by froom s be recolved in part by numerical analysis. These
difficulties are rivalled by the difficulties involved in over-riding inherent

material inhomogeneities in order to obtain a situation amensble to experiment.

Acoustically induced current oscillations in semi-insulating piezoelcctric

crystals remain, as & result, only qualitatively understood.
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CHAPTIR 5.

PREPARATION AND PROPERTIES OF CdS THIN FILMS.

5.1 TNTRODGCTTON.

Major rescarch into the preparation and properties of high purity, single crystal
; o 1112) 18 bohni

CdS may be traced to FrericHs * cxtension of the vapour synthceis Uochniques
. . [113] . PO o e

established by Lorens . Crystals of sufficient perfection tn pcormit the

interprotation of varm clectron st:periments have for some tiaz boos comicreially

available,

While thin film vapour deposition methods for CdS were developad by Veith [11h]
shortly after Frerich's experiments, and in spite of industrial intcrcst in
such Cd5 based thin film devicer as the insulated gatc TFT, synthosis
techniques for high purity, high mobility CdS thin films rcmain practically in
their infancy. Currently, iampurity and secondary phase cffccts compete it

the host lattice conduction proccsses. Hence clectrical obscrvations, even at

low fields, ars frequently irreproducible.

An effort will be made here to relate relcvant knowm aspects of the physics
and chemistry of CdS to established film prearation procedures in order to
provide & background of information against which the preparation procecures

uscd in this study may be criticelly cxamined.

5.2 _THT SYNTHRSIS OF CdS THIN FILY STRUCTURES.

Procedures for the preparation of thin (2 1,5 ) plates of Cd3 by polishing



r 1
from the bulk single crystal, rccently developed by wilson L115’, mar have

important apohlications in the future study of acoustoclectric intorcoctions in

bounded systems. However, such techiiques will not be considere” fixther here.

The hish temperatures (2 147500> and pressures (2 3.9 atm) involved in
achicving a stoichiometric melt of CdS virtually preclude, on scatc of the art
and cconoalc grounds, the proparation of high purity crystals by liguid-solid

trensformations.

Growth by gas tronsport from the vepour phase is subject to fever limitotions,
since lower temperatures arc involved, and forms the basis of tho above mentioned

Lorenz-Frorichs process, first applied to the growth of microcr-stelline Cd3

-
\

t116]
thin films for photoccll applications by Jacobs and Hart [116] uaing che reaction

HS + Ccd(vapour) = CdS + H,
r
at a pressur. of 10mm Hg. DMNore rccently, Capella [117] has gro'm epitaxial

Cad8 films using the reaction
H§-+C&12=C£-+ﬁml

Information concarning the electrical properties of films prepered by these

and similar methods appcars to be limitoed.

The litcraturce concerning the vapour evaporation of C4S thin films combines,
in the moin, cvidence of duplication of effort into the particlly cchicved
s : . - . N A Y
optimization of variants of thc besic techniqucs employed by Veith -~ Yy
togethor with an apparent poverty of comprchensive information on both the
structursl and electrical propertics of the films preparcd and a fr.cuent lack
of appreciation of the full complexity of the intorcctions involved in preparing

these films.
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It is proposed to review bricfly some aspects of the defect chomistry of Cdas,
\ J 1% J
prior to examining vapour deposition and post evaporation heat ticotments in

somevhat greater detail.

5,3 DEFECT INCORPORATION IN CdS.

Brief consideration is given herec to the incorporation of native end forcign

point defeets in CAS, RExtensive reviews of the chemistry of iuperfect ciys tols,

' (1181 11
which forms a study in its own right, arc given by Albers : ‘ 1 Kroser [

120
and Woodbury ‘- ].

It is known that nearly all the elements are, to an electronicelly iwportent
extent, soluble in CdS, that even at moderate temperatures the matoriel will
react rapidly with its firing environment, and that the existencs resion of
compound Cd% in the three dimensional (P- m—Cde1_x) Gibbs phasc dingram is small,
probably asgymmetrical, and easily distorted by certein impuritics. As o result
of the complexity of defect incorporation, and of certain thermodynamnic
difficulties, little quantitative data concerning the defcct chemi: try of Cas
exists, and only in a vory small number &f cases has the microstructurc of

point defects been established.

Even in the absence of foreign atoms, the clectronic pronertics of Cd5 arc

sensitive to thermal history and the partial pressures (Pcd Ps) of the firing

. [119, 121 ] . . R
environment + During poorly controlled thermal cycling, concentrations
of native disorders may well vary, and the appearance and sutbsecuent disappearance

[ 12z
of native microprecipitates in succesvive thermal cycles apperrs to be possible *

A total of six basic native point disorders, which may exist singl s, in complexcs
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with gross lattice defects, or in complexes with foreign impuritics, may be
clasrified according to Alber's notation as Ca,, 8, (interstitial); Vo,V
(vacancics) ; Cd_, S 4 (substitutional). In simple situations, the first of

each pair may act as a donor, the second as an ncdcptor° Should the density
of defects due to foreign atom incorporation be cxcceded by the native defect

density, the latter may well dominate the conduction processes.

*
Concarnins the incorporation of foreign atoms (e.g. O) at hizh concentroetion

levels, it is knowm to be essential to consider the stability of the Cd% with

[123)
)

respect to the precipitation of sccond phases (e.g. CdSO . in ovder to

proserve overall crystal neutrality, the incorporation of certain: cloments
(c.g. halogens) may be accompanied by the formation of native dof~cts ='12L"].
The impurities wO, wAg, ‘Cu, TCl, In, -HZO, are of particular immortance to

this study, and should be considered in somec detail.

%Cu and “Ag diffuse rapidly as interstitials, but may substitute for Cd
Halogen coactivators (e.g. $Cl) appear to cnhance their solubility, though
little is known about the chemistry of this impurity system. “lectronically,
*Cu and %Ag senerally form acceptor levels when in truc solution; bt may

readily precipitate during cooling, tending (of particular importancs to thin

[122, 125

£ilms) to decorato imperfcctions and lattice disorders Cu S, the

possible second phase with “Cu, is a narrow band gap (0.6cV), p=type defect

Ry

semiconductor, is readily precipitated from solution, and may well be

[126] [127]

responsible for the observed hole conductivity in "p-type! Ca5*

*

Tn and CGa appear to be incorporated substitutionally at Cd sites, diffuse
cpidly, and are highly soluble. Both behave electronically as donors. These

factors are of some importance in the preparation of ohmic co .. tects o Cai,
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and have, of particular note, been uscd to advantage in the presarction of

r128, 12
high Hell nmobility (2z,ocm2/vS,ec), low resistivity CdS thin films “  ° 9].

#* ]
Cl forms a useful coactivator with Cu in the preparation of photosensitive

CdS. It may substitute for © and ic thought to associate with vcd during
sulphur firing, Vs during cadmium firing {120], At high concentration lovels,

the native defects formed in order to preserve crystal ncutrality moy cffectively

compensate the electrical activity of C1.

The incorporation of %O is complex and poorly understood. It mey subatitute
for S, and it secms reasonable to suppose that the resulting laitice strain
may give risc to a vacancy complex or a dislocation at the *O site. During
firing it may modify partial pressures in such a way as to control native defect

[130]

118
formation , and may also reduce CdS [ }, thereby increasing the crystal
conductivity. Its behaviour in stabilizing ZnS in the wurtzite modification

while not neccecasarily applicable to CdS, should be noted.

The formation of solid solutions Cd3-Cd0 may modify the band structure of the
original CdS crystal. 0 incorporation may, conceivably, give rise to impurity

banding.

(o} . . )
Below = 200°C an oxidation appecrs to teke place that has been interpreted as
an annihilation of sulphur vacancies by occupation with oxygen atoms. The
resulting surface acceptor states increasc markedly the surface resistivity.

Photoadsorption (desorption) with less than (greatcr then) bandzap light has

r132]

been noted * Typical time constants involved in achieving o asterdy stote

of chemisorption with changes in illumination intensity may be conservatively

131]

r
estimated at 15 minutes *



Water vapour is notorious for causing experimental difficultics in lecss elegant
high vocuum systems. Faeth [133} has suggested that the ion (HZO)— could be
responsible for the coulomb repulsive traps located at betwecn 0.73¢V and 0,83eV
beloﬁ the conduction band in CdS and CdS-CdSe single crystals by Dube ctl.el.

and others ((see the roferences cited by Faeth). It should bc noted thot such
centres afc not only capable of retording drift mobilities, but mey olso, of
themselves, give rise to non-acoustoelcctric high field curwent scturation and

negative recsistance effects.

Dok VACUU EVAPORATION OF CdS THIN FILMS.

Early work #, on the correlation betwcen residual gas pressure, substrate
temperature, evaporation rate and purity of source material, ond th« cohparent
resistivity, photosensitivity and svectral rcsponse of ono step monosource,
high vacuum evaporated CdS thin films, yielded sufficient information for the
production of simple thin film photo resistors, raised many as yot unonswered
questions concerning the cvaporetion and condensation kinetics of Cadi, and

provoked efforts to control the properties of the films produccd.

[140]

Solid-vapour phase equilibria of TI-VI systems arc reviewed by Lorens .

Masw spectrometric investigation by Goldfinger et.al. [121] friled to Getecet
molecules of CdS in the vapour phase, sug.esting practically complete

dissociotion upon sublimation according to the reaction

2CdS = 2C4 + 82

11) 7
Veith [ +], Aitchison [1341, Bromley [135], Nelson [136J. See alsc the

4 Z r p
reviews of Bubc * 37], De Klerk [138] and Shallcross 1139 and thoe references
therein,



Further investigations by Somorjai [142] have shown that CdS sublimotion is
controlled by a complicated charge trensfer surface recction which may be

relied upon to preserve approximate stoichiometry of the vapour circom,

oxes place from

<

Consider on ideclized enclosed system, in which sublimation
a finite stoichiometric CdS chrrge ot one site (source) and in which condensation
is permitted only at a second site (substrate). Obviously, ofter - sufficient
clopse of time, a stoichiometric (but not necessarily homogencous) film of Cca,

S and CdS will rcsult at the substrate, in spitc of the fact thet at eny given
temperature the vapour pressure of sulphur exceeds by orders of magnitude the

vapour pressure of cadmium,

Native ond foreign defects, and astoichiometries arisc firstly, in prectical
syctems, from the sclective deposition of components of the native vapour on
parts of the apparatus other than the substrate, snd secondly, from the presence
of chemically active residual gas otoms, which serve to distort both th: vapour

composition and the above mentioned Gibbs phase diagram.

It is useful to bear in mind that at the economically achicveblec rasidunl gos
5 -5 -6 . : ,

pressurce levels of 10 © ~ 10 ~ Torr the number of foreign otoms iz co marablec

with the number of native vapour atoms impinging on 2 given substrate per unit

time. From thc point of view of reproducible CdS deposition, it is loss

essential that the absolute level of the residual gas pressurc in o proctical
, -6, N

system should be ultra low ( <<10 " Torr) than it is that the vacuum should

be clean (i.e. chemically inert) and reproducible.

i
Addiss L“*ﬂ,

cpparently for the first time, partially conclosed the source-
vepour stream-substrote in o hot wall belljar in an attempt to rostrict

selective condenscation of native components on cold sites in the vocuuvm chember.
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By cmpiricelly ~djusting and rccurately monitoring the governin: v-riables of

L]

[
their system, Zuleeg and Senkovitz ~ subsequently achicved sicocssful
optimizntion of o one step, monosource high vacuum thin film ev~porntion

process for thin film tronsistor fobricntion,

The first high vacuum coeveoporation of CdS crystals from seporcte Cd ond S

5]

molccular strecms appears to be duc to Miller et.c A subscequent attempt

te bolance the sulphur concentretion in Cd rich monosource cveporated Cd films

[ 146]

by coeveporction from separate CdS and S sources, due to Pizzrrello was
followed by De Klerk and Kelly's [1A7] corefully optimized Cd ~nd 5 scparate
source coevoporation system designed for the production of high resistivity

CdS thin film microwave transducers. Considersnble support is lent to the
selection of on optimum substrate temperaturg Ts,in the tempersturc ronge 18000—
ZOOOC,by their observotions that at = ‘IO'-5 Torr the deposition »ctes of clemcntal
Cd and S are significontly retarded for substrate temperatures, rcopectively

less than 200°C ond greater than SOOC, and that for substrate tewporovures

greater thon 180°C formation of the motastable (high pressure, P, impurity)

cubic modification of CdS is discouraged.

.
De Klerk L138] has

argued that for substrate temperatures in the ronge 5000—
200°C condensation is probable only ot sites at which Cd and 8 cioms arrive
simultaneously. His conclusion, that the films deposited in his apmcratus are
stoichiometr’c, while supported by extensive piszoelectric and ciratcllo
studics, has apparently not, os yet, been verified by comprehensive physical
studies, and it remains open to question as to whether the hish volurs of

resistivity reported result from perfect stoichiometry or from o hijh level of

sulphur incorporation in the Cd3 host lattice (Si’ VOd and SCd sct "~ aceaptors).
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The preparation of CdS on sapphire films in a small heated chamber ot 10—9 Torr,
using ultrahigh purity source material was recently performed by Hudock [148].
Hall mobility and resistivity values of the order of 1500m?/V sec, 0,1 - 1.0 1 em
were reported to result from a 2400°c liquid Cd postevaporation heat treatment
aimcd at impurity reduction by solvent cxtraction. Such films misht bo empiinently
suited to the study of high gain rate acoustoclectric surfacc wave wntersctions.
Unfortunately, facilities do not at present exist for the duplication of his

preparation procedures.

The apparatus asscmbled in the chamber of an Edwards 19EL4 plant ond used in
this study for the monosource evaporation of CdS thin films, is illustrated in

Figere 5.1. The following evaporation procecdurc was adhcred to vhenever
possible: -
%
(i) After backing the three substrates , mounted as shown on o ledge
in the centre of the chimney, with a mica seal and o zlrss slide,
the controlling chromel alumel thermocouple was wcedged into position
and the chamber evacuated.
(ii) The substrates were baked at BOOOC for a short timec under o pressure
of = 10_5 Torr. Argon was then bled into the chamber, both in an

cffort to flush chemicelly active residual gascs, and to facilitate

ion bombardment of the substrates.

The(20 x 6.5x 2)mm® sapphire substrates, polished on one frce to & flatness
of 7/2, wore cleaned by weshing in concentrated HCl, an agiteted detergent
solution, and hot chromic acid in a 30 minute sequence with a deionized water
rinsc between cach stage. After manual scrubbing with cotton wool soaked in
isopronyl alcohol, the chemical cleaning procedure was repeatec. Tic

substrates were then storcd in o recirculating isopropyl alcoiol vapour bath.
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(iii) Upon termination of the cleaning discharge, the bombardment electrode
wes withdrawn, the chimney cooled to 19300, the vaéuum cheinber
re-ovacuated to 10—5 Torr, the SM10 source corefully outrrsised, and
the liquid nitrogen cold trap then brought into opcration.

(iv) After an interval of two minutes, the mica cover was withdrawn,
exposing the substrates to the automatically baffled vepour stream,

(v) During the empirically determined evaporation period, the source
current and the substrote temperature were, respectively; manually
and automatically held constant, and the vacuum chamber wns continuously
pumped,

(vi) Bvaporation was terminated by cutting the source current. After

allowing the chimnecy to cool to SOOC, air was admitted to the vacuum

chamber,

The films produced in this manner were, in general, pinhole frec, acherent to
the substrate, and varied in colour from brown, through orange, to « light

yellow,

Due originally to Brunschweiler £1h9], and developed at Edinburzh University

by Reid [150], this system compares favourably with Addiss', De Klerk cond
Kelly's, and the idealized system mentioned above in three asvccts vital to the
preparation of stoichiometric CdS films. Firstly, the stickini probabilities

of Cd, S, and CdS molecules on the hot Ta walls of the vapour strecm-substrate
enclosing chamber were found experimentally to be low. Secondly, thc relatively
small volumc enclosed probably gave a favourable ratio of Cd and § to residual
gas vapour pressures in the vicinity of the substrates. Thirdly, the relatively

high thermal conductivity substrates were in reasonable thermnl contnct with,

and nearly totally enclosed by the chimney walls, and could therefore, with a
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high degree of confidence be assumed to be close to the controlicd temperature
0 . . . . , .
of 1937C during evaporation. (Using a more conventional substroie heating

[151]

system, Foster discovered in pathological cases, temperature dilferentials

of up to 100°¢ betweon heater block and substrate face).

In spitc of cfforts to constrict +the chimney mouth, some degree of leckage from
the source-vapour stream-substrate systenm was inevitable., As a result of the
(unnecessarily) large volume pumped, the difficulties involved in oliminating
backstreaming from the Edwards diffusion pump, the undesirably high lcckage
rate of the vacuum chamber seals, and the unavoidably wide vericty of materiels
evaporated in the plant, it proved, in addition, practically impossible +o
guarantec the "cleaness" of residual gases in the evacuated cacmier, As an
incvitable consequence, the intcrbatch reproducibility of the physical

characteristics of films deposited in the apparatus suffercd.

The coevaporation method so strongly advocated for the production of high
quality CdS films by De Klerk [138] may best be regarded as an optimizable
technique for native acceptor doping of the films during dcposition. An
cquivalent technique, involving the coevaporation of CdS and S or Az has been
successfully optimized by Foster {1513. It is belicved that coevaporction

systems hold no inherent advantages over suitebly designed monosource systoms

in the deposition stages of the preparation of high mobility Cd” films.

22 FPOST TVAPORATION HEAT TREATMENT OF VAPOUR DEPOSITED Ca4 LAYERS

A variety of attempts to conbtrol the photoclectronic propertics of vopour
deposited CdS thin films are reported in the literature. These ronge from the

evaporation of dopant films onto the film surfrce, through firing of +the films



-96-

in surrounds of CdS powder doped with the desired level of impurity, to the
pre-evaporation addition of dopant to the source material., Meaningful tabulation
of the results of investigntions in order to establish the state of the art
fails, firstly because of the frequent absence of cevidence of effective
standardaization of either the vapour deposition or post evaporation heat
treatment procedures employed, and secondly, because of the omission in many
cases of secondery cxperiments essential for effective characterization of the

photoelectronic properties of the films produced.

The apparently accidental discovery of CadS thin film recrystellization catalysis
sbove a certain temperature (2 500°C) by thin (100 R) ag, Cu, Pb, Al, Bi, Zn
and ZnS layers evaporated onto the film surface is due to Gilles and Van
Cekenberghe [1523. Their observations were, in respect of Ag and Cu, confirmed
and extended by Addiss [1h5], vho notcd the favourable effect of oxygen traces
in the inert gas firing atmosphere on recrystallization. Increases in
crystallite size of between three and four orders of magnitude are reported,
Addiss's claims of post-rccrystallization photosensitive Hall mobilities,
(suggéstive of impurity scattering) of the order of 70 cm%/V sec are supported
{ 153]

by the work of Dresner and Shallcross . No convincing theory explaining

the mechanism underlying recrystallization catalysis has yet beun advanced.

[128]

In a further serics of experiments, Dresner and Shallcross successfully

attacked the problems involved in preparing high Hall mobility CdS films.
5

Deposited in a partially optimized, monosource, high vacuum (10- Torr)
apparatus, the films werc then fired at empiricnlly determined temperatures
for varying durations in pure, orygen diluted and chlorine diluted static inert

atmospheres. Dopants (Cu, Ag, In, Ga) evaporated onto the film surface or



added to the firing cnvironment, were used either singly or in combination.
They found (i) that oxygen traces accelerated recrystallization
(i1) that above 45006 Cu and Cl dogants diffused rcadily into tho
films
(iii) that precipitates of foreign additives formed sources of error
in Hall mobility and other clectrical studies
(iv) that with careful doping and firing, posteveporation heat
treatments were potentially capable of yielding both photo-
sensitive and semiconducting CdS thin films possessing Hall
mobilities which approached those obtainable in bulk single

crystals.

fccess to a representative literature on thermal treatments in air, oxygen,
nitrogen, argon, cadmium vapour and high vacuum may be obtained through the
references cited by Boér, Esbitt and Kaufman [15hJ. Sulphur vapour annealing

has been performed by Dresner and Shallcross [128],

PO
Since 1077 Torr vacuum annealing at temperatures up to 550°C for periods up to
one hour in the apparatus shown in Pigure 5.1 failed (Seq Chapter 6) to yield
films of sufficient quality for the unambiguous observation of acoustoelectric

interactions, alternative postevaporation heat treatment methods were evaluated.

The nethod, introduced by Boér, Zsbitt and Kaufman [|54}, of the hcat treatment
of evaporated CdS layers in a flowing nitrogen atmosphere containing HCl and
traces of oxygen and providing a transport of CdS and copper, was found to be
attractive for at lcast three reasons., Firstly, systematic attempts to

optimize the annealing procedurs are clearly described. Secondly, the flow

method employed incorporates potential mechanisms for the simultaneous
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reduction of native astoichiometries introduced during deposition, for the
controlled incorporation of compensating Cu and C1 atoms in the lattice, for
the catalysis (due to the presence of Cu) of recrystallization after the
method of Gilles and Van Cakenberghe E1521, and for the thermal annealing of
mechanical strains present in the as deposited film. And thirdly, confidence
may be attached to the accuracy of their secondary experiments characterizing
the photoelectronic properties of the recrystallized films produced *, which

revealed an unusually low (for thin films) trap density.

The apparatus used in this study for the postevaporation heat treatment of
CdS layers is illustrated in Figure 5.2, After due consideration of the

optimization data given by Boér et.al., the following experimental procedure

was adopted.

Up to 15 pinhole free, evenly CdS coated substrates woere placed, axially,
evenly spaced, face upwards upon a CdS:Cu powder layer, formed by spreading
100gm CdS powder, doped with an empirically determined weight of fine Cu

powder, along thc central 50cm of a 100cm long, 36mm i.d. quartz tube.

* It is perhaps indicative of the experimental state of the art, and the

pressure upon available resources, that Hall mobility measurements are

reported for only three layers (138, 220, 225 cm2/Vsec respectively at

room temperature, 150ft-c white unfiltered light). Detailed photo-

electronic measurements were performed on only one of these layers

(225 cm2/Vsec). The results of further experiments performed on layers

recrystalliéfiizn the B-E-K apparatus were reported by Boér, Feitknecht and
55 ]

Kannenberg
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After sealing the tube ends with gas inlet and outlet fixtures, the tube was

%
symnetrically positioned in a 2 50cm long, preheated  tubular furnace. A

3.6 litre/min argon supply was immediately connected to the gas inlet.

During the warm-up period, in order to compensate for the heat lost to the
cold quartz combustion tube, the furnace was run under full power (1.25 kW)
until a centrally placed, axial, sheathed thermocouple indicated an internal
gas temperature of 57OOC * Thermal lag alone carried the indicated gas
temperature to a peak of 620°C over a further (7 minute) period, at which

stags temperature control was passed to an automatic controller.

Thermal "equilibrium" having been established in the vicinity of 62000, 02 was
bled at a constant rate (= 10cc/min) into the 3.6 litre/min argon stream, A
constant proportion (between 4 and 10 per cent) of the mixture was directed
through a wash bottle containing a measured amount of 37% aqueous HC1l, and

returned to the original gas stream immediately prior %o its entering the

annealing oven.

Heat treatment was continued for an average period of 35 minutes, after which
the 02 and HC1 sources were removed and the oven allowed to cool to room
temperature under a slightly reduced argon flow. The heat treated films were
then removed from the tube, examined, and if unrejected, stored either in a
dessicator, or whenever possible, under high vacuum prior to the evaporation

and low temperature annealing in of indium contacts.

* 600°C wall temperature.

v
R

7 minutes after introducing the combustion tube.
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A high proportion of the films treated in this manner were rejected as
unsuitable for further study on the grounds of localized peeling, crazing,
pinholing, discolouration (suggesting gross precipitation of a second phase),
powder grain incorporation, and substantial loss of the vapour deposited film.
The remaining films (20% yield) ranged in colour from orange yellow to yellow,
and showed some evidence of localized, structurally faulty, crystal growth

when viewed through crosscd polaroids in a standard laboratory microscope.

The chemistry of the interactions promoting improvements in the photoelectronic

[ 154]

properties reported by Bo%ér, Esbitt and Xaufman and confirmed, to some

extent, in Chapter 6, is undoubtedly complex. Since no evidence exists to
support any extension of the broad theoretical outlines proposed by Bodr
(154, 155]

et.al. s Nno such extension will be attempted.

5.6__ STRUCTURAL STUDIES OF CdS THIN FILMS.

Bagic structural faults in CdS layers mey in some cases differ markealy in
their origins and behaviours from the behaviour of their bulk CdS structural
equivalents. Interfacial dislocations, for example, may arisc either as a
result of atom disregistry during epitaxial deposition (in which case they

may be regularly spaced) or during thermal cycling, as a result of mismatch
betwecn the expansion coefficients of film and substrate. Further sources of
structural imperfection may be sought, as in faulted bulk crystals, in accidents
of nucleation and the (poorly understocd) kinetics of crystallitec growth.

Gross departures from the minimum energy configuration are apparently inevitable
in thermally cycled films ond the high structual defect density uay, at least

in part, be regarded as a necessary consequence.
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Liccess to the literature on the crystallography of Cds evaporated films may be

-

obtained through the references cited by Foster L151]. As might well be expected,

the fine structures of films are rcported to be complex functions of the
substrates used, the many deposition and postevaporation heat treatment
paraneters involved, and the thermal histories of the films., Circumstantial
cvidence exists in support of the hypothesis that a growth completion between,
in most cases randomly oricnted nucleates, is in some way responsible for the
apnarently natural tendency of the "c" axes of vapour devosited CdS crystallites
to be oriented within a few degrses of the normal to the substrate plane., It

is possible, on the basis of observations of Foster et.al. (156], to postulate
that under certain ciréumstances, growth on one face (the "Ca" facej is

particularly favoured.

Such 2 postulate would lead to an explanation of the fortunate fact, establirt:’
by the successful operation of CdS vapour deposited trensducars, and o
prercquicite of any conceivable acoustoelectric thin fila device,, that CdS
crystallites are predominantly "one way up™ as opposed to being randomly

inverted with respect to one another.

Postevaporation heat treatments have been found [123] to provoke two important
cryustallographic changes, the first involving e gross incrcase in crystallite
dimension, and the second involving tilts of up to 250 of the c-axis away fron
the substrate surface normal., Both phenomena may be symptonatic of a search
of the systen for a minimum energy configuration, and neithexr dircctly affect.
the criteria defining thc acoustoelectric activity of surface waves in the
systen. (Since only one degree of orientation is involved, the CdS-on-

Sapphire system would retain effective transversc isotropy for tilts of this

order).
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The tendency of Cu, Ag and 0 to congregate at, initiate, or decorate structural

faults was noted in Chapter 5, section 3. * Fault initiation as a result of
native atom, second phase, and foreign atom microprecipitation is to be
expecteds It is further conceivable that impurities incorporated during firing
or at room temperature may diffuse more rapidly down the intercrystallite

grain boundaries, Tinally, it is conceivable that structural faults nay be
stabilized by the presence of impurities. It is concluded that, in unstabilized
CdS films, it is reasonable to expect a high degree of astoichiometry in the
imnediate vicinity of structural faults and thin film grain boundaries. In
terms of an equivalent electrical circuit, a thermodynamically unstabilized

CdS film may be regarded as a two dimensional aggregate intimately connected
by a randomly distributed resistor-junction mesh structure, which may either
support, short circuit or oppose conduction through the Cas crystallites. For
the successful operation of high field non channel conduction thin film devices
of the class proposed in this study, it is imperative that the microscopic

short-and open-circuit conditions are suppresed,

2e( _ FIELD INDUCED INTERCRYSTALLIT! INSTABILITIES IN CAS THIN FILMS.

Since the high field behaviour of such complex structures as randomly repetitive
NIPIN junctions are neither per se¢ under study nor fully understood, the

following remarks will be confined to a description of how they might

#*  Direct evidence of the selective precipitation of Cu in a CdS film
heat treated in a manner identical to that described above, was obtained
by Bo€r et.al. [155].
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originate during treatment of the CAS thin film, and to an elementary discussion

of the global effects upon conduction introduced by their presencc.

57«1  REPETITIVE M-S-M AND P-N-P STRUCTURES.

Copper generally forms a blocking contact to CdS, and Cu S is ptype. Both

2
materials may precipitate from solid solution upon cooling at structural faults,
superimposing on the film an either complete or particulate matrix of Cu.(CuZS).
The former case is too degenerate to warrant discussion. In the latter case,
exhaustion barriers partially ring each crystallite. An externally applied
voltage drops mainly across the barriers, widening those reverse biased, and
narrowing those forward biased. Double tunnel injection may occur at the
former, diffusion at the latter, and radiative recombination may be observed

at both [157]. Increase in the external voltage may lead to internal field
emigsion, carrier accelaration, impact ionization from traps and eventually,

to catnstrophic breakdown should the internal series resistance provided by

the crystallites fail to arrest the process.

Be7.2 REPETITIVE N-I-IN STRUCIURES.

Such structures may result from incomplete formation of the film, alternatively
from the diffusion of (say) *O down the crystallite boundaries. The
breakdown sequence is similar to the above. These structures may readily be

sinulated by drawing a fine scratch across an otherwise well-behaved film.

The above, and other junction structures, may occur in combination or

permutation (N-I-P-I-N; N-I-M-I-P-I- gﬁg) randomly throughout a film, and
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may give rise to a bewildering variety of global film current voltage

characteristics.

The electroluminescent literature, as reviewed by Morehead.[ 15n, provides an
excellent introduction to the behaviour of similar, if somewhat simpler
structures produced by design rather than by accident. The scanning electron
microscope may eventually prove a useful tool for the examination of accidental

Junction structures in thin film Cds.

The phenomenon of second brenkddwn, (as reviewed for transistors by Schafft
et.al, [158]) may also be expected to oceur in thin imperfect films. Imagine

a voltage dropping across the boundary between two crystallites. If the
current density in a small area increases statistically, a hot spot may result.
If this spot give rise to an increase in local current larger than the original
fluctuation, localized thermal runaway will occur unless arrested by the

intemal series resistance of the crystallites.
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CHAPIER 6.

B e P e Ee

HIGH PIELD CHARACIERISTICS OF C4S THIN FILMS.

6,1  INTRODUCTION,

Unambiguous confirmation of the theoretical prediction - that in transversely
isotropic CdS-on Sapphire systems, acoustoelectric interactions contribute
significantly to the attenuation of shear vertical surface waves ~ is clearly

a matter of priority.

Broadband coherent surface wave experiments are undermined by the hizh insertion
losses and inherently narrow bandwidths of conventional surface wave generating
. [159] ; A - . s
devices (Chapter 6, section 2). The hazards frustrating demonstration
of thin film surface wave photodependent, field dependent attenuation effects
(after Hutson et.al. - see Chapter 1, section 1) are further acce%hated by the
al

absence of control over the electronic properties of thin film CaS.

Haynes-Shockley~type time-of-flight experiments are capable of yielding
evidence of bulk wave acoustoelectric intesnctions in Cd: platelets (see Le

. [160]y . . P : :
Comber et.al. ). Similar charge injection techniques may in future be
employed in the study of high field transpost in thin film coplanar devices.
Apparatus for the study of drift mobility in semiconducting glase sandwich
structures, currently under development at Edinburgh University, misht eventually
prove adaptable to such a study. -However, no technique for the investigation

of surface drift mobility is ai present available.,
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Multiple-band pattern illumination of photoconducting (low gain rate) Cds
single crystals has recently been reported to give rise to hizh field current
oscillations of period strongly related to the period length of the band
pattern and to the velocity of shear waves in the crystals-[1613, Such

techniques mey eventually prove velusble in investigations of dispersion and

acoustoclectric coupling in photosensitive, piezoelectric thin film waveguides.

Effective thermodynamic stabilization is prerequisite to any sophisvicated,
high field, solid state transport investigation (see, for example, Chapter 5
section 7). Since current deposition techniques are unstobilized, .expeorinental
efforts were necesuarily confined to relatively unsophisticated investigations
of the global high field characteristics of available polycrystalline CdS$ thin
films. Thermal acoustic lattice noise was relied upon %o present a broadband
surface wave input to the films and emphasis was placed on observation of the

macrescopic effects of acoustoelectric noise amplification.

6.2 EICITATION OF SURTACE WAVES ON THE <001 PLANE OF SAPPHTRE.

The comb excitation of surface waves on the basal plane of sapphire was
performed in order both to verify thec existence of such waves and to lay
foundations for a study of surface wave photodependent, field dependent

attenuation in a CdS-on-Sapphire system.

Two Sokolinskii-type combs were fabricated from 10 x 10 x 1.5 mm3 duralumin
plates, lapped to parallelism and cut (using a 6.7 thou. saw) on one face
with a series of forty, 169 4 deep, parallel grooves, set at a mean period of

%
1701, A 0°% cut cuartz transducer was "Salol"  bonded to the unruled face

See footnote * on following page.
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of each comb. The resulting structures were mounted in a parsllel configuration
in pressure contact with a ruby substrate. (Figure 5.1.4).

Lk

Longitudinel waves tiansmitted into te generating comb launched surface

waves of wavelength egqual to the comb period by creating periodic stresses on

the ruby substrate. After travelling approximately 1 e across the bosal plence

surface waves launched longitudinal waves into the receiving comb which, in turn
g TR

excited the receiving transducer. The output signal vas amplified

(Arenberg P.A. 620; Arenberg W.A. 600 B), video detectcd, and displayed on the

screen of a standard HP 140 A oscilloscope (Pigure Ge1.4).

Representative oscillograms are given in Figures 6.1B and 6.1C. The former

shows the dampin: cffect of an alcohol drop placed between transmitter and
receiver on the substrate surface. Evaporation of the alcohol gradually restored
the delayed signal, vhereby illustrating its surface wave origin. Notice, in

the latter figure (5.1C) trapezoidal distortion of the square R.F. input pulse.
This feature iz common to all periodic methods of surface wave generation and
detection, and originates in oncilletory settling proccases beneath the
gratings. The oscillatory sottling time is given approximately by‘2L/qR.
(where 2L is the total grating length in the direction of propagation and c

R

is the surface wave velocity)

. . . 0 ; .
Phenyl Salicylate. Melting point 40 C. The tendency towardcs supercooling
was suppressed by thermally controlling the bonding environment, and
agitating the bond edges with a fine brush.
The generating transducer was excited in inertia drive in the thirh harmonic

by an Arenberg. P.G. 650 C (600 V oy Dedk-to-peak R.T. pulses) .

Typically 95db down on the input signal.
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Inherent bandwidth restrictions of comb generation-detection techniques are
discussed by Viktorov [159}. Theoretical and experimental freguency response
curves of the ruby surface wave system employed in these experiments are
plotted in Figure 6.,1D. A numerical search for response of the system at even
harmonics of the fundamental comb frequency failed. I% is postulated that

2. [162]

the surface waves detccted by Artz et.e in the second harmonic mode

were generated by periodic asymmetries in the teeth of their combs.

Transmitter-receiver tooth parallelism was achieved by 'tuning" both receiver
orientation and carrier frequency onto the maximum surface wave signal
amplitude., By imposing an artificial upper limit to the sensitivity of the
receiver, multiply-reflected bulk waves frustrated attempts to accurately tune
the receiving comb to detect 34 Mz surface waves transmitted through 0.5 to
5 thick, 2 mm wide vacuum annealed CdS thin film strips. As a result, no
meaningful estimate of the attenuation introduced by the vapour deposited films
could be made. In common with the earlier 15 ¥z CdS-on-Silica experiments
performed by R.M. White, no photodependence of the video-detected waveform was

observed.,

Three explanations for the excessive surface wave damping introduced by the

layers may bz advenced. Firstly polycrystallinity and surface roughness mz

have resulted in the distributed gencration of bulk waves. Secondly,

attenuation present may, effectively, have given rise to a "forbidden® direction

of propagation by asymmetrically distributing positive and negative signs

among the imaginary parts of the roots to the sextic governing wave propagation
A 7

= . . Coa ... L163]

in the halfspace (Equation 2.L.1). Thirdly (after R.M. White ) acousto-

electric interactions may have been responsible for the attenuation observed.
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The third explanation iz considered unsatisfactory in view of the apparent

absence of deteccted video waveforn photodependonce.,

6.3 HIGH FIELD CHARACTTRISTICS OF CdS THIN FILIS.

6.3.1 _ EXPERIMINTAL DESIGN CONSIDERATIONS.

In the absence of coherent acoustic surface wave transmission, the observation of

~

2 fidir acoustoelochrie interactions must depend on the amplification of

Al

i

thermal surface wave noise which, in turn, requires the attainment of carrier

drift velocities greater than the velocity of the surface waves.

Substantial mobility enhencements at low temperatures are, apparently, restricted
to CdS single crystals of the highest purity. Since the CdS films under
investigation inevitably contained high impurity concentrations, and since
temperature reductions correspond to reductions in the level of acoustic noise
input to the system, no advantages were to be gained by conducting experiments

at low temperatures. Accordingly, no cryogenic apporatus was constructed.

>

L)

Considerations of specimen inhomogeneity, photosensitivity, surface roughness,
and surface wave incoherence welgh heavily against the direct observation of
acoustoelectrically amplified flux by optical scatiering or coherent surface
wave detection techniques. Efforts werc, accordingly, devoted solely to the
observation and interpretation of the non-ohmic consequences of thermel

acoustic surface wave noise amplification (Chapter L.).
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L

6.3:2  EXPERIMENTAL PRCHNIZULS.

Parallel sided, eight mm wide, masks screened tho central portion of each film
during the evaporation (conducted at the lowest achievable residual vapour
pressures = 5 x 'IO'-6 Torr) of +two coplanor indium strip contacts onto the
(occasionally ion bombarded) surface of each film. The contacts were designed
to be of sufficient area to ensure a low localised current density, and spaced
sufficiently far apart to permit both low gain rate incubation of potential
acoustoelectric instabilities and probing of localized field distributions.
The contacts were annealed, either in air or in argon, to assist the diffusion

of indium donors into the films.

Tor the purposes of high field investigation, the specimens were mounted in
turn on the spring loaded platform of a hizh voltage testing jig (Figure 6.2).
Uniform illumination was delivered through & variety (bandgap 061, water cell,
neutral density) of filters from a 100 vatt, tungsten filemented, variac-primatran

driven comiercial projector lamp.

Monitoring the voltage developed across a 1 k) series resistor, noting
carcfully any irregularities, and imszediately, if so indicated, terminating
the experiment, the specimens were generally subjected to voltage controlled
pulses of gradually increasing amplitude (< 10 kV), slow rise time (1m sec)
comparatively rapid fall time (1 4 sec), amd two milliseconds plateau, at

repetition rates of the order of one pulse per second. (Figures 6.3, 6.l4)

Threshold fields (typically 7-10 kV/cm) for interelectrode surface breakdown
were found to decrease with increase in illumination intensity, ambient relative

humidity, and film age. While rarely of itself completely catastrophic, each
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Figure 6.2 High field jig with probe in position.
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breakdown cvent appcared to increase the probability of succeding events, and,
as evidenced by the eppecrance of small black "scorch” marks, degraded film
uniformity, thereby introducing unnecesvary ambiguities into the interpretation
of subsequent experimental results., Specimens exhibiting any tendency towards
interelectrode breskdown at applied voltages of up to 7 kV werc immediately

rejected as beinz unsuitable for further investvizstion,

Using an indium tipped, high voltage insulated, tungsten needle mounted in a
three dimensional manipulator, o search was made for anomalous field distributions
in the vicinity of either contact (Figure 5.3 ). Field anomalies, suggestive

of noun-ohmic contact processes were found in a disturbingly hi,h proportion of

the samples examined (50¢:), and underline the urgent neccssity for further

research into the behaviour of metal-to-polycrystalline-CdS junctions.

After tresting non-ohmic contacts by cerefully melting a thin slice of indium
(2 y ()
placed between the offending contact and the contacting stub of the testing
jiz, the field disvribution search was repeated. In a number of cases the

anomaly disappecred, Specimens ernibiting persistent non-ohimic contact effects

were rajected as unsuiltoble for further study.,

A further search was made for field dependent current instebilities under
varying insensities of both uniform and non-uniform illumination (Figure 5e3) e
Photoresponse characteristics, while not directly under study, were noted, and
the occurrence of coherent current oscillations of sny amplitude at any
frequency up to 20 Mz investigated in depth under a variety of pulsed high
voltage, continuous %.H.T. and non-uniform carrier concentration conditions

(see Chapter L4, section 7).
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Current—volfage characteristics were recorded as a function of uniform illumination
intensity. (Figure 5.3 ). Upon observation of high field photocurrent
saturation, current vs. time, current vs applied voltage, and probe voltage vs.
applied voltage characteristics of the specimen were investigated in depth in

an attempt to diagnose the mechanism underlying the observed sublinearity.

6.4  CURRENT IRREGULARITIES NOT ASSOCIATED WITH ACOUSTOEL®CTRIC INTERACTIONS,

During the course of investigation a bewildering variety of nonchmic,
instability effects were observed. Many of these effects were poorly amenable
to investigation, and, in terms of yielding evidence of acoustoelectric surface
wave interactions, devoid of interest, being indicative only of the pathological
quality of the majority of specimens investigated. A number of instability
effects were however unusual, and a brief selectivc discussion may be of

interest.

The capacitative contect effect, frecuently observed upon rapid termination of
the applied voltage pulse,is illustrated in Figure 6.4B. Potential probing
frequently revealed the presence of associnted high field concentrations in the
vicinity of the positive contact, sugzesting as one possible model chemisorbed

surface laycrs giving rise to blocking barriers at the indium~CdS interfaces.

Characteristic features of the voltage dependent negative spike effect observed
only once, (while testing & 6ﬁL thick, vapour deposited, vacuum ahnealed,
photosensitive film) included:-

(i) a time of occurence after application of the voltage pulse strongly

%
dependent upon the applied voltage amplitude (Figure 6.40) but only

*  Applied voltage reading, from top to bottom, 8.5 kV, 8.2 kV, 7.7 kV, 7.2 kV, 648 )
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weckly depondent upon illumination intensity (and hence power input
to the film)
(ii) a rise time and fall time independent both of applied voltage and
illumination intensity
(iii) on amplitude strongly dependent upon illumination intensity but
barely affected by localized shading of the contacts.
Figure 6.4D is a 28 shot photograph (taken at an applied voltage of 9.. kV)
illustrating the high field time stability of the negative spike. A single
interelcctrode breskdown event at 9.5 KV resulted in total disappearance of
the phenomonon. No completely satisfactory cxplanation concerning its origin

can be advanced.

The oscillating contact effect, originating probably in tunneling through a
) 5 5 & P 5

netal-insulator-metal cum heavily doped n-type semiconductor sandwich formed
presunably by prolonged exposure of areas of indium to the atmosphere, is
illustrated in Pigure 6.4 (which shows, in addition, the slight effect on
oscillation frequency of decreasing the level of coantrol illumination). Since

the phenomenon was easily detectsble and could be removed by careful abrasion

or localized hesting, it proved interesting rather than troublesome.

Figure 6.4 shows four consecutive single shot current-time *traccs (taken at

a set (7.5 kV) voltoge level and separated, for clarity, by varying the
oscilloscope trace position). The random current surges, typical of those
observed in practically all non-post evaporation heat treated films, were
of‘ten accompanied by the emission of visible (green-blue) radiation from minute
spots in the film. Since the random current surges could readily be simulated

by drawing finc scratches across the direction of current flow in an other-wise
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stable film, they were attributed to intercrystallite N I N breakdovmn events

(Chapter 5, section 7.2).

6 o5 oWITCHINC AND ASf OCIAT?D CURAENT OvClLLAPIONS A VACUUM HEAT TRUATY
T FILM,

Randon switching Pffectu, and associated current oscillations (rcported in
Blectronics Letters, 3 (6) 1967) were observed while high voltage testing an
even orange-yellow 4.7 4m thick specimen which had been post depostition
vacuum annealed at 47000, 1 x 10_5 Torr for 30 minutes before beinz cooled to
room temperature and exposed to the atmosphere. Dark resistivity of the film
was estimated at 6.5 x 105 5

flem, light recistivity at 3.2 x 107 flem. X-ray

diffraction showed the crystals to be predominantly (001 oriented.

Pulsing the film with slow rise time, 2msec. length, variable amplitude voltage
controlled pulses, the film resistance wes observed, above & threshold pulse
amplitude (Vt1 2 3.4 KV) to switch occasionally to a value between 90% and

9&% of its preswitch value, end to remain in this switched condition until
termination of the voltage pulse (Figure 6.5A. Upper trace: Voltage; middle
trace: Current; lower trace:3witch detail).

probability mccurrenee
Switching was characterized by o smebstidy of eecurernee vhich inerciced

rapidly with increcasing voltage above Vt1’ by o switching tinmc of leSs than

100nsce, by its repeatability with succeadlng'volmago pulses, and by the
randomness of its amplitude within the stated limits, irrespective of voltege

pulse amplitude (Figure 6.58), V,, did not appear to be markedly sensitive to

t1

the level of illumination.
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Abvove o second throshold 2 2,9 kV) in both uniform dorknecss and uniform
/

(Vt2
light (the lattor only occasionally) small amplitude (3u A peak to peak)
undamped coherent oscillations vwere observed in the current trace ofter
svitching. No cevidence of oscilletion could be found after termination of the
voltage pulsc or prior to switching of the specimen resistence. The oscillatory
waveform vericd from quasi=-irianguler to quasi-sinusoidal with increase in

!
Y

voltage (Figurc 6.5B).

Frecuenc which increased slightly with increoosing voltage) and increcasing
=) [ &) &

illumination intensity, was observed %o cover a fairly wide band (6-7 1Hz).

A strip of the specimen, adjacent and parallel to the positive contact, was

shaded in an attempt to deliberately induce an acoustoelectrically unstable
carrier distribution (sce Chapter L4, section 7). As before, svitching

occurred. Oscillations of similar woveform and waveform voltage dependence

were observed on the switched current trace. These oscillations were found

to have far greater frequency stability than in the uniformly illuminated

case, and werc typically of approximately doubls the emplitude. Amplitude
modulation of the oscillations at up to 3 MHz, reminiscent of the acoustoelectric

[162]

beating effects described by Chun was found to occur upon increasing
aparallelism Dbetwecn the parallel diffused indium contact edges and the

shading strip edge (Figure 6.5D).

In both light and dark, oscillation amplitude wes found to be insensitive to
chenges in applied field. Rapid variation of frequency with variation in
applied ficld was observed with the specimen differontially illuminoted. The
frequency/average field characteristics of the specimen arc plotted in Figure

6.5, (with variation in shaded strip width as a parameter).
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It is believed that macroscopically distributed "bulk" interactions were
responsible for the oscillatory phenomena observed. It is known that in a
sufficiently imhomogeneous, low gain rate sample, acoustoelectric interactions
may give rise to a wide variety of coherent currcnt oscillations. While it
might be possible to formulate an acoustoeleciric model representing the
situation, it is, bearing in mind the observations of Chapter 4, section 1 and
Chapter 5, section 7, immediately cppcrent that any such model would be both
complicated and difficult to defend in the face of competative models based,
for example, upon high field tumneling, trapping, or impurity banding
phenomena.,

6.5 CURIENT SATURATION AND ASSOCIATID FIELD RIEDIGIRIBUTLION.

A detailed description of high field experiments on two particularly well

behaved specimens is given in the folloving section. Both film

5

]

vere

evaporsted at 10~ Tor: (Chapter 5, section %) heat treated at 620°C in the

Boér-Esbitt-Kaufman apparatus (Chapter 5, section 5) and contacted with

large area, parallel, diffused indium strip contacts (Chapter 6, section 3).

X-rey diffraction showed both films to be predominently 4€001) oriented
(Figure 6.6). The “crystallite size" of both specimons determined by scanning
clectron microscopy 3n&4confifmed, for one specimen by carbon replica
micrography, was of the order of 2 microns (Figure 6.7). Opticel

examinsation showed both even, orange yellow filuws to be effectively free of

pinholes and inclusions.
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Neither specimen displayed any detectsble tendency towards current irregularity
over the applicd voltage range of interest (C - 7kV) when voltage pulsed

under uniform illumination., The potential drop was not localized at the
electrodes, and at low fields appeared Lo vary approximately linearly (i 504)
with distance along both specimens, The lisht-to-dark resictivity ratio of
both films was found to be greater than 104, and photoresponsc speeds, while

o, U194y,

not accurately measured, were found %o be unusually repid (

Power dissipation considerations permitted both pulsed (dotted line) end
continuous (solid lines) I-V charccteristics to be detected for the first
specimen (0.83 microns thick) under a variety of uniform illumination

intensities (TFigure 6.0).

Concerning the current saturation observed above a certain voltage threshold

(Vt)’ notice that for V < V, the sample acted ohmically, and that at hign

t

resistivities no saturation was observable. Vt appeared to bhe substantially
independent of whether the voltage applied was pulsed or continuous. The

sharpness of the “knee” increased with increasing illumination intensity, and

its locus described a photo-Hall effect type curve.

Shading the anode (positive) half of the film in order to induce an acousto-
electrically unstable carrier distribution (Chapier L, section 7) o super
threshold voltage was applied to the film, Large emplitude, 12,5 kHaz,
continuous current oscillations, of period apparently weakly dependent on the
applied voltage, were observed. The large amount of jitter present frustrated
attempts to internally trigger the oscilloscope in order to stabilize the
dicplayed oscillatory trace. A detailed investigation of frequency and

amplitude as a function of the three principal variables - applied voltage,
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shade position, illumination intensity - was accordingly postponed in favour

of an investigation by potential probing of the post~threshold field distribution

a3 a function of applied voltage and uniform illumination intensity.

Two factors enter such an iavestigation. Firatly, meaninzful probing of an
extremely narrvow thin film requires the use of a high precision, ultrahigh
impedance potential probe. Sccondly, a sample width comparable to the sample
length introduces local probing complications in the form of a second
dimension. These complications may effectively be removed by vapour depo siting
depositing, after McFee and Tien £109], a grating of thin parallel, indium
strip contacts across the specimen (normal %o the direction of current flow) .
While this arrangement might be ideal in the csse of a freshly prepared cryntal
of thickness greater, by orders of magnitude,;then the diffusion depth of
indium, the difficulties inherent in bein: able to ensure adcquate contact
between the zrating strips and o 0.80 micron thick, three day old thin filu,

without seriously disrupting the conduction or acoustoelectric interaction

profile, will readily be appreciated.

Prior to narrowing the sample o preliminary investigetion of the localized
field distribution was madec. During this investization, the film was
inevitebly exposed to the atmosphere. As an unanticipated result (prosumabls)
of gas adsorption during this exposurs, an unmonitored tendency for'Vt to

drift to higher volteges was observed. The current saturation offect became
less distinet and finally, two weeks after preparation of the film, disappearcd
completely. Heating the speciemn at 120°C under illumination in vacuum for

2). hours failed to reverse the deterioration, and an interpretable plot of the

post-threshold field distribution was not obtained.
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These observations were reported both to the Institute of Physics and the
Physical Society Solid State Device Conference at Manchester in September 1967,

and by invitation to the Sixteenth Meeting of the Thin Film Group at Electrical

Resenrch Asnociation, Leatherhead in October 1967.

"

Berring in mind the deterioration of the first sample, the second well-behaved
specimen (1.2 microns thic ck) %o exhibit photocurrent sublinearity above a
threshold voltage wns stored in vacuum while not directly under test. In order
to avoid difficulties experienced previously in obtaining a one dimensional
post-threshold field distribution plot, the width of the film was reduccd, by

craping, to 1.35 + 0.1 mm, (care being taken to avold N-I-N structures clong

the film edges).

Current vs time characteristics for 0.15 psec rise time, L.Ousec length, and
O.1msec, 3msec length, variable amplitude squarc voltage pulses werc compared.
The time constant for post-threshold photocurrent decay to a stecady state was
found, in the latter case, to be of the order of O.Smsecs, suggesting field
enhanced trapping as & possible mechanism undorlying photocurrent sublinearity.
Some evidence was however found, i the fast rise time case, for a more
rapidly scturating interaction, with o time constant for photocurrent decay
estimated at 0.25 U4 secs. Detailed observation of this rapid decay was
frustrated both by ring on the leading; edge of the voltsge pulse and by the
voltage pulse's comparatively slow rise time (0.15 4 secs). The significance

of these observations will be discussed in the following section,

Current-voltage charecteristics of the 1,2y thick specimen oscillographically
plotted 1.bmsecs after application of the variable amplitude O.1mscc risc time
voltage pulse, are given in Figure 6.9. Resistivity variation was achiocved by

varying the intensity of uniform illumination.
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Comparing these characteristics to Figure 6.8 (0.68 micron spccimen) notice
that the ‘knec’ position was comparatively poorly defined. The degrec of
seturation sgain decreased with incresse in resistivity. The "knee' voltnge
wes, apparently, independent of pulse repetition rate (1~ 50 ) and its
apparent locus again described a photo-Hall effect type curve., Below threshold

the sample acted ohmically.

“Steady state" field distributions, obtained by sampling at 0.5 mm. intervals
the voltage developed 1.5msccs after application of the variable amplitude,
O.1msec rise time, voltage pulse, are given in Figure 6.10. Note, firstly,
the redistribution of local field with increase in the voltage applied to the
sample, and secondly, the post-threshold (V > Vt) appearance of localized
regions of low, and even negative field following reglons of comparatively
hizh field at points in the sample remotec from the contacts. Discussion of
the significance of these observetions is ogain deferred to the following

section,

In a study of the generation of r.f. noise power in bulk CdS crystals biased

into the acoustic gain condition, A.R. Moors [1001, employing a model similar

to that of Chapter i, sections 2 and 3, theoretically predicted that the
acoustoclectrically genernted noise power per unit bandwidth originating in
transitions S —0, 0 — 8 (Bcuation 1.2.25, Figure ..2A) should be proportional
to (V - Vt)2 for Vv > Vt and zero for V < Vt' This prediction was verified

by plotting linearly the relative noise voltage [ o (power)%] developed

across a resistor in series with a photoconducting CdS single crystal against

the voltage opplied to the crystal. Figure 6.11A shows the published result

of Moore's experiment (Figurc 9 of reference.100),
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Assembling auxiliary apparatus in configuration Figure 6.3, "steady state"

pulsed noise voltage vs applied voltage characteristics of the narrowed thin

film specimen werc plotted, 1.05msecs after application of the O.lmsec voltage
pulse for a variety of uniform illumination intensities. Two photographs of

these plots, together with corresponding (invarted current voltage characteristics

for medium and low light levels, are given in Tigures 6.11B and 6.11C,

Comparing these photographic plots with Figure 6.114 due to Moore, notice that
in both cases the results appear to verify Moorc's prediction that noisc power
is proportional to (V - Vt)2 for V. » \ﬁt, zero for V < V,. Deviations from

v

this relationship msy be seen to occur in the immediate vicinity of V,, where

t

Moore's analysis breaks down.

Failure of the E.H.T supply made further investigation of the saturated photo-
current noise impossible for a period of two weeks, during which time the
speceimen was stored under vacuum in an attempt to avoid possible deterioration

similar to that observed in the previously tested 0.88 micron thick specimen.

The attempt proved unsuccesaful. While the contacts were found by probing to
have remained substantialiy ohmic during the storage period, high field photo-
current saturation localized ficld redistribution, and field dependent noise,
were no longer detectable. Since it was, as o consequence, imposaible %o
egtablish further correlation between A.R. Moofe's high field bulk Cds5
experiments, and these high field thin film experiments, the experiments were

terminated.

The results of these investigations were informally reported to the Acousto-
electric Consortiwm, meeting at Standard Telecommunication Laboratories,

Harlow, Essex, in February 1966 (unpublished).
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6.7  DISCUSSION,

It is impossible to conclude, solely on the basis of observations of high field
photocurirent saturation, that the overall cxperimentel objective of demonstrating
acoustoelectric surface wave interaction in a polycrystalline vapour deposited
Cd5 thin film has been achieved. It will be shown however that the available

evidence supports such & conclusion,

Any acceptable model mast, in a simple framework, be able %o reconcile
simultaneously four features of the interaction in question, namely curvent
saturation (Figures 6.6 and 6.9), localized field redistribution (Figure 6.10),
the occurcnce of a region of negative field (Figure 6.10) and a superthreshold
photosensitive, linear relationship between noise voliage snd applied voltage

(Figure 6.11).

Contact effects, impact ionization, field extraction, changes in the forbidden
energy gan and changes in the wave functions of all but the most shallow
trapping levels may be rejcected as primary effects if it is accepted that

the measured ficld distribution reflects the true microscopic field distribution.
Argunents in support of electrochemically produced changes in the trap
densities, dipole layer formation dus to inhomogeneities with different
conductivities or trap concentrations, Joule hecating effecte, and finally free
carrier injection either as spacc charge or as double injection, as far as can
be ascertained either fail to reconcile one or other of the observed features
of the interaction or are forced to rely on a prior assumption whici might be
difficult to establish in a thin film situtation. It is therefore reasonable
to seek explenations in terms either of acoustoelectric intercctions or of

field induced changes in the majority carrier capture probabilities.
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r165] [156

Van Hoek and Xarpovich et.al. J have dscrved high field photocurrent
sublinesrities in mobility enhanced, coplanor electrode CdSe thin films. Both
investigotor: considered field enhanced clectron capturc to be more probable
then acoustoslectric intovaction. Xarpovich and Zvonkov's adoption of the
former explanation, based on correlations between high field photocurrent
decay in the presence and sbsence of additional pulse illumination, appears to
be realistic. A quentitative inconsistency does however exist between their
7,

time constants for photocurrent decay to saturation (10_J secs) and Van Heek's
statement that

"heating effects were not observed when the pulse width of = single

/

sweap sawtooth voltage was changed from 10 microseconds to 1 second”.
‘'his epparent inconsistency justifies a critical comparison of the reasons

advenced by the two investigators for the rejection of an acoustoelectric

explanation.

Van Heek's rejection is based primarily upon the absence of correlation

between the velocity of transverse waves in CdSe single crystal (1.5 x 105 cn/sec)
and the drift velocity (sic) of the cherge carrier . at the ‘knec” voltage

(= F‘H By = 70 x 3.2 x 107 cn/sec). Moore and Smith (102] have pointed out

tha®t the effective carrier drif't velocity is given bY‘K“%“;T where n and n,

are, respectively, the densities of aéoustoelectrically bunghed, free and

trapped carrviers. Furthermors, for 0.35 micron thick films on pyrex, <300 MH;
fuondsmantal mode surface waves travel at = 3 x '105 cm/sec (Figure 3.1). While

1% might be arzgued, on the basis of the White L 17] theory, that the frequency
for optimim gain of the system is 1in excess of 300 Miiz , the question of into

which surface wave mode energy would be pumped, has yet to be settled. Van

Heek*s sccondery reason for rejection is based on the apparent stability of
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the observed differential negative resistance and should be considcred in the
light of the acoustoelectric instability incubation length (Figure 4.1) and

his small interelectrode drift length (110;Lmax).

Karpovich et.al.'s rejection of acoustoelectric interaction is based on the
grounds of photocurrent decay observations and the absence of piezoelectric
effects in unoriented polycrystalline structures. In an acoustoelectric
framework both grounds are valid, and the question, of whether or not acousto-
electric interactions did in fact contribute to the observed current saturation
cannot usefully be discussed here, since no studies of CdSe film orientation

appear to have been published by these workers.

The two observed time constants for photocurrent descay to saturation (1.2;1
thick specimen) are, respectively, compatible with diagnoses of acoustoeclectric
interaction (2 0.25 x '10—6 secs) and field enhanced clectron capture

(2 0.5 x 10_3 secs). It has already been noted that coulomb repulsive traps
may exist in CdS and CdS-CdSe systems (Chapter 5, section 3). Since in
imperfect experimental situations high field interactions may proceed in
parallel, it is permissible to attempt to interbret the available evidence in

terms of both mechanisms,

A 15/ variation in ohmic (i.e. pre-saturation) field over the bulk of a

(109]

commercial sample is regarded by McFee and Tien as being typical of
many "homogeneous® photoconducting CdS single crystals. The recorded (Figure

6.10), 1 KV applied, field variation need not, accordingly, be regarded as

atypical of inhomogeneous photoconducting CdS specimens.

Redistributions of field with increeasing applied voltage, in order to maintain

current continuity in the face of zpatially non-uniform current saturating
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interactions, arc to some extent, obscurcd by inherent specimen inhomogeneities
(Figure 6.10). Normalization moy profitably be accomplished by cmploying

r
McFee and Tien's relation 1109]

(%)

J . ,
ae ohmic. " sat

f(X) D e e o el e e 1
Jgat Jsat, thmic(.zj

This equation describes (see Chapter 1., section 6) the rclationship betwecn

the acoustoelectric currcnt Jq , and the post-threshold field profile Esqt(x)

¢
1&

in an inhomogeneous, low gain rate specimen. McFes and Wien's initial
assumptions of spatinlly independent mobility and fisld ind-pendent cerrier
concentration may, to a greater or lesser degree, be inepplicable to the

1.2 {4 thick sample.

Ignoring this difficulty, the observed high field regions (Figures $.10 and 6.12)
followed by rcgions of low, and even regative ficld may be expleined simply on
the basis of momentum exchang: betuveen drifting carricrs anc acoustic waves.
Regions of positive £(x) in Figure 6.72 may be regerded as regions of acoustic
gain, crossover points X, where £(x) = 0 may be regarded as points of zero

gain, and regions of negavive (%) may be regorded asregions of acoustic
attenuation. In the absence of lattice attenuation, field measurcments at

points z  may be used, through the relation
c

}J (x) = Vs
eff* ¢ TE % )
¢ to cstimate the effective ceririer drift

mobility.

Ignoring further difficulties imposed by the dispersive nature of the thin
film waveguide, effrctive drift mobility values obtained using this relation
in conjunction with Figures 6,10 amd 6.12, and the Rayleigh wave velocity for

-
CaS (2 1.7 x 10° cw/scc) are tabulated as follows:
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TARLS 6.1

Dist. from Cathode | Applied Ficld Local Field; Bffective Mobility
mn kV/cm KW/ en cm?/v sec |
o T 3 1.6 106 |
= 3.7 !
5 5l 31 7
1
3 Lok 59 |
= 75 5 6.0 23 [

745 : 22

These velues for the effective drift mobility of a post eveporation heat
sl o s . v s - v [154]
troated thin film are made entirely plausible by Boér, Bsbitt and Koufmann's
Hall mobility measurements of 225 cm”/V sec for similerly heat treated films,
The decreasc in effective drift mobility with increase in local field is at
least qualitatively consistent with the previously mentioned Moore-Smith

relation:-

n

Peff i n+n 'FIH'EK
t

as ep>licd to o samplc in which n, is an
1%
A . : : e, £102] .
increasing function of field. Moorc and Smith observed acoustoelectric
interactions at /ld/“ H ratios of 0,0&, in single crystel Cds. Lc Comber
v [160]1 . .
et.al. s [ - criterion of Ald/p,I‘ 2 0,37 for the occurence of transient
acoustoelectric interactions would therefore appear to raise no significant

difficulties, if the situvation were to be represented by an acougstoelectric

model.

The ficld reversal at 3 kV, between 3.0 mm and L.5 nm (Figure 5.10), cannot

easily be accounted for in terms of a simple trapping effect. Bxplanations
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in terms of corrier extraétion fron accidental junctions may, in view of the
width of the region and the sbsence of any visible discontinuity, ba difficult
to establish. The ease with which the negative region may be reconciled in
terms of inhomozencous acoustoelectric interactions lends strong support to

the adpotion of a model similar to thot adévanced by McFee and Tien (Chapter i,

section 8).

Relationships between externally applied field and the internal generation of

¥

current noise have yet to be explored in detall. The posaibility tha
conventionsl field dependent trapping interactions might havs resulted in the
. - Lo s . . . . - \2
obzerved photodependent linear relationship between noise power and (V - Jt)
cannot lizh%ly be dismissed. Apparent verification of Moore's acoustoelectric
noise power prediction (Figure 6.11) can, however, be viewed a8 on encourasing
indication that acoustoclectric interactions made a significant contribution

to the observed high field photocurrent sublinearity.

While uncontrovarsinl proof mey be lacking, the close similarity between the
observed effects and those previously observed in acoustoelectrically active
single crystal specimens of CdS, and the ease with which all the observed
effects may be interpreted within an acoustoelectric fromework, suggest that
the experimental objective, of achieving acoustoelectric surface wave inter-

action in a CdS-on-Sapphire system, has been realised.
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CHAPTTR 7.

7.1 SUMHARY.

e

Characteristié equations governing surface wave propagation in thin film wave-
guides werc formulated as variants of the general, anisotropic, bimaterial,
infinite plate problem. The primary influence. exerted by the mechanical
properties of the substrate on thin film propagation was deduced from a
discussion, conducted in real space time, of the ranges of existence of solutions
to these characteristic equations. The implications of system anisotropy were

explored in some detail, and a number of dispersion "anomalies” were predicted.

A progremne, potentially capable of extension to the numerical analysis of
wave propegation in all variants of the bineterial plate, wos developed and
applied to the experimentally imperotive location of a crystallographic plane
free from anisotropic surface weve propagation "anomalies. Slowness
charncteristics for shear vertical surfrce wave propagation over the principal
planes of two trigonal media were presented in this context, and it was shown
to be an adequate approximation to regard a suitebly oriented CdS-on-Sapphire

),

system as mechanically isotropic with respect to waveguide dispersion.

During the course of this investigation, a number of analyses leading to the
prediction of high surface wawe gain rates in a number of variants of the
original electron beam piezoelectric surface wave amplifier were published.

The variant of principal interest - the CdS-on-Sapphire waveguide - was shovm
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in this study to reducz, in low snd high frequency limits recpectively, to
variants analysed by S. Kaligki and C=C Tseng. The numericnl difficulties
impeding extension of their argumcnts into the normalized frequency domain of
strong dispersion were emnumerated, ond the dispersive charscter of acousto-
electric coupling was discussed within an alternative acoustic ray waveguide

framework.

A general discussion of acoustic thermal noise amplification was applied both

to the quasi-mathematical visualization of =mcoustoelectric domain formation in
homogeneous single crystals and thin films, and to the low gain rate/inhomogeneity
questions of current saturation, static domein formation and acoustoelectrically

induced current oscillations.

The existing degree of control (&iring Cd2 film vapour deposition) over micro-
precipitation, stractural defect d-coration and impurity trappinz-comnlex
formation, was shown to fall short of the heavy material demands made by high
planar drift fields. Since available resources did not permit an elegant

approach to defect density reduction, an unoptinized, relatively complex, post
evaporation heat treatment procedure, ained at compensation of native atom
astoichiometries and at drift mobility enhancement through copper recrystallization

catalysis, was developed.

A series of high field experiments performed on post evaporation heat treated
CadS-on-Sapphire films led to the ohservation of both continuous end pulsed
hizh field photocurrent saturation, the latter being accompanied by localized
field redistribution and the generation of acoustoclectric-bunching-type
noise. These observations were diagnosed as being indicative of low gain rate

surfece wave noise amplification in the presence of field dependent recombination.
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7.2 CONCLUSTONS AND SUGGESTIONS FO FURIHER WORK.

In spite of long stending seismological interest in the numerical structure of
surface .wave propagation, analysis of the classical nonolayered halfspace
problem is far from corplete. Even in the hi-hly degenerate isotropic casc,
many questions, involving propagation in complex space time, energy distribution
anong available modes for varions noie inputs, and the detailed inter-relationship
between material parameters, di:persion, stress and particle displacement,
remain amenable to analysis but unanswered. Stoneley wave dispersion has yet
to be examined in any detail, and hisher mode cut-off has only becn studied
vithin the limited context of surface vave exponential decay with depth. In
the more goneral anisotropic case, virtually nothing is known about the exictence
of Stoneley (interfaoe) vaves, nany of the generalized Sezawe wave dispersion

)
"anomalies® predicted in Chapter 3, section 3 are at present nunerically
unconfirned, and only limited investigations into. the influence of pilezoeclectric

stiffening on bounded wave propagation have been made.

Permutation of the passive monolayered halfspace structure affords access o
a wide vericty of dispersive and non-dispersive surface acoustic waveguide
devices, potentielly capable (throush menipulation of dispersion characteristics,
higher mode cut-off points and forbidden dircctions of propagation) of
performing nany of of the circuit functions currently undertaken by bulky
electromagnetic waveguides. Since thermel dissipation, round trip instability
and cummulative round trip noise disadvantages of bulk acoustoelectric
amplifiers have no direct surface wave analogue; since distributed gein may

be used to adventage in a thin film waveguide netvork; and since surface wave

acoustoeloctric offects provide ¢ vercatile tool for the exploration of surface
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transport and trapping mechanisms, 1% in enticipated that the thin film

amplifier proposed in this study will not lack practical application.

It is rcasonable to expect that the severe difficulties accompanying thermo-
dynenic stebilization of hirh mobility, piezoelectric, semiconducting thin

films (e.z. CdS, Zn0, GaAs) will be overcome in the ncar future.
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