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APSTRACT,

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 spproximation 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 drif't 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 Krdmer (1, 2], the first (1958), that certain energy band
structural properties giving rise to a negative effective mass might be used
to obtain negative resistance effects in semieonducting ecrystals, and the
second (1959), that these effects might be employed in a practicsl device,
(the NEMAG), for amplifieation and generation, were important in that they
caused attention to be drawn to the then virtually unexplored device area of

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

Somewhat earlier, Voigt (1910) (3] had pointed out the contribution of internal
electrie fields to the elastic stiffness of a piezoelectric medium. The
classical theory of wave propagation in piezgelectric media, which served to
emphasize this stiffening eoncept, was developed by Kyame (1949) ih], ( and
independently by Koga et.al. (1957) [5]) and extended by Meijer et.al.(1953) L6]

and Kyame (195.) L7] to cover the case of piezoelectric semiconductors.

In a closely related field, Weinreich (1956) [8], extending investvigations by
Parmenter (1953) [9] and others, was led to predict that the electronic
sontribution to acoustic attenuation in a non-piezoelectric conductor could
become negative if the eleetron drift velocity were to exceed the velocity of

sound..

In 1960, Nine [10] reported the observation of photgsensitive attenvation of



longitudinal and shear ultrasonic waves travelling respectively parallel to

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

measured the electromechanical coupling constantz of both CdJ and Zn0. Fxtending
Kyeame's work on wave propagation, he realized that piezoelectric coupling to
electrons could cause directionally dependent, relaxation type ccoustic

dispersion and attenuation, quantitatively similar to that observed by Nines

Two fundamentally important discoveries emerged from a study, undertaken by
Hutson ect.al, (1961) (121 of the photosensitive ultrasonic attenuation of CdS
as a function of the externally applied field. The first confirmed Vhite's
prediction that for elecctron drift velocities greater than the velocity of
sound, the sign of the acoustic atitenuation 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 mounted at the crystal

anode.

Shortly after these cxperiments, following a proposal by A. Rose after careful
elimination of the alternative possibilities, Smith (1962) {13] concluded that
the current saturation observed to set in apvroximately 0.1 K scc after
application of a super-critical ( >1600 V/cm) voltage pulse to scmiconducting
CdS and CdSc crystals, could best be attributed to the amplification of non-
injected hypersonic waves. Tfforts to detect these waves, however, proved
unsuccessful., Hutson (1962) [14] proposed that this current saturaticn should

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



an clectron flow counter to the direction of clectron 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 currecnts and fields

as a function of the applied drift field.

Detecting the buildup of acoustic flux in uniform crystals of CdS using a
series of transducers mounted succcssively at the crystal anodes, llcfee (1963) L16]
obtained strong correlation between current saturation and the builid-up of'
acoustic flux in the system, and provided additional confirmation of White's
(1962) [17] theory that in a current saturated condition, the entvire crystal
could be regarded a3 a resonant cavity supporting standing cohercnt sound waves
(the loss suffered by thc backward wave component reflected from the anode
being exceeded by the gain of tﬁe forward wave component). Current oscillations
observed during dcecay 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 obsecrved toc set in at
drift fields only one half as large as those required to give longitudinal wave
gain. TFurthermore, thc period of oscillatory decay of the photocurrent from
its ohmic value was found to be both field dependent and longe: than the round

trip transit time.
p

In several CdS crystals mounted in the conventional coherent wave gain

) (18]

configuration, Kroger et.al. (1963 reported the observation of an acoustic
wave propagating with an anomalously low vclocity. The same {principal)
authors later observed, in apparently uniform samples of CdS, continuous

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



parameter~ as the temperature, the electron density, and the woltags enplied
to the crystal - Kroger et.al. (196L) [19]. Both phenomena werce “ni.rpreted
as involving the collective propagation of momentum by the phonon ficld in

acoustically amplifying crystals,

The observations of Smith, McFec and Kroger gt.al. triggered, cnpccielly in

the Japanesce schools,; a considerable accumulation of data concorning the non=-
ohmic and oscilloatory high field bohaviour of piezoelectric scmiconducting and
semi-insulating crystals. (Local irradiation of the latter was reported by
Okada and ilatino (1963) L20] to result in undamped coherent photocurrent .
oscillations (See Chapter 4, section 7). It gradually becemc apparent that

the inhomogencous nature of semi-insulating CdS crystals available for acousto-
electric high field studies in many cases contributed significantly o the
anomalies observed, and the critical evaluation,by progressively refincd
techniques, of matcrial homogeneity became a regular and essential feature of

significant industrial and academic acoustoclectric resesrch reports.

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 itrensfer to a higher cncrzy, lower
mobility sub-band. In a second proposal fw :961 - [22})they hac poinied out
that bulk ncgative resistance could rasult from an increasc in the capture
cross scction of repulsive centres as a field heated the mobile «loctron
population. Ridley (1963) (23] later showed it tQ be thormodynemically

favourable for layer-like ficld rcdistributions to form acrog- the body of

any scmiconductor biasedto within a bulk, N shaped, negative rciistance rangec.

Thesc roscarches culminatod in the obscrvation of high ficld rcsions (domeins™)



moving through bulk N-type negrtive resistance samples with velocities, ¢,

»*
characterised by the mechanisms underlying the differential negative resistance

which included:-

(i) for the slow domains (¢ <1em/sec) observed in CaS [24], in Au
doped Ge [25], in GaAs L26] and in Se [2?]; effective field
dependent :‘ca:ombinat ion.

(i1) for the acoustic domains (c £ 2 x 1050m/sec) observed in GaSb [28],
dr g 128 4o gaiie 190) o ol 13V 5 pnin mats meonsto-
electric interaction.

[32]

s

10?cm/sec) observed in GaAs in

123

(1ii) for the rapid domains (c
InP [53], in GaAsP [31}], in InAs [31{"], in CdTe [35] amnd in ZnSe [36];
field induced redistribution of electrons over bands with different

effective masses and mobilities.

1.2 __ACOQUSTOELSCTRIC DIVICE FABRICATION.

-

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

considerations of material quality, geomebtrical 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
Bodr (1965), a negative differential resistance could be obscured by the

occurence of static layer-like inhomogenities in the specimen.



Sophisticated techniques, including diasmond ~‘heel cutting, mask:d chemical
etching, air sbrasion, spark ercsion and soft lap polishing, heve, vhile time-
consuming and expensive, been successfully cxtended to achicve thr reguired
degr.2 of control over the geometry of Cd5S crystals, which arc at once soft

and relatively brittle.

The potential application of piczoacoustoelecctric cffects to acoustic amplification
(Hutson ct.al. (12] (1961)., Zabolotskaya ct.al. (571 (1967) optical sconning,
visual display and the synthcsis of complex clcetronic function: by secometrical

or electronic fieldprofile shaping ( Cclimetson [38] (1967) , Butlcr and

[39]

Sandbank * (1967)) is well cstablished. It has becn showa to bo possible,

for example, to show up to twenty scparatc levels (croated by ciching or pleting)

=50

during a domain transit of 2 4 i secs through a length of = Jmm. This
corrcsponds to epproximately 10? bits per second, a rate entiruly compatiblc
with prcsent digital systoms practicc. Unfortunatily, a bullk acoustoelcctric
domain device is not only incompatiblc with mass production toechuicuon, but is
also inhercntly restricted by thormal considcrntions to o typical meximum of

[39]

ten domain transits pcr second

Vapour cvaporation techniques arc readily adeptable to mass production. In
contrast to bulk crystal machining, control of film geometry mey, by masking,
be achieved in the fabrication stage. Sincc thin film componcnts mey both
rest upon thermally conducting dielcctric heat sinks and, if active, oodcrate
at power levels considerably lower than cquivalent bulk devic:s, it bocomes
iumediatcly epparent that thin film, surfacc acoustic wave, adoustoclectric

devices hold many potential advantagcs over their bulk wave cgrivelents,

This study has, as its object, cxploration of the feasibility of olbserving



acoustoclectric intcractions in vavour-deposited films of Cdi, with a vicw to
the vvontual cxoloitation of a family of thin film acoustozlecctric dovices
direetly analogous to the family of bulk acoustoelcctrie dovices currcntly

under dcovclopment.,

The study hos boen divided into two basic arcas, viz:-
(i) a study of surfacc wave propagstion in anistropic thin film structures.
(ii) a study of thc preparation and high field behaviour of Ca% +thin films,
Thesc arecas arc dicussed in turn in the following chaptcrs, and the final
chapter is concerncd with a rcvicw of th: progress achieved, tosother with a

delineation of the principal areas for further investigation.



CHAPTER 2.

ULTRASONIC PROPAGATION IN THIT FILMS,

2.1 __ TNIRODUCTION,

Lord Rayleigh [AD], extending an earlier analysis by Lamb [hj], showed that
waves producing retrograde elliptical particle displacements in the sagittal .
plane cculd 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 1] subsequently
identified as a wave of Rayleigh type the so-called third phase of scismic
disturbance. His acute observation that

"the ratc of propagation is, in some way not workaed out, a

function of the size of the wave"

L43]

preceded by over a decade Love's analysis of dispersion in a layered

[44]

halfspace system, and by a quarter of a century, Stoneley's 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 surfacc of separation
of two media with similar surface wave velocities., giving
rise to an interface wave of Rayleigh type’

[45]

was Tirst pointed out by Stoneley

Further advances in the understanding of surface wave propagation over

monolayered elastically isotropic halfspaces are reviewed by Ewing, Jardetsky



[ 46

and Press Research directed towards the realization of microwave

circuit functions using surface waves is currently in progress in Britain

La7]

under the supervision of E.A., Ash *

That certain anomalies in seismoclogical records could be accounted for by

[48] (49]

continental anisotropy was proposed by Stoneley «» Analyses by Synge s
Buchwald L 50, 511 and Buchwvald and Davis [521 of Rayleigh-type wave propagation
over unlayercd anisotropichalf'spaces raise important questions concerning the
alloweble 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 BLUATION.

e e

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

u - L r
l,J.C) - S]_k (k,l = 13253) (2.2.1)

>
— ..-..._.,U':

where 4
Ykl T 3%y !

¢ representing the displacement of a material point from

its mean position, coordinates e

Tor small strains, Hookes law

— pf == or .
055= ¢3S = S5 311 (e 1+ ¥ 50) , (2.2.2)

relates the stress tensor CTij 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



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

the symmetry conditions

®ik1 T %5kl T %igik T %kaij (2.2.3)
Bquation 2.2.2 may be differentiated with respect to distance to yield, in

the absence of body forces, the three relations

% 5 axj axg 8Xy,
_ ¥y
B o vhich couple to constitute the well-known wave

cquation, in which p represents the material density.

2,3 _ PLANE WAVE SOLUTIONS 0 THE WAVE FQUATTON.

P SN

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

solutions to 2.2.4 of the form

0, = ui + iué’: ak.exp[iaj(ijj—t)] (2:3:1)

In general, the angular frequency, w, the amplitude egoefficients, & and
the slownesses,sj, may assume complex values. It is convenient here to

restrict W to real values greater than zero. nj represents unit wave
X :

normals (real). Note that Sj = nj/v = Ef (vhere v represents the phase

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

—— e e s i i - e

e

Lighthill's observation [55] "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.



1=

Substitution of 2.3.1 into 2,2.L above gives a set of three homogeneous
linear equations which may be written in the form

[0 6 5 ™ Cpgrs %% Jlax] =0 (2.3.2)

where (?pr is the familiar Kronecker delta.

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

the Sj should inter-relate to satisfy the equation

(KPP T €PP - Cpqrs qus) (2.3.4)

For cach set of values sj satisfying 2.3.3 there exists a corresponding set
of three normalised amplitude coefficients
ak - %{. £2.345)
given by 2.3.2. The constant of normalization,
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.

2.4  WAVE PROPAGATTION TN UNBOUNDED ANTSOTROPIC MEDIA,

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

sections are included. The detailed topology of the phase surfases

introduced is discussed by Lighthill [53] [54]

(551,

, Duff and more briefly by

Musgrave

Note firstlyythat equations 2.2.2, 2.2.3 may be questioned on theoretical

(56, 57]

grounds , secondly, that the classical theory of elasticity vill not



42

apply for wavelengths comparable with interatomic spacings, and thirdly, that
cascs 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, Bquation 2.3.3 may be expanded to

yield a sixth order polynomial in 5, with real coefficients bR

3 R
best =0 24,1
s R ( )

if a point P(SZSB) is arbitrarily chosen on

the real plans 0s0s (Figure 2.1).

3

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

2’

consider the behaviocur of the roots 5y to Zebel 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

P rr rrp
b1 3

s, =+ 4 ; 4+ M 3+ M . As P moves away from 0 the roots change continuously

.1 Ay
(not necessarily symmetrically) until at some point L two roots coalesce to
become complex conjugate. At twe further, in general distinct, poinﬁs(T1 T2)

the remaining roots coalesce successively 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

05205 defined by the loci of L T_i TE' The plane 052 Os., may be rotated

3 3

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 T?.
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Setting w =1, (g = L) at each point @ of the curves L T1 T2 construct a
tangent (Figure 2.2). Then the loci of points B defined by the intersections
with these tangenis of normals from the origin defines yet another surface W
of three sheets in real space time as 032 Os3 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 0 at t = 0, is known as the nave surface.
If § is a point on the surfaceS , ﬁ the corresponding point on the wave

surface W, vector 5@ represents in direction and inverse magnitude the

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

the group velocity of the wave motion cobserved at B emanating from O,
contributions to which are made by all voints 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 dagenerate case of isotropy,when all sheets of S, and W

reduce to spheres concentric about 0.

Real cosfficients bq of the sextic 2.4.1 arise from the restriction of cijkl’
A

33,to real values. Complex coefiicients hR may represent either an

853
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

; " (s8] | . i -
not represent energy transport . 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__ WAVT PROPAGATION IN BOUNDED ANISOTROPIC MEDIA.

(paae 24)

Consider, in Figure 2.35Atwo parallel sided, homogenecus, infinite anisotropic
slabs in a three dimensional Cartesian coordinate system, firmly adherent in

the plane X, = -h, their free faces bound by vacuum in the planes x, = 0(slab I)

1

:\c,1 = —H(slab II). (Where necessary in the following argumentc upper case
symbols, equivalent to the lower case symbols defined previously, will be used

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

It is required to examine the restrictions imposed by the boundary conditions

of zero normal stress on the faces X, = o, - M -H; continuity of stress and
displacement along the interface % = ~h;, on the coexistence of two wave systems
w, = a8, cXp iw(ijj— t) (2)
Up = A, exp iﬂ(ijj— t) (b) (2.5.1)
(@ =w; s, #8585, =5,; 5, =8,)

propagating simultanesously in slabs I and II.

Restricting the elastic coefificients to real values, arbitrarily assign 32 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 aP Ap are to assume nontriviesl
values, two equations equivalent in form to 2.3.3 must hold, and as S, 53 are

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

to 21 viazs 2

b..S = 0

R () 2.5.9
BpSy = O (v)

gLMWiEbdw

which may be solved for s, S Given the roots

171°
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2y (*) = al®) 4 4a(®) (=)
) sl = 1, o viB 53
g (8) _ () | (%) (5, 2b§ ) (2.5.3)

1 = z
one may.by back substitution obtain- the

normalised amplitude coefficients corresponding to each root

(£) _ , () (%) .
) ak(-r);f(»r) e je 5
B (b)

Defining sz(t) S (T) 853 ss(t) = SE(T) 3, the displacements corresponding

to the wave motion are obtained by summation:-

= 5 (1) (%) (t)
. = s
5 tELf dy expliw(sy %~ t) ] P B
T = S F(T)D(T)“xp[lw(s(T)xq— t) ]
D mg P =
The corresponding stresses are
o (t)
i3 = 1an§i ©1Jklt dét}sitjcxp[ ta( —t)j(Q 5¢6)
s mT(m._,.(T)_ =
T e Cijle(l)Dl(c )81 exp[10(837 x~%) ]
Applying boundary conditions, and simplifying,
i le|:0=‘O k’l 2 d( s (t)f(t) (a)
”Plx——h U'nlf‘-'-h -t% f(t)aét)CXp[lw( t)h’}‘ (b)
- Z F(T)DéT)exp[zw(—SﬁT)h)] = 0
=1 L) (2.5.7)
: % g.avb) et 2 t
‘Tijqu=_h=gijlxl=-h° cijkltjldk“i- £ GXP[W("SI( )h)] o
6
- T i T i T _
Cijklté;Pé )gf )F( )exp[lw(~8£ )h>] = 0
8 Ty (D
" slam 0 ¢ O 2280 TR Pemlin-fnl =0 (@



(t)5(T)

a set of twelve homogeneous linear equations in the twelve unknowns f

which may be written in matrix form as

[A] [x] =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 (32,5 w h,H) be such that

3’

T} e 1 (2.5.9)

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,

due to Rayleigh and adopted for this arguement, defines 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 RAYLEIGH WAVES.

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

(2.5.3(aﬁ of 2.5.2(a) which possess negative imaginary parts.
5, (%) = nl®) _ 3n(®) (+ = 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 U—Ijlxnzo = 0,
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(t) (t) ¢ (%)

6 = 0 (2.6(a).2)

Cijxl 3 d,
t=1

(t)

For nontrivial f to exist it is necessary and sufficient that

]

det th 0 (2.6(a).3)

KQt CIQrs dr(t) Es(t) (2.6(=) .4)

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): GINERALIZED STONELEY WAVES,

In the analysis of the bimaterial slab, define the interface as x = 0, and allow
the free boundary planes to extend to -oo0o, +00. In order that up may tend to
ZEro a5 X —= +00, Up to zero as x — -00, admit only thses three roots (2.5.3(a))
of 2.5.2(a) possessing positive imaginary parts, those three roots (2.5.3(Db))

of 2.5.2(b) possessing negative imaginary parts. DIvaluate by back substitution

the corresponding dk(t) Dk(T).
The b diti bec =U i = 0 w
he boundary conditions become uplX1 = p‘x1 - 0 1JIX1 -0 1jlx, = 0
e (158 5 g(Tp(T)_ 4 (2.6(p).1)
;- % (a) e
t=l T=1
PN (t) (T)p(T) g (T)
Cs 317 2 d_, P D
lJAlt:l ] 1 13&1 k (b)
a set of six homogeneous linear equations

in six unknowns f(t) F(T).
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For generalirzed Stoneley waves to exist in the system, it is necessary and

sufficient that 55 53 be found such thet

det L;s=0 (1) = 1e..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) Ir B808) . Y

2.6(c): GENERALIZED SEZAWA WAVES,

In the analysis of the bimaterial slab, put H = @ and allow UP to tend to zero
as x1*?--a>by'admitting only those roots (2.5.3(b)) of 2.5.2(b) which possess

negative imaginary parts

51(T) = (™ () (T = 1,2,3) (2.5(c).1)

Evaluate by back substitution the DP d, corresponding to 2.6(c).1, 2.5.3(a).
w 45
That O“ij % = o O is ensured by the initiasl step in the argumont. When the

remaining boundary conditions ars applied, the following nins homogeneous
linear equations in the nine unknowns f(t) F(l) (t = 4006 T = 1,2,3) are
obtained

qulgzﬁﬂsgﬂﬁt)=o (a)
t=1
§ £(0)4(0

2 explie(-s{¥n) ]

(b2
—TélF(T)DéT)exp[iw(—ng)h)} = 0
e T 7 0l (T ()

6.1 Wk w87 expliw(-8,n)] = 0

(e)

(2.6(e).2)
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from which the determinantal equation

emerges directly as the characteristic

equation governing wave propagation in the system.

2.7 _ THE PHAST SURFACES FOR BOUNDED MEDIA.

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...1 within the outer shect of the slowness surface.

While it may be possible to find directions on the 052 033 plane alongz which
real S, 33 values may satisfy the relovant 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, Scction L.

Since roots 8, to 2.4.1 generally possess, for permisshble 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 cxhibit space dependent eccentricity.

The question of forbidden directions of vpropagation, discussed most recently

by Lim and Farnsll [55] 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
2.4..1 possess negative imaginary parts, fails. If it is necessary, in order
to satisfy the boundary conditions, to enter such & situation, the Rayleigh
definition of surface wave propagaticn will be violated, and within this
admittedly restrictive definition, one may then consider surface wave

propagation to be forbicdden.

2.7(2): GEIERALIZED 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 [&0]

G o [61 : .
and by Gaszis and Wallis [ ], dispersion may hoviever occur for surface vave

propagation over unlayered halfspaces for frequency ranges or situations in

!
which the classical analysis (as prescnted) iﬁi%ﬂequate.
The 4 sPRl s e sh e da Gue. T ; (49, 62]
The theory of the generalised Raylecigh wave is due largely to Synge 5

S -
Buchwald 202 51 and Buohwald and Davis L5921,

2,7(b): GIENERALIZED STONFLEY WAVES.

Similarily, classical generalized SBtoneley waves show no dispersion. In the
degenerate isotropic case the ranze of existence of these waves is severcly

limited by the inter-relationship of the elastic properties of the media forming the
interface L45, 63, GQJ. Consequently, generalized Stoneley waves are to be

expected only under highly specialized conditions, which have yet to be

extensively studied. Brief mention is made of the generalized Stoneley wave

in a study of reflexion and refraction at anisotropic interfaces due to

65
Musgrave [D)].
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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

det Eij = M(sz’s W h) =0 (2.7 ¢)e1)

¥
is then charccteristic to such frogments

of a surface S in real three dimensional s, s, Wh space as may be permitted,

5

by clastic symmetry and the Rayleigh definition of surface wave exponential

decay, to exist.

Consider a plane, P, in this spacc, normal to the plane Wh = O, passing
through the origin O at an arbitramy amgle € to the plane s, = 0. Assume the
elastic symmetry of the system to be such that the surface S is continuous
over its rangce of existence, in s

,55’0Jh space. Then the dispersion of waves

2
with slovmess vechors parallel to the intersection of P with wh = 0 is
characterized by the curves of interscction of P with the surface S, general

properties of which may be deduced as follovis:-

Superimpose, in Figure 2./, the inter. ections of the slovmess surfaces Sy Sy
for the halfspace and layer with the plane wh = 0.
(1) A lower limit to surface wave slowness is set, as is described
above, by the outer sheet of the slovmess curve for the halfspace (T)
(ii) In cases both of zero and infinite layer thickness the analysis
of Chapter 2, sections 6(a) and 7(a) is appropriate. In order to

retain consistency with this analysis, the slovmess of Seczawa

wave propagation will be forced in the low and high frequency limits



DB

to the slowness of gencralized Rayleigh waves on the substrate
and layer respectively.

(iii) The periodicity of the functions exp{i(-ws1h)] exp[i(-ws1h)]
implies, at lecast in certain instances, the existence of an
infinite number of eigenvalues w h satisfying the characteristic
e quation 2.6(c).3 within the range TH = RL of slowness. In
certain cases (e.5. isotropy) the roots s, S, of Equation 2.5.2

1.3
both become purely imaginary outside the outermost slowness curvefwl,
2-4
of Figure I¥HE), the functions exp[i(c051h)] 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.

BEigenvalues W h, vwhere they exist frequently occur in branches over the plane
P, coinciding with the curves of intersection of the surface S8 with the plane
P. I@ach branch characterises a mode of propagation of surface waves in the

system.

2.8  WAVE PROPAGATION IN UNB(UNDED PIZZOELECTRIC MEDIA.

The foregoing discussion is based, in the main, upon geometrical arsguements 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
dyrianic behaviour of such nedia is governéd by the piezoelectric equations of

l66 ]

state
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T35 T %k PRy T %ok Tk (a)
(2.8.1)
D. = e,, S P (b)
i ijk " jk j ™3

coupled with faxwells equations.

Substitution of plane wave solutions into the above set of coupled equations

L)

yields a set of five linear homogencous cquations. The five-by-five determinant
characteristic to these equations is of fifth degrec in t;fa)}g'

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

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

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

electromagnetic waves as propagating with coupled acoustic vibrations.

The presence of mobile charze in & piezoelsctric lattice presents, as was
2. pa = (7] Hy . = .
appreciated by Kyame ; a potential mechanism for acoustic attenuation, and

forces dicussion of the phase surfaces intqQ complex space-time.

It will readily be appreciated that any perturbation of the system of equations

2.041 is potentially copable 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
eleoctronic contribution to the attenuation of an ultrasonic wave to become

o . weni. AT . L
negative was pointed out by D.L. White in a one dimensional analysis

based on Equation 2.8.1.

- P - R - == = e

&

e

= r
Mathematical approximations in White's analysis have been shown by Parsons 671

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 presence of the wave. ¥hite'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 wavelength, 7\, E and upon the bound charge -y
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,

Elements of White's thcory may perhaps “best be explained with reference to the
rotating vector diagrams of Figure 2.5. J is the alternating current due to
perturbation of carriers, n is the alternating carrier density, and E is the
selfconsistent polarization field produccd by the strain § in the piezoelectric
lattice. From conservation of energy &rguments it follows that the acoustic
power lost to the electrons is given by J.E = |J1 |E1 cos € ., Changes in the

externally applied field E_. can be showvn to cause phase shif'ts in the system.

DC
arti e he troansition V., < V> = =
In particular, th nsition V,< V_ %o V > V, (where‘vd Boqe Bpes Vg

velocity of sound) corresponds to a transition of 0 from 0< 5*<%§ to

%?53 < T, causing J.% to become negative and power to be fed from the drifting

electron stream to the acoustic wave.

L3

i.e. that k1<<1, where k = %F, and 1 is the electron mean free path
(given at room temperature in centimetres by Ioffe's approximation:-
1= 1078@")2p),
o
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 L. TFurther 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 SYSTENS.

The considerations of Chapter2, 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 (Equations 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 soluticns to the equations of motion,

are confined to the boundsof the solid. However, the electromagnetic fields
associated 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 surface waves propagating over piezoelectric
halfspaces decay with distance x from the free surface as exp[ Bkx], vhere

v
B g (1—(33)2)%, and k is the appropriate propagation constant (=21§4h),
L

* VS is the velocity of surface wave propagation, V. the velocity of light

L
in free space.
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Thus, while it is in principle feasible to utilize the interaction between surface
wave external fields and a frec electron beam to obtain amplification of

surface waves travelling over a piezoelectric halfspace (the Kaliski

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

attenpting to concentrate the beaam sufficiently close to the (charging)

insulator.

Two variants of the Kaliski surface amplifier were proposed in order to
overcomz this inherent difficulty. The first, partially realized and analysed,

respectively, by Mayo of R.C.A. [63] [70]

and Gulyaev et.al. , permitted the
external field associated with piczoelectric halfspace waves to interact with
carriers in a semiconductor located above the halfspace. The second, realized
and numerically analysed, respectively, by R.M. White et.al. (n] and Tseng [601,
relied 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 EYB], Kaliski [7AJ, Solymar and Ash [75] and others, severe
difficulties imposed by the boundery conditions have confined explicit

analyses to restricted cases of limited validity.

The acoustoclcotric variant of principal interest to this study - a €4S
monolayer of finite thickness, h, in firm contact with an effectively semi-

. . . - - . i . - -~
infinite insulating halfspace - is shown, schematically, in Figure 2.0.

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 electric field at both surface and interface.

The determinant characteristic to the set of linear equations constructed by
combining these boundary conditions with the equations of state and Maxwell's
equations (ZEquations 2.8.1) defines, by enology to Chapter 2, section 7(c), a
possibly infinitely degenerate surfacc 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
experimental approach to any numerically tractablc model, and since each
surface is particular to the conductivity, mobility, externally applied drift
field, and layer thickness of the model, the tediwm 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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CHAPT'R 3,

R

NUMERICAL STUDIE. OF ULIRASO

5,1 _ TNTRODUCTICH.

The first phase rnd group veloeity, shear horizontal (Love), surface wave

dispersion characteristicn ware manually calculated, using four and subsequently
seven fizure tablen, by Jeffreys in 19520. A decade later, having overcone
difficulties equivalent to the manual eveluation of shear horizontel
characteristice for a triple layercd halfspace, the same author published

the first lknown curves for shear verticel (Sezawa) surface wave dispersion

(76, 77]

over a monolayered halfspace systemn.

The advent of digital computation facilities led to a relaxation in the
difficulties accompenying numerical treatment of elastic boundary velue
problems. At the present state of the art, it is in prineciple possible,
using sophisticated techniquen, to evaluate complete surface wave dispersion

charscteristics for an infinite mubher of isotropic layers overlying an

sotropic helfspece.

Investigations concerning the influence of the basic structural parameters of an

sotropic, monolayered helfspace systeiz on the dispersive characteristics of
[ 78]

I_lo

shear verticrl (Sezawa) surface waves, duc to Mooney and Bolt , are currently

being extended at University Colleie, London, by D.P. Liorgan and T.A. Ash,

The theoretical work of Synge [49} and Stoneley L48] stimuleted a large

number of numerical studies of surface wave propagation on orystellinc media.



These studies were entirely restricted to the propagation of surface waves
i
over the symetry planes of media of high elastic symmetry , and shed little

light on the important question of permitted directions of propagation.

The first progremme capable of being applied to the study of surfacc wave
propagotion in complex spacec time for an arbitrary choice of symmetry conditions
has recently been developed by Lim and Farncll 1% 12 ]. Their formulation

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

[81]

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

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

Four significant departures from the classical plane wave treatment of
generalized Rayleigh waves should bricfly be mentioned. The first, due to

Gezis elt.al., established a relationship between the permitted directions of
surface waves and thoe bounds of stability of the cubic crystal class.[82] The
second, duc to Buchwald, avoided the adoption of plane wave solutions altogether

[50]

by applying Lighthill's Fourier integral method to the problem. The third

due to Gazis snd Wallis [61], demonstrated high frequency dispersion of
generaliged Rayleigh-type waves in unlayered cubic erystals 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-

dispersive systems.[?h’ ol

until the pionecering investigations of high symmetry dircctions of

propagation in a -quartz duc to Ingebritsen and Tomning (July 1966
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Anderson (84 ] nunerically 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
nedium studied to date, o —quartz, were published 159, 83, 86, Sﬂ. Since no
munerical information was available conceining surface wave propagabion in the
anisotropic CdS-on-insulator monolayered halfspace system, thc following

studies were undertaken.

3e2  SURPACT WAVE DISPERSION IN CdS-ON-"ISOTROPIC" SUBSTRATE SYSTEIS.

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
generalized Sezawa wave decomposes into two uncoupled parts, characterized
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, numerically, be treated

separately.

In this section, material anisotropy will be ignored, and fundamental dispersion
characterictics determined for a representative selection of CdS monolayered
isotropic substrate systems. The eslastic 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 VALOCITY SHEAR WAVE VELOCITY RIGIDITY MOD. RESEMBLES
Layer 4362 % 107 1,766 x 10° 1,505 x 10'°  cas
Substrate I 11.097 x 107 6.359 x 107 16.118 x 10'° Sapphire
Substrate IT 10.0 x 10° 485 x 10° 6,58 90"  Bewml
Substrate ITT 7.28 x 10° il % 0 563 =D Bpeiibe
Substrate IV 5.968 x 103 3.764 x 103 BAD 1010 Silica
Substrate V 5.640 x 10° 3.280 x 10° 2.5 240" B
Substrate VI 5,100 x 10° 2,840 x 10° 181 x10"°  Crown Glass
Substrate VII 3.980 x 10° 2,830 x 10° 548 x40  Phink class

3.2(a)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 at the interface if

f

; cz ¢
i l —
tan (y kH) = “_2 __f; 3.2(a) .1
2
By ??- 1 2

c
I Y =Ly k is the propagation constant,

]
H the layer thickness, c the phase velocity of surface wave propagation; [Mis

* In transversely isotropic systems, the modulus C, resembles the isotropic
rigidity modulus for shear vertical surface wave motion, whereas the
corresponding modulus for shear horizontal wave motion is %{011 - 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 p the velocity of shear wave propagation. The

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

No relevant solutions to this equation exist if {32 < B4+ Real roots ki
occur for 51 <e < ﬁz. For fixzed c, the existance of a multiplicity of roots
ki is implied by the repetitive nature of the "tan" function. Varying c over
the permitted range ﬁ1< c <;32, 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 progremme 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 & 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 WAVES 17 MONOLAYERED ISOTROPIC SYSTLUS.

By applying criteria of non-destructive travelling wave interference and
total internal reflection to acoustic ray propagation in a monolayered systenm,
Tolstoy and Usdin [89] were able, without formulating the question as a
boundary valuc problem of the wave equation, to derive the following explicit

characteristic equation for vertically polarized wave propagation:

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

A, C are the longitudinal-longitudinal and shear-longitudinal free surface
reflection coefficients; T A arc 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 4 2 i
face, r = k(ﬁz -1)2 and s = kC%ﬁ -1)2, k, ¢, H and B4 are defined as in
I

Bquation 3.2(a).1. C% 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 KDFS computer. It emerged that th-
programme was competent for root seeking only in the range f8 2:>c >cx1. (For

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

in the layer cannot have phase velocities less than #,).

Access to a complementary programme, written by Hadi [90], based on an isotropic
boundary value formulation, and competent for root seeking only in the ran~

c<Qa was kindly provided by Professor E.A. Ash, and a complete picture of

-1’

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 independent numerical
(78]

computations of llorgan and Mooney and Bolt 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 Figure

3¢1(b). Phase and group velocity dispersion curves for two ocases of particulor



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 [?8]
is given in Figure 3.3. TFor detailed interpretation of this curve, the reader
is referred hoth to the original reference snd to the discussion in section 7

of this chapter.

3,3 DISCUSSION.

Note, in FPigure 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 sheer 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 effect may be traced through
Figure 2..L to the occurence of real roots to the sextic polynomial 2.L4.1 for<3m%
forbidding, within the adopted definition of a surface wave, exponzntial decay
of displacement with depth. Attempted higher mode 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 hizher

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

the layer.

These observations are in accordance tith 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

Idecay with depth, threaten the very existence of surface waves in the system.
_ i

Effects which might be overlooked in directly épplying conclusions derived

from a study of the "equivalent isotropic" monolayered system to an anisotropic

layer overlying an anisotropic halfspace are listed below:~-

]

(i) For propagation parallel to forbidden directions of either layer

or halfspacc generalized Rayleigh wave propagation "anomalous"

cut-offs may be experienced. Schnitzler's analysis (85] of the
<001> CdS layered <O001> and < 011> 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 51, to Equation 2.2.) possess in general finite real i
film bulk i

and imaginary parts outside the outer substmate slowness sheet. !
The periodicity of the function exp[i(—aJs1h)] in Bquations 2.6(c).3
will persist in this region, and the higher modes will no longer ;
necessarily tend at high frequencies to the shear wave velocity of
the layer.

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

surface wave velocity vector. Since dispersion is concerned with

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

- e aa e - e e e P et e e e l

* 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].



energy from substrate to layer, or vice versa, a situation is
accessable in which the direction of energy propagstion may be
frequency dependent.
(v) Pscudo-surface wave dispersion may well occur in an anisotropic

monolayered halfspace system.

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-

isctropic surface wave propagation over the halfspace.

3¢k 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 anisotropilc plate problem. Since the analytical
sequence in Chapter 2, section 5 is selfexplanatory, no flow diagram will be
given. The following reuarks are confined to the general structure of the

routines.

Zeros of o high degrece polynomial such as Equation 2.4.1 are notoriously sensitive

to slight changes in the coefficients bp - Analogue methods of coefficient

evaluation (e.z. Lagrangicn 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 rise to apparently rounding errors in the remainder of the
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programne., It should, in this context, bo pointed out that patholosicsl cases
might erisc in which the phase surfrces arc so sensitive to small changes in
the input deata (i.e. clastic coofficients and material density) as to be poorly
defined by the accurcey of currently availabls experimental techniques. Any

atteupt at preeise mumerical analysis of such pathologicel surfaccs should

i

cke this frctor, in goneral outside the control of the analyst, into account.

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

the zeros of the sextic cheracteristic polynomial 2.L.7. In cases vhere 2.4.1
agsumed . 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 square root finding routine.

a rough secrch and plot routine at fixed intervals of slowness was used to
locate chenges of =ign in the real and imaginary ports of the determinant
cherceteristic to unlayered halfspace pronsgation (Fquation 2.6(a).3) A #false
root’ pivotal condensation teochnique, which may best be deccribed graphically

(Figure 3.3), then repidly converged onto the required root.

Programming wes severcly hampered by the absence of complex number facilities
in ths evailable compiler. It was found to be valid to regard the QO plane
of sapphire as effectively clastically isotropic with respect to surfece
wave propagation. The predicted "anomalies” in Sezawa wave dispersion
introduced by system anisotropy were occordingly decmed to be of secondery
intersst to the experimental investigation, and analysis of the anisotropic

e
monolaycred halfspace, was not pursued at any length.

impeded by unrelieble evaluation of the required nine-by-nine complex determinant.
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222 PURELCT WAVS PROPAGATION OVER TW%: PRUNCIPAL PLANES OF QUARTZ AUD SAPPHIRY,

Por clarity of prusentstion, only solected scctions of the curves of inter-

section of generrlized Royleigh wave slovmess cylinders with the prinecipal

plenes of quartz andé sapphire ave plotted. (Fipures Fek, 3.5 and 3.6).

Complate curves of intersection msy be obtained from these plots by oppealing

to the elastic symnetry of the trigonal crystal systenm.

Curves for propagation over the {0017 plensz of both quartz and sepphire are

- - 3 - **

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

for propagation over the {010) plane of quartz is also confirmed by the results

of these workers. Sxperimental verification of the curve for propsgation
’ . : 2 87 1

over the <100) planc of quartz is provided, in part, by Verevkina et.al.

Nunmerical results for propagation over the <100) and <O10)’ 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 (numerically
characterized by the apporent absence of zeros to the characteristic determinant
(2.3(a).3) outside the outer bulk wave slovmess shect) have been shown by Lim
and Farnell to be associcted with deep, and even infinite penetration of surface
wave energy into the halfspace. Since no difficulties were experioenced in

root secking on the crystallographic plane of principel experimental interest

- Input par:meters were obtained from data published in [91] and [167].

Personal communication.
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(<001> plone of sapphire), the mumericsl structure of surface wave propagation

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

3.7 SURFACE WAVE ACOUSTOFLECTRIC COUPLING.

=

3.7.1 __SYSTT{ SPRCTFICATION,

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 agglomeration, for
film thicknesses less the 1000 § and for frequencies greater than 10" rad./sec.

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

4 rigorous general discussion of bounded acoustoelactric interactions,
applicsble to 2ll possible substrate verients of the CdS-on-Substrate system,
is attended by severe onalytical, numerical and experimental difficulties.,
Since the only variant of direct concern is that which optimizes thermal
dissipation and the probability of growing high meobility CdS thin films, the
physical properties of the seven representative substrates (Chapter 3, section

2) should be considered in some detail.

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

of high mobility films, to perturb both the interfacial boundary conditions,

. %x0
B.g. olong the ¥ axis on the <001 > plane of & quartz, at 30 to the
positive 7 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 assumptiion of zero body forces. TFilms grown on these two materials
are, in addition, lioble %o seck & ninimua cnergy confizuration through the
creation of electronically importent strictural defeots. The external ficlds
asuociated with surface waves in O guartz offer potential surface wave
electromechi.nicel coupling sdvanteges which must however be weizghed against
poor thermal conductivity and the hazards assoclated with surface wave

anisotropy.

The chemicel and mechanieal stability of the thres glasses (pyrex, crown and
flint) cannot be guaranteed at post-evaporation heat troatment temperatures
in excess of 600°C (Chapter 5, section 5). Since glasses are amorphous, the
possibility of epitazxial CdS thin film growth does not exist. Finally, the
linear expansion ceoefficicnt match between CdZ and pyrex must be weighsd

against the relatively poor thermal conductivity of the latter.

Beryl ond apatlite are not rendily available in substrate form and, accordingly,

need not bo considerad further.

The properties of sapohire doscrve detalled consideration. A chemically stables
extremely herd, hizgh dielectric strength materisl, sopphire shows low

obsorpition with resoect to &iz ultrasonic bulk waves, s 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 thermel conductivity with a i
coefficient of exponsion closely matched to that of Cds. The <001 > plane
is both practically isotropic for surfice weve propagetion and well suited to
the < 001> epitaxiol deposition of CdS monolayers, the system thereby formed i

. . - . N, L . o o b gl
combinin: approximote transverse isotropy with a hizh degree of surfsoe wave |
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dispersion. Synthetic sapphire therefore forms an ideal substrate sedium for

acoustoelectric studies in CdS thin filas.
The varisnt of Cdl-on- <001> oricnted sapphire is sccordingly adopted for

discuszion in the followinz subsections.

3., PIEZOTLECIRIC ACTIVITY OF SURPAC WAVE. T CAS-ON-SAPPHIRS.

e
2% aimomea s

The vurtzite (hexagonal Cd:) structure consists of %o interpenetrating close-

pacizad hexzagonal lattices, one of Cd (shadedl) atoms aud the other of 5 (unshaded)
atoms. In the unstrained state each CA(S) ~tom lies at the centre of &

recular tetrahedron of 5(Cd) atoms, charges associated with the 4wo hexagonal
lattices are fully compensated, and the structure possenres no dipolc moment.

The piezoelectric activity of the material may be visualized as originating

in mechrnical separatica of the centres of positive and negative cherce (Figure 3.74).
Components of the piezoelectric polarization vector (PT’ Pz, PB) are related

, (ol

to the strain tensor through the second cquation of state 2.0.1.

1 = %45°13

= 4 s . -2.1
L (3.7:2:1)
By =gy By & 0 S Bp B

Vapour deposited CdS crystallites tend {see Chapter 5, section 6) to possess

a unique, onc degree, "c" oxis orientation normal to the plane of svea an

amorphons substrate. By direct substitution of the CdS piezoelectric constant

‘ (91 1 44

matriz into the systen of transformation equations given by Cady

may readily be showm that the piezoelectric properties of the filnm as a whole

it

. . i PR it ey
are unimpsred by rendom crystallite rotations about the "o axis.
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The principal source of acoustoclectric coupling in CdS lies in the piezo~
electric polarization fields associated with lattice strain, which, in effcct,
modulate the carricr population to produce moving enhancement ("=") and
depletion regions ("+"). Tor bulk wavs propagation through CdS it is evident
that the cerrier drift will be seriously perturbed only by those strain waves
which cause polarization in » direction coincident with the direction of
propagation (Figure 3.76 after McFee [:92 ]). Once & transverse field system
has been set vp in the crystal, small depletion rogions 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 have, respectivaly, been

designated ns piezoelectrically active and inactive.

Notice; in contrast to the bullt casc, thot over the dispersive frecuency range,
the plane boundories of & thin film arc not widely sepercted (Fizures 3.7D and
3,78). Depletion and enhiancement regions nroduced by transverse piezoclectric
polarization fields may conceivebly occupy a substantiel proportion of the
totel filnm thickness and may thercefore play a significant part in transport
along the film. The distinction usually draym between active and inactive

n
bulk waves has, thercfore, no direct anslogy in & thin film situation.

373 "TRANSVERSELY ISOTROPICY CdS-0il -SAPPHIRE (LOW AMD HIGH FRUQUENCY LIMITS).

In the normalized high frequency limit, the acoustoclectric coupling problenm

*  The acoustoelectric innctivity of sheer horizontal (Love) waves in the
systen under consideration stems from the total absence of assoclated

Piezoelectric 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:
effect§ are of no consequence, the recent analysis of this variant of the

Kaliski amplifier, due to Tseng [60], 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:-
(
V= (ﬁ)lﬁill » Kore, ry Z‘.D il w‘*%
. \ 2 ¥+ (Qc+ )2

i = Keff wc “

2 ; +(CIJ'C+ )2 (b)

(a)

- I
Copr = V1§0 p(= 1.403% x 10'° N/m? for Cas) ()
v
Kgff = R -1 (= 0.0292 for CAs) (a)
2
VRO 2 =
€4 o Ved . _paE
We = @D Y=+ "7y
kT‘!‘L R (3:7.3.1.)?:::
¥

R’ Vﬁo 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 Rayleigh's original expression for
propagation over an isotropic halfspace, it may be shown (93] that the Rayleigh
wave attenuation factor per wavelength ('ym) is approximately related to

longitudinal ( c') and transverse ( g') wave attenuation factors by the

linear equation

y' =4’ + (1 -4) A (5. 7.5.2)

* Equations 113, 114 and 115 of reference 60.
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where A is a funetion only of the Poisson ratio, o , and is given by

16b (1 = ¢f
T '2 P s (3.7.3.3)
(30 = 160° = BT & 2L.)
v
where b = ﬁﬁ (= z %-6 for CdS) and
Vﬁ 14705 L &
¢ = 2 (= =203 for cas).

\ft 1.766

Substitution of the bulk wove acoustoclectric attenuvation foctors derived by

White into 3.7.3.2 yields

Y o= 28] +a (B - ) e (3uit3.4)
Y +(??JC+E')D)2

where Klz and K_bz are, respectively

longitudinal and transverse wave counling constants.

For propagation over the bosal plane of CdS, KL =0 and K A =205055: . Fox §dS;

T

A4 = 0,021, Thus an effective Rayleish wave coupling constant of
¥ L

K" =K + MK -K) = 0,055 (3:03:5)

may 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 Ecuation 3.7.3.2 and in the
liberties taken with rigzor in applyinz this equation to an acoustoelectrically
complex situation. It is however oi' intersst to note that a similar rule-of-
thumb caloulaticn for surface wave propagation normel to the basal plane leads
to the prediction of o surface wave coupling constant of the order of only

Z. of the analogous bulk longitudinal wave coupling constant.

One example of the many "peculiaritieg” which attend surfoce 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 mechanical properties of CdS are sensitive %o changes in both drif+t
field and illumination level. Both "external" influsnces induce changes in
the complex coefficicents of the CdS wave propsgation sextic polynomial 2.4.1
vhich in bturn 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 ficld could conceivably result in an unfavourable
redistribution of positive and negative signs among the imaginary parts of the
roots to Hquation 2.4.71, causing this previously permitted direction to

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

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 lov normalized frequency limit, the analysis of coupling in the CdS-on-
Sapphire veriant degenerates into equivalence with Kaligki's analysis of
ultrasonic surface wave amplification in non-piezoelectric dielectrics by
nmeans of currents flowing in ultra thin piczoelectric semiconducting boundary

a
layers [9}+ .!.

The problem was formulated by Kaliski in terms of an isotropic Rayleigh wave-
type wave propagation model. To frcilitate analysis, channeling effects, fields
external to the piezo-semiconductor, anc transversal piezocoupling efiects

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

considered. An explicit solution to the rcsulting set of equations was
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=
obtained using perturbation techniques.

The derived approximate Rayleigh-tyne surface wave amplification coefficient
differs qualitetively from the onalogous expression derived by Tseng (3.7.3.1(b))
only in so far as mmplification is found to be an incressing function of the
layer thickness. Considerin, as a numericsl exemple the smplification of

15 ¥Hz surface waves in ulira thin Cd3-on-Silica (h = 0.5 microns; P = 10311 cm),
Kaliski predictec an available jain rate of 14.6 dB/cm, which compares

favourably with the 21 dB/cm, 8 MHz and 20 dB/cu, 30 MHz Rayleizh wave gain

L

rates observed on the basal plane of 10" £ cam single crystal CdS by R.M. White

Sbeats T L end Vadiork Bl < 2

A wide conceptual gap exists between, on thz one hand, the non-rigorous
perturbation analysis of Kaliski and, on the other, the numericel analysis of
TIseng. Formidable difficulties are attendant on the rigorous analysis of
acoustoelectric intercction in the intervening normelized freguency range of
waveguide dispersion. The following subsection is concerned with ~nteraction

in this mathematically "forbidden" frequency range.

3.7k DISP'RSIVZ AC: iSTORLECTRIC COUPLING IN CdS-ON-SAPPHIRE.

Physical insight into the dispersive character of acoustoelectric Sezawa wave
coupling in CdS-on~Sepphire may be obtained by physically correlating Tolstoy
and Usdin's concept of criticel angle roflcction, non-destructive travelling-
wave-interference Sezawa wove dispersion, and the surface particle displacement

emplitude ratio dispersion charscteristics published by Mooney and Bolt (Figure 3.28)

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



Two critical points (A and B in Figurc 3.2B), may be located on the dispersion

curves. These points corr-spond to surface weve phase velocities at which the

1

£ 2 .5 h & : C v &

angles of incidence of the longitudinel ( @ = sin 1/c) and transvorse
.= ﬁ] / ) - P & . :

( ¥= &in c) components of the travelling wave interference systen

become critvical.

Require the power density of the fundsmental iode to remain constant ‘throughout
the followiny discussion. 4Lt point A, ¢ = Cyo 6= -22{ s b = sin_'i( ﬁ!/c-; 1),
and for the fundemental mode wh 2 3500, A% point B, ¢ = By, 6 is imaginery,
Y:%T and W0 2 7600. Thus vhen:-
c<f} ; Wh>7600: both Yy and 6 arc imaginary, the free surfsce
boundary conditions dominate surface waﬁe propagation, and
Tseng's [&] acoustoelectric coupling analysis nay be applied
with confidence to the systen,
c=F) ; wh = 7500: Y = TET ond 6 is imaginary, the surfacs wave can
be visualized as a vertically polarized, non-destructive
interference systen propagating normal to the "¢ axis of the
Cas film,., Wwhile ascoustoelectric coupling mizht well be expected
to show an increase over Tseng's case, it should be emphasized
that the analogy to the coupling of transverse body waves
propagating over the basel plene of single crystal CdS is
incomplete. The discrepancy is illustrated by the corrcsponding
non-zero surface particle amplitude ratio.
c,>e>p, ; 7500 > wh > 3500: g 2 > sin-q(ﬁl /c) and @ remains
imaginery, the travelling wave non-destructive interference

pattern becomes morc complicated as c increases, Y decreases.

Acoustoelectric surfrce wave coupling, which depends upon the
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resultant piezoelesctric polarization fields, becomes difficult
to predict without specific numerical information. The nett
n"'f t f = d.- = 4 4 5 s 2 1
crfiect or & deerease in W h is a small increase in the vertical
excursion of the surfece narticles, which implies a possible

inerease in coupling.

c=cy; 3 wh = 5500

.

Y = sin-"( ﬁ[/c) and 6 = _?21 » longitudinal waves
propageting parellel to the interfacial plane are, for the first
tine, =~ble to play an active part in the travelling interference
pattern. Available energy must now be shared between both
longitudinal and shear wave components of thc system. This
shoring process appears Lo be mirrored, at the surface, in an
abrupt inecrease in th.: emplitude of horizontal displacement at
the expensc of vertical displecement., Since longitudinal bullk
waves are piezoelectrically inactive when propazating normal to
to the “c axis of sinsle crystal CdS, it would seem reasonable
to expect an abrupt decreasec in surface wave coupling over this
TANSe.

B,>e>c, ; 3500 > wh > 0: Y = si Bfoma E> 05 gin ! S/, th

> S P, h ¢ Y = sin /¢ and 5 sin c, the
"oentre of gravity' of surface wave energy sinks, as wh decreases
deeper into the substrate, and the system tends to the model of
aurface wave acoustoelectric interaction investigated by Kaliski.
Increase in the veortical excursion of the surfoce at the expense
of the horizontal eppears to imply a sradual restoration of

acoustoelectric coupling.

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

the forward momentun of sn electron stream as energy is transferred to a
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%
growing bulk flux wave (frequency w , phase velocity vs) may be written

We e° g E Y )

J__ = - g - —
Ha Vs € ™ ¥ +@er 8)°) (3uTsdals)

ae

Over simplifying an extremely complicated situation, it scems reasonable to

assumc o linear relationship between the "piezoelectric effentiveness” of a

strain amplitude 81 of given normalized frequency in a CdS-on-Sapphire system

and the corresponding ratic of vertical (uv) to horizontal (uq) surface particle
_ ) ) ) ¥ 1gour

displacement amplitude. One might, without any zigor, writc, for the CdS-on-

Sapphire system

u
ny o on 2 (,__E) 2 T
ae U.h

- (3.7.1.2.)
The following points,(which hold irrespective of the precise form of the above
equation) are illustrated by a study of "Jﬁe“ as a function of externally
applied field, frequency, ard conductivity, in a postulated CdS-on-Sapphire

2 -
thin film of fixed thickness (0,254 ) and mobility (100 or”/V sec) (see Figure
3.8):‘

. A

(i) The normelized frequency of maximum gain ’(CU - wD) =, hf_(Chap‘i:eI‘ 2o

section §) stronzly influences the form of the fundamental sheet
surface
of the acoustoelectric current,for a bounded systeu.

(i1) The zoro acoustoelectric zain condition, “Jﬁe" = 0, exhibits a
field dependence which reflects the dispersive characteristies of
the bounded systenm.

(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 L4, section 2.
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(iv) Under certain conditions, hizh field current saturation effacts
characteristic of acoustoclectric interaction may exhibit photo-
sensitive multiple "knee” structures reflecting the photosensitive

topology of the acoustoelectric current surface.

3.8 __ CONCLUSTONS.

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 mechenically isotropic. Dispersion characteristics for surface
wave propagation in such a system have been obtained, and the dispersive nature
of th:. acoustoelectric coupling coefficient in the system has been discussed.
Since acoustoelectric coupling is not ndversely affected by randon rotations

of the CdS crystallites sbout the <0012 axis, it is concluded that in a
vepour deposited CdS thin film-suitebly oriented sapphire substrate system, no
theoretical objection exists to obtaining acoustic surface wave gain rates of

the sazme 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 betwecen the available modes of propagation can only be
ansvered 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 slectrons across nodel planes in the filum.

e



Acoustic scattering at grain boundaries and surface imperfections, thought to
play an essentizl part in mode coupling processcs reported in an aluminium
wire waveguide, may cause significant distortion of the Cdi-on-Sapphire

e A T - b s . |-96’ 9? ] 2 L oo T
counling sheets. t has been shown for exemple, that for definite
velues of the spatial period of surface roughness of an unlayered 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

]l -~ = - =2 L2 2 £98 ]

bands of surface waves in polycrystalline acoustic wavegulides « The

feasibility of investigating CdS crystallite size by the location of absorption

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

ACOUSTOELECTRIC TNTERACTIONS T CADMIUM SULPHIDE.

Lol  FITLD TNDUCED BUL:L BEFTECTS.

Given the time, mathematical ability and a sufficient number of experimentally
inaccessable variables, a ldrge munber 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 & few

of the knovn effects of applied field on a single crystal photocoanductor.

Neglecting impurity banding, surface, and junction effects, an externally
applied field may induce
(i) changes in the forbidden energy gap(s)
(ii) changes in the free carrier wave and distribution functions
(iii) changes in the wave functions of defsct 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) extrection of holes from forbidden gap levels into the valence band
(vi) carrier heating, which may assist processes (iv) and (v) by impact
(vii) changes in such trapping parameters as capture probabilities
(viii) Joule heating of the lattice |
(ix) changes in the spatinl distribution of the phonén population.by acousto-

electric or deformation potential coupling to the carrier streanm,
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Many of these efflects may be inter-related, some, in a given situation, may
be thought improbable, and nearly all, in onc aspect or another, are poorly
understood. In order to preserve both brevity and tractibility it is clearly
necessary to impose scvere 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 k1l <<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.C'J’L' [ 99 ].

4,2 ACOUSTOELECTRIC FIELD DPPENDENT CARRIER BUNCHING.

Consider, after licore [100], Haydl st.al. L16 and others, = homogeneous
piezoclectric semiconductor of infinite extent, above absolute zero, through
which elecctrons 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 4

The 200 an”/Vsec CAS 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 boundery conditions (1000 R), to make

dispersion improbable for acoustic frequencies such that kl'?kld

T

RS ENES

S e e b
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in potential wells dug by moving strain waves in the piezoelectric lattice.

Define "steady-state" to be a dynemic equilibrium in which favoured woves

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 "tropping" process is, as

was pointed out by Moore [100], statistically stationary in time. A mathematical
anology to conventional trapping snd thermal detrapping from static donor levels
accordingly exists, provided the random nature of the acoustic flux is retained

under amplifying conditions.

Regard, in the first instance, acoustic flux as a collection of small

e
amplitude plane waves, of frequencies &JL, giving rise to alternmating

piezoclectric polarization fields ;Ei(x) and partially neutralizing space-

charge bunches Znsl(x) superimposed on the equilibrium carrier density n(x).
+

3n(x)

Neglecting carricr diffusion due to -——= , the law of internal current may
ox

be written as
I = qualn(x) + Jfernse(x)) (B(x) + 3Be(x)) (4a2.1)

vhere B(X) is the equilibrium field, g is
the absolute unit charge, K4 is the trap controlled drift mobility, and the

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

* one dimensional propagation expli(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 thess two streams, and provided a

simple trapping model is acceptable [102], the quantities f

lzwurmﬂ,mm

are given by

n tf

n+ n% tf + tx

n, ng and tf’#x are, respectively, the
dengities of free and trapped electrons and the times spent by electrons in
the conduction band and in traps. H g hay, if these two criterio arc satisfied,
be writien as flLiH, where Ky is the trap-independent Hall mobility. The
question of a phase differcnce botween the two streams, which does not directly

(102 o

concern this study, is considerzd by Moore and Smith ], Greebe

others.

The product J in Equation he2.1 is composed of four distinct parts, the
conventional d.c. drift current, & set of first order currents at frequencies
wl’ a set of non-linear mixinz currents at all sum and difference frequency
combinations, and finally, a set of dircct acoustoelectric currents. The
first order currents ar. responsible for the growth of acoustic waves, and the
non-linenr mixing currents relate to the nixing of energy among sound waves in

the system.tqos]

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

Jae = augn(x) + q,u-‘d'é‘Re%’-(fg'nsf;Eg*) i)




6.‘",
=
-Du

For small electronechanical coupling, kVS 2w , where v, is the phase velocity
of sound propagation. It may be shown, for harmonic plane waves, that

Jl = q'nsl'vv' The acoustoelectric current term of the above equation may
-

m
2]

therefors be written

Jae %QQQ'%Re(f&'nse'Eé*) (4.2.3)

= ~4 £ *JRe(fg'Tg Ee¥) (4.2.4)

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

Su g .
at = THReRTeB) = -23upT, (L42.5)

where ar, is the attenuation coefficient of

-

the component cul, I]ﬁ= Vséc 312) is the acoustic energy flux; c¢ is the

appropriate elastic stiffness constant, and 8. is the corresponding lattice

1

strain.

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

addition, real, Weinreich's relation results directly

T | f%;%% (442.6)

ae

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

1 g
restriction of real fl) given approximately by White's [17] equation

\

2
w e
g = ;_'(-: Soe X ) (4‘-2-7)
g < W, we
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a 2 fUR
where ® =7, oy =V /fDn, y=1 - __{?u__’ o is the low field conductivity,
s

€ the dielectric constont and Dn is the electron diffusion constant. Substitution

of Equation L.2.7 into Dquation 4.2,6 combined with Bquation 4.2.5 yields

BEquation 3.7.4.1.

Consider now the question of build up of a potential well under the influence
of the first order currents (Equation 4.2.1), from its initiation to the point
in time at which it becomes large enough to induce significant carrier

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

that the smell signel approach is valid. An implicit expression for the distance

lo = vpti which must be travelled under small signal gain conditions prior to

the onsct of acoustoelectrically induced negative differential conductivity,

[101] =

has been derived by Haydl et.al. .
(26,8 )%m (26,8 4) 87 exT ¥
tmYo) “exp(2cpty) = T exp(2cpd,) (42.8)

a“ is the acoustic gain rate of the favoured band of random acoustic noise,

ab the corresponding lattice atlenuation.

The ficld dependcnce of lo = v _t. for one piezoelectric semiconductor is

. [101]

illustrated, after Hoydl gt.ol , in Figure L.1.

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

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

brecks down, be written out of hand as [99]
gy = na(E ~ Bvg (4.2.9)

dt

[10#].

Sce also the small signal approach of Autin
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The force neEa causes the bunched carriers to drift ot the velocity of sound.

The excess force, ﬂe(E—Ea), 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 incrense in the local resistivity, and an increase in the

local ficld © external to the potential well. The resultont incresse in.ég

dt
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 anmihilation) tt may rcasonably be regorded as being centirely
determined by acoustic latiice processes and hence independent of applied field.
In the strong mixing limit (hypersonic frequencies) Prohofsky (105] has shown
the piezoelectric-electronic non-linear interaction to be much stronger than

the usual crystal anharmonic interactions, and has thercfrom deduced that
acoustoelectric interactions may be dominant in determining the mean lifetimes
of hypersonic waves. Tor simplicity, the latter case will be excluded from

the following discussion.

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

mean collapse time tc, and the mean lifetime in a saturated condition tl.
£ 4.2.10
b, 2 b w by e b ( )

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

life cyole, occur in a crystal if the acoustoelectric gain is such that ti << tt"



s
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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 morc crudely, write

o
e

t, + t.
grlel % (4e2.11)

:-'-
1

o =t + (1= |e])ty

ide
The detailed form of the convective fecdback function [€|<<1 is

undoubtedly interesting, but will not be discussed here.

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

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

Inspection of these relations 4..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/%3, decreases with increase in the
field applied to the crystal. The probability per unit time of transitions
0S8 (unbunched to bunched states), given by 1/t0, 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.

2=

successfully applied to the spectral analysis of current noise in

enplifying cas, b 190]

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) .
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Summarizing the above analysis, two distinet non-linesr consequences of

electron drift through homogeneous, infinite, piezoelsctric semiconductors

exist: current saturation, caused, if ti > t,, by the internal generation of
w
acoustoelectric 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 eostablished.
Currently, available preparation techniques do not, as yet, yield homogensous
thin films. The following secctions are, accordingly, devoted to the
development of a temporary framework for domain visualization, and to a study

of low gain rate ncoustoclectric interactions in inhomogeneous specimens.

4e3  THT DYNAMICS OF HIGH FIELD INSTABILITIES,

An attempt is made in the following non-rigorous analysis to extend Boér and
Dussd.'s (106 ] graphical treatment of the dynamics of slow (o <1 en/sec) and
fast (c = 107 cm/sec) domains to the case of acoustoelectric domains.
Analytical detnils, 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
systen moving through the crystal at the spe:d of sound when acoustoelectric
internctions are under consideration Br simplicity, boundary effects will be

ignored, and analysis conducted in one dimension.



s

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

OE e

%= = =~*=(n 4+ ns -p a

ox eeo( 4 -t) (2) (1.3.1)
i = enuB - uxT %ﬁ + €€q %% (b)

vhere e represents the unit charge,sgo
the dielectric permittivity, ny 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 eguation of order,
an' linearity, determined by the behaviour of the functions 6(x, t, B). (6
representing K, n, n., p, Ore ). In order to contain the problem it is
clearly imperative to refer the functions € to a reasonably well behaved

model.

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

the form

¢(x, t) = ¢ecf%eMt + const. terms (4.3.2)
(k:"propagation" constant; A : time constant;
¢=n, B, Nt’ P> j in turn) to satisfy the linearized equation, may then be

adopted.

If the model permits A to be put cqual to -ck, solutions represent small,
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exponential travelling waves. Unless k is purely imaginary, as x tends to Lo
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
I E(x)dx = V (4a3.3)

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 = -kec, where c is a constant, 4.3.2 may be rewritten

$(x, t) = ¢ekTe-ket _ $(x — cf) = (%) (he3ek)
If L.3.4 satisfies the differential equation, time may be eliminated as an

independent variable using the Galilean transformation

= s 0, e = -
ot ox dx7

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

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

o B o dn di
J = enul ukT E;T - €€pC dx7 (L4.3.6)
Eﬁ; = '—Qm(n + i = Pt)

€€
0
Provided attention is concentrated solely on the "steady state” situation,

(excluding domain growth and annihilation processes), %ﬁy mey be set identically

%
to zero.

Turning now to the models representing acoustoelectric carrier bunching and
field dependent recombinatior/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 analozy
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

o
== = & - (4e347)
p = e(n+0N; -Ny) = e(n+ ¥ - (Np - My))

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 electrons in bunches/traps,is sufficiently rapid, second
derivatives in 4.3.6 may be eliminated by assuming quasi-thermsal betwesn

bunched/trapped electrons and those in the conduction band

x n - -
N = @nE + pn (L4e3.8)
Equations kL.3.6 may now be written
dn e . BNpn
—_— = —(nuE - ;I/e - cfn + == - (Np - NA) [$)
dx kT ]
Hx aEen (4e3.9)
dE e Alipn
—r = ——(n + - (% - X
dx eeo( c+fn (lD A))

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

function of externally applied field.
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bl SOLUTIONS OF TLUATIONS 4.3.9,

A discussion of the techniques to be employed in the sclution of the above
equations 1is beyond the scope of this thesis. Graphicel analysis of the
behaviour of solution curves on the n-7 plane, however, led Bo%r and Dussel to
the conclusion that
"for field dependent recombination the domain velocity is bounded by
velocities of the order of the drift veloecity of electrons, times a
retarding factor due to trapping, at a field strength corresponding

to the .econd singular point
5 A :
s n4 “E)II (oot

#ith increasing influence of traps the trapping factor can be orders

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

from the value of the drift velocity by this amount,
When rocferred to the synchronous co-ordinate frameworic, this statement is in
agreement with available abservations of acou:toslzctric domain velocity. In
terms of the analysis provided in Chapter /., section 2, ¢ must nccessarily be
small, sincc-ﬁ ‘<<lis prerequisite to the onset of acoustoelectrically induced

t

negative differential conductivity. A fall in imuiediately-post-creation
domain velocity has recently buen observed by Pohlendt and Wettling in Cdo.
PMhis fall could possibly correspond to the final stages of convective growth,

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

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

emergin, from the above analysis - of an acoustoclectric domain as being a
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high field instability, created for thermodynamic reasonsizgj] by the effective
acoustoelectric removal of mobilc carricrs from the conduction band, and
propagating with a velocity governed basicelly by the mebile carrier drift
velocity but strongly hoot-utrapped by carrier bunching to the collective
velocities of individual, continuously crested snd annihilatezd potential wells
which build a region of intense acoustic cnerzy tied to the instability - may

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

non-linear mixing limit,

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

(either distributed or junction) may induce negative differentisl conductivity effects
at fields far lower than those required to give acoustoelectric gain. These
processes may well dominate the formation o inhomogeneous field

distributions in imperfect crystals.

45 SURFACT W.VE DOIAIMS IN CaS-ON-SAPPHIRT FAVESUIDES.

Acoustoelesctric instebility ("domain®) formation is favoured by the simultaneous
presence of 2 distributed acoustiic source, a distributed small signal gain
mechanism and a distributed large signal, convective bunching feedback lcop

(Chapter ), section 2)

Low energy elecctron diffraction experiments on nickel have indicated that the
mean squarc vibrational amplitude of surface atoms is greater than that of

) [108] : Lancousl
atoms in the bulk . An analogous surface wave source 1s sponcencously

= . V5 . g
presented to a CdS-on-Sapphire wevesuide above absolute zero. If the results

of the PI‘E}ViOUS gmalygj_s (Chc"a wer 3, section 7) are B.'JGePﬁGd, 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 hunching feedback loop can be sustained
while the nystem enters an effective nexzative differential conductivity state,

moving domains will form in the waveguide.

[ &

The power spectru: of the phonon packet as.ociated with an acoustically dispersed
uided domedin may be influenced by changzes in the preincubation externally

oltage, the postincubation dynamic field distribution end the_intensity

o]

J

Le
=
'_'-
[¢]
u
<

of illumination (in the case of photosensitive samples). Systemmatic "anomalies”

in domain bchaviour are to be expected ss a necessary consequence of dispersion.

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

available.

4e6  BTALIC DOMATTS IN TITIOOGTINONS LOW GAIN Ral' MATERIAL.

B

The small signal, bulk wave, amplification coefficient rcaehes @ peak when

Y

1l

'(“E)"”"EB); w = wp = (wewp)?, viz:i-

w. e (ia6.1)

(4.56.2)

it is cvident that < e is directly

<
proportional to the square root of the dividend O/u If the crystal conductivity
is low, -G will be small, and ti vill be correspondingly large. 1in high
max

resistivity CdS, t, may well excecd tt’ in which case convective bunching cannot
i

occur.
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Current saturation, accompanied by observable ncoustic flux output at the
3 . L109] : :
crystal anodc, may still teke pleace , provided the crystal iz homogeneous.
Congider, however, applying a voltaze V to an inhomogencous low gain rate
specimen composed of two homogeneous sections (parts 1 and 2) which differ

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

concentration in part 1 (Pigure L.3).

Since &, > Eg’ part 1 will achieve a state of acoustic gain while part 2 is

still in a state of acoustic attenuation. In this situation, 1:t the flux
amplified from the acoustic thermal baclkground in part 1 be totally attenuated
in part 2. WNo acoustic output will thei. be observed at the crystal anode.
Acoustoclzetric currents Jae1 and.Jae2 will, respectively, opposa and assist

the current J flowing through the specimen. In order to maintain current
continmuity, fields local to repions of ascoustic amplification will substantially
exceed their prethreshold values, while fields local to regions of scoustic
attonuation will fall well below their ohmic values and mey even become negative.
The process may, to some cxtent, be convective since the acoustic gain rate in

1

the high fizld regions may increase . Since the conductivity of the adjoining

[109]

regiong differs, it may essily be shown thot the static accustoelectrically

induced field redistribution will be accompanied by crystal saturation.

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

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

*¥  Thet this increased gain rate might, in borderline cases, lead to ti. < tt
thereby trigsering convective growth, is an interesting poseibility, which

need not be considered here.
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gain rate acoustoelzctric amplification,

4.7 CURAEND OSCILLATTONS IN SINI-TifSULACING PIEZOELECTRIC CRYSTALS.

Consider, after Paige L110]

» & photoconducting, uniform Cd3 crystal through
which electroas arc 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 increase:, 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
cerbtain conditions the cathode region may at this juncture revert to an
amplifying condition, increasing, after a suitable lag, phonon flux throughout
the crystal, and decreasing the current. This fall in current may again switch

the cathode %o an attenuating state, thereby estehlishing an oscillating cycle

of acoustoelectric origin.

The situetion may be represented by a one dimensional model of the form of

Pizure L.l {n1 > nﬁ). Fluectuating boundery conditions at the inhomogenity

interfoce present significant mathematical difficulties

r 1 ; ) _
been shovm by Froom L111J, be resolved in part by numerical analysis. These

, which may, as has

7

difficulties are rivalled by the difficultiecs involved in over-riding inherent

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

Acoustically induced current oscillations in semi-insulating piezoelectric

crystals romain, 28 a result, only qualitatively understood.
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CHAPTFR 5.

PREPARATION AND PROPERTIES OF CdS THIN FILIS.

2.4 ITTRODUCTION.

Hajor rescarch into the preparntion an” properties of high purity, ningle crystal
- . . ) . [112] ] L R

CdS may be traced to FrericHa ™ cxtension of the vapour syathc:is tochniques
abli ong L113] ot o B i rrma

established by Lorcnz . Crvstals of sufficient perfection ¢t peymit the

interpretation of “qarm cleectron srperiments have for some tinc bzo: comicreially

available,

vwhile thin film vapour dcposition methods for CdS were develop:d by Veith [112]
shortly aftcr Frerich's oxperiments, and in spite of industrial intercst in
such Cd5 based thin film devicecr as the insulated gate TFT, synthesis
tuchniques for high purity, high mobility CdS thin films rcmain practically in
their infancy. Currently, iapurity and sccondary phase cffecets compete ith
the host lattice conduction procc:ues. Hence glectrical obscrvetions, even ab

low ficlds, ar: frequently irreproducible.

An effort will be made here to relate relovant known aspects of ©the physics
and chemistry of CdS to established film prearation procedurcs in order to
provide o backzround of information against which the precparation proccdures

used in this study may be criticelly cxamined,

5.2 TH? SYNTHTSIS OF CdS THIN FILY STRUCTURTS.

Proccdurus for the preparation of thin (2 1,54 ) plates of CdS by pelishing



T 2]
from the bulk single crystal, rccently daveloped by Wilson “115-3 mar |
important aprlications in the future study of acoustoclectric intcroctions in

bounded systems. However, such tcchniques will not be conside-s  f-2liher here.

The hizgh temperaturcs (é 1&7500} and pressurcs (E 2a9 atm) involved in

achicving o stoichiometric melt of CdS virtually preclude, on stotc of

(S

he art
and ccono iic grounds, the preparation of high purity crystals by liquid-solid

tronsformations.

Zrowth by grns transport from the vepour phase is subject to foier l.mitations,
since lower temperatures ar: involved, and forms the basis of th: sbovu mentioned
Lorenz-Frorichs process, first applied to the growth of microcr stelling Cds

16]

thin films for photocell applications by Jacobs and Hart L 18] using the réaction

st + Cd(vapour) = CdS + H2

; M1 ; s
at a pre=sur. of 10mm Hg. kiore rucently, Capella * 7] has grom epitaxial

CdS films using the reaction

HES + Cr1012 = CdS + 2HCL

Information concorning the clectrical properties of films prepered by thoese

and similar methods appecars to be limitoed.

The literature concurning the vapour evaporction of CdS thin filme combines,
in the mnin, evidence of duplication of effort into the partially cchicved

i 2 : N : o Y ]
optimization of variants of the besic technigues employed by Veith * »
togothor with an appnrent poverty of comprchensive information on both the
structursl and clectrical propertics of the films prepared and a Iricucnt lack
of apprecintion of the full complexity of the intor..ctions involved in preparing

these films.
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It is proposed to review bricfly some aspeccts of the defect chomistry of CdS,
prior to examining vapour deposition and post evaporation hsat troatments in

Lesenl

somevhat [ reator detail.

5.3 DEFiCI INCORPORATION IN CdS.

Brief consideration is given herez to the incorporation of native ond foreign
point defects in CAS. Extensive reviews of the chemistry of imperfect ciystals,
e - . ; : [118 ] (119 ]

vhich forms a study in its own right, are given by Albers ‘. Kreger B

1
and Foodbury Bae ].

It is knovmn that nearly all the elements are, to an electronicnllr iuportant

@

xtent, soluble in CdS, that even at moderate temperatures th: materisl will
renct ropidly with its firing environment, and that the existenc. vo-ion of
compound Cdi in the three dimensional (PAB—CGX$1_X) Gibbs phasc diagram is small,
probably asgymmetrical, and easily distorted by certain impuritics. As o result
of the complexity of defect incorporation, and of certain thormodjmemic
difficulties, little quantitative data concerning the defcet chemi try of CdS

cxists, and only in a very small nuuber ¢f cases has the microstructurc of

point defects been established.

Even in the absencec of foreign atoms, the clectronic propertics of 4% arc

sensitive to thermal history anc the partisl pressures (P cd Ps) of the firing

. 119, 121 4 : .
environment [ ’ ]. During poorly controlled thermal cycling, concecnirations
of native disorders may well vary, and the appearance and subsecuent disappearancs

g (122
of native microprecipitates in succesrive thermel cycles appe s to be possible, -

A total of six basic native point disorders, which may exist singl-, in complexes
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with gross lattice defects, or in comploxes with forecign impuritics, may be

clas~ified according to Alber's notation as Cdi, Si (interstitisl); V_, V a
¥ gt T

(vacancies); Cd_, Scd (substitutional). In simple situations, the first of

cach pair may act a8 a donor, the second as an acceptor. Should the deunsity
of defects due to foreign atom incorporation be cxeceded by the native dofect
density, the latter mey well dominote the conduction procosses.

Concernin: the incorporation of foreign atoms (e.g. 0) at hish concentration
levels, it is known to be essential to consider the stability of +the Cdf with

r 3
respect to the preoeipitation of sccond phases (e.g. CdSOL) L123J. In order to

preserve overall crystal neutrality, the incorporation of certain clements

(c.g. halogens) may be accompanied by the formetion of native dof .cts '124].

The impuritics ”O, “Ag, Ciy G2, In, HQO, are of particular im-oxrtance to

this study, and should be considered in some detail.

Cu and Ag diffuse rapidly as interstitials, but may substitutc for Cd
e

Halogen coactivators (e.g. Cl) appear to cnhance their solubility, though
littlc is known about the chemistry of this impurity system. “lectronically,
Cu and Az generally form acceptor levels when in truc solution; bt may

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

122, 1257
films) to docorste imperfcctions and lattice disorders [ 2 ="

At

possiblc sccond phase with Cu, is a narrow band gap (0.6¢V), p-type defect

Cu.8, the

semiconductor, is readily precipitated from solution, and may well be
i [ 126] £t A it -;c-[127]
responsible for the observed hole conductivity in "p-type" €45 .

k] ] i i
Tn and Ga appear to be incorporated substitutionally at Cd sites, d ffuse

ropidly, and are highly soluble. Both bchave electronically as donors. These

. : ; . WX ol
factors are of some importance in the preparation of ochmic co irects to Cdd,
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and have, of particular note, been used to advantage in the prenarction of
. . r128, 1
high Hell mobility (ZhOOm?/Vsec), low resistivity CdS thin films - #2

Cl forms o useful coactivator with Cu in the preparation of photosensitive
Cd5. It may substitute for S and is thought to associate with V . during
cd
wo e A . .- [120] ) .
sulphur firing, V_ during cadmium firing . At high concenlration levels,
(=]
the native defects formed in order to proserve crystal neutrality mrr effectively

compensate the electrical activity of Cl.

The incorporation of uO is complex and poorly understood. It may substitute
for 5, and it sccms reasonable to suppose that the resulting leaitice strain
may give risc to a vacancy complex or o dislocation at the *0 site. During
firing it may modify partial pressures in such a way as to control native defect

von L 150] [118] avsaat e
formation , and may also reduce CdS , thereby incrensing the crystal
conductivity. Its behaviour in stnbilizing ZnS in the wurtszite modificcotion

while not nccessarily applicable to CdS, should be noted.

The formation of solid solutions CdS-Cd0 may modif'y the band stiructurc of the
original CdS crystal, 0 incorporation may, conceivably, give rice to impurity

banding.

Below £ 200°C an oxidation appenrs to take place that has been intorpreted as
an ennihilation of sulphur vacancies by occupation with oxygen ~toms. The
resulting surface acceptor states increasc markedly the surfoce resistivity.
Photoadsorption (dJdesorption) with less than (greater then) bendzap light hos

& r132] . . : ] vl J ina o atend stat
been noted - « Dypical time constants involved in achieving o stecdy stnte
of chemisorption with changes in illumination intensity may be coaservatively

[131]

estimated at 15 minutes *



Water vapour is notorious for causing experimental difficulties in less clegont
high vocuunm systems. Faeth [135] has suggested that the ion_(H?O)" could be
responsible for the coulomb repulsive traps located at between 0,730V and 0,83eV
below the conduction band in CdS n~nd CdS-CdSe single crystals by Bube et.zl.

and others (see the rcferences cited by Faeth). It should be noted thet such
centres afc not only capable of retarding drift mobilities, but mry slso, of
themselves, give rise to non-acoustoelectric high field current s turntion ond

s

negotive resistance effects.

5.l _VACUU EVAPORATION OF CdS THIN FILNS.

e ) P A

Barly work *, on the correlation betwecen residual gas pressure, substrate
tempernture, cvaporation ratc and purity of source material, ond th: coHparent
resistivity, photosensitivity and spectral rcsponse of onc step monosource,
high vecuum evaporated CAS thin films, yielded sufficient information for the
production of simple thin film photo resistors, raised many as yet uncnswered
questions concerning the cvaporation and condensation kinetics of Cdi, and

provoked e¢fforts to control the properties of the films produccd.

e |

140]

Solid-vapour phase equilibria of 'I-VI systems are reviewed by Lorens ° R
r el 3 =

Mas spectrometric investigetion by Goldfinger et.al. (141 ] friled vo detcet

molecules of CAdS in the vapour phase, sug:esting practically complete

dissocintion upon sublimation according to the reaction

20dS = 2Cd + 82

[135] [136]

441
Veith [I*+], Aitchison [134], Bromley , Nelson . Jue also the

- 1397
reviews of Bube L13?], De Klerk 11] and Shallcross L1393 crd tho references
therein.,
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Further investigations by Somorjai [142] have shown that CdS sublimction is
controlled by a complicnted charge transfar surface resction which may be

relied upon to preserve approximate stoichiometry of the vapour ntream.

Consider on ideclized enclosed system, in which sublimation tekes place from

a finite stoichiometric CdS chearge nt one site (source) and in which condensation
is permitted only at a second site (substrate). Obviously, ~ftor = sufficient
clapse of time, a stoichiometric (but not necessarily homogencous) fila of Cd,

8 and Cd5 will rcsult at the substrate, in spitc of the fact thet at cny given
temperature the vapour pressure of sulphur exceeds by orders of maznitude the

vapour pressure of cadmium.

-

Native ~nd foreign defects, and astoichiometries arise firstly, in prretical
syutems, from the sclective deposition of components of the notive vepour on
parts of the apparatus other than the substrate, end secondly, from the presence
of chemically active residual gas ntoms, which serve to distoxrt both the vapour

composition and the ~bove mentioned Gibbs phase diagram.

It is uscful to bear in mind that at the cconomically achicveble rasiducl gos
pressurce levels of 10“5 - ‘IO-6 Tory the number of foreign atoms is coiparable
with the number of native vapour atoms impinging on a given subsirate per unit
time. From thc point of view of roproducible CdS deposition, it is leus
essential that the absolute level of the residual gas pressur: in a proctical
system should be ultra low ( <<1O-6 Torr) than it is that the vacuum should
be clean (i.e. chemically inert) and reproducible.

[143]

Addiss , cpporently for the first time, particlly cenclosed the source-

vepour stresm-substrote in 2 hot wall belljar in an attempt to rostrict

selactive condensation of native components on cold sites in the vocuun chember.
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By cmpiricelly ~djusting and rccurately monitoring the governin: v-risbles of
y . 1

their system, Zulecg and Senkovitsz [144 subsequently achieved s cecanful

optimization of o one step, monosource high vacuum thin film sv-por~tion

proccss for thin film tronsistor fobrication.

The first high vocuum coeveporation of CdS crystals from seporcte Cd ond S
molccular strecms ~ppears to be duc to NillorAEE&g;.£1A5]. A subsecuent atbempt
to balonce the sulphur concentration in Cd rich monosource eveporsted Cd. filwms
by coevoporntion from separate CdS ond S sources, due to Pizzrrello L146] WS
followed by De Klerk and Kelly's [1h7] crrefully optimized Cd ~nd 5 scparate
source coevaporation system designed for the production of hizh resisvivity

CdS thin film micrownve transducers., Considernble support is lent to the
selection of an optimum substrate temperaturg Ts,in the temper~turc rrnzge 180°C-
ZOOOC,by their observotions that at = 10~5 Torr the deposition wotes of clemental
Cd and S are significnntly retarded for substrate temperatures, rcudectively
less than 200°C and greater than 5000, and that for substrate teupesrotures
greater than 180°C formotion of the motastoble (high pressure, B, impurity)

cubic modification of CdS is discouraged.

De Klerk L138] hns argued that for substrate temperatures in the ronge 50°C -
200°C condensation is probable only at sites at which Cd and 3 -toms orrive
simulteneously. His conclusion, that the films deposited in his ocpncratus are
stoichiometr .c, while supported by extensive piszoelectric and cr-stcllographic
studics, has apparently not, as yet, been verified by comprehensive physical
studies, and it remains open to question as to whether the high valuns of

A « e e
resistivity roported result from perfect stoichiometry or from a hirh level of

i - R e e Ve e “‘\
sulphur incorporation in the Cd% host lattice (Si, Vcd and Scd cet "= aceoptors).



The preparation of CdS on sapphire films in a small heated chamber o 10-9 Torr,

using ultrahigh purity source matcrial was recently performed by Hudock :11¢ﬂ.
Hall mobility and resistivity values of the order of 150cm%/¥ sec, 0.1 - 1.0 Q em
were reported to result from a 400°%C liquid Cd postevaporation hect treatment
aimed at impurity reduction by solvent extraction. Such films mizht bo empiinently
suited to the study of high gain rate acoustoclectric surfacc wevs “ntersctions.
Unfortunately, frecilities do not at present exist for the duplication of his

25 81

preparation procedures.

The apparatus asscmbled in the chamber of an Edwards 19B4 plan: and used in
this study for the monosource cvaporation of CdS thin films, is illustrated in
FPigure 5.1. The following evaporation procecdure was adhered to whenever
possible: -
(1) After backing the three substrates *, mounted as shown on o ledge
in the centre of the chimney, with a mica seal and o zloss slide,

the controlling chromel alumel thermocouple was wedged into position

and the chamber esvacuated.

=3
=2
—

The substrates were baked at 300°C for a short time under o pressure
P =

of £ 1077 Torr. Argon was then bled into the chamber, both in an

cffort to flush chemicelly active residual gases, and to facilitate

ion bombardment of the substrates.

The (20 x 6J5x.2)mm3 sapphirc substrates, polished on one frce to & flatness
of 7>2, woere clenned by weshing in concentrated HCL, an agiteted detergent
solution, and hot chromic acid in = 30 minute sequence with 2 Zeionized woter
rinsc bobween cach stoge. After manual scrubbing with cotton wool soaked in
isopronyl nlcohol, the chemical cleaning procedure was repenter, Thc '

5 H s 4 ~ ey -~ " -
substrates were then stored in n recirculating isopropyl nlcoiol vopour bath.
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(iii) Upon termination of the cleaning discharge, the bombardment electrode
wes withdravn, the chimney cooled to 19300, the vacuunm choidber
re-evacunted to 10"5 Torr, the SH10 source crrefully out-rzned, and
the liquid nitrogen cold trap then brought into oneration,

(iv) After an interval of two minutes, the mica cover was withdramm,
cxposing the substrates to the sutomatically baffled vepour streanm,

(v) During the empirically determined evaporation period, the source
current and the substrate temperature were, respectively, uanually
and eutomatically held constant, and the vacuum chamber wos continuously
puniped.

(vi) ©Bvaporation was terminated by cutting the source current. After
allowing the chiuncy to cool to 5000, air was admitted to the vocuum

chamber.

The films produced in this mammer were, in general, pinhole fres, atherent to
the substrate, and varied in colour from brown, through orange, to « lizht

yellow,

Duec originally to Brunschweiler [1h9], and developed at Edinburzh University

by Reid [1501, this systen compares favournbly with Addiss', De Klerk ond
Kelly's, nnd the idealized systen mentioned above in three nspecis vital to the
preparation of stoichiometric CdS films. TFirstly, the stickin: probabilities

of Cd, 5, and Cd5 molecules on the hot Ta walls of the vapour strecm-substrate
enclosing chember were found experimentally to be low. Secondly, the relatively
small volune enclosed probably gave o favourable ratio of Cd and 5 to residual
g2s vapour pressurcs in the vieinity of the substrates. Thirdly, the relatively

high thermal conductivity substrates were in ressonable thermnl contoct with,

and nearly totally enclosed by the chimney walls, and could therefore, with a
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high degree of confidence bc assumed to be closec to the controlicd Gomperature
of 193°C during evaporation. (Using & more conventionnl substraie heating
[151]

system, Foster discovored in pathelogical cases, tempecraturc dilforentials

of up to 100°C betwcen heater block and substrate fnce).

In spite of cfforts to constrict the chimney mouth, some degree of lockage from
the sourcc-vapour streamn-substrate systenm was inevitable. As a result of the
(unnocessorily) large volume pumped, the difficulties involved in cliuinating
backstreaning from the Edvards diffusion pump, the undesirably high lockage
rate of the vacuunm chamber seals, and the unavoidably wide voricty of materials
evaporated in the plant, it proved, in addition, practically impossible %o
guarantec the "cleaness" of residual gases in the evacuated chemlicr. As an
inevitable consecuence, the interbatch 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 L 138] may best be regarded as an optimiznoble
technique for native acceptor doping of the films during deposition. An
cquivalent technique, involving the coevaporation of CAS and & or Az has been
successfully optimized by Foster [151]. It is belicved that coevaporction

systemns hold no inhcrent advanteges over suitably designeG monosource systems

in the deposition stnges of the preparation of high mobility Cd’ films.

5.5 _POST TVAPORATION HEAT TREATHMENT OF VAPOUR DEPOSITED C4&3 LAYERS

A varicty of attempts to control the photoclectronic properties of vepour
deposited CdS thin films are reported in the literature. These range from the

evaporation of dopant films onto the film surfrce, through firing of the films
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in surrounds of CdS powder doped with the desired level of impurity, to the
pre-evaporation addition of dopant to the source materinl. Meaningful tabulation
of the results of investigntions in order to establish the state of the art
fails, firstly because of the frequent absence of evidence of effective
standardization of either the vapour deposition or post evaporation heat
treatnent procedures employed, and secondly, because of the omission in many
cases of secondnry cxperiments es:ential for effective characterization of the

photoelectronic properties of the films produced.

The apparently accidental discovery of CdS thin film recrystallization catalysis
cbove a certain temperature (2 BOOOC) by thin (100 ﬁ) Ag, Cu, Pb, A1, Bi, Zn
and Zn8 layers evaporated onto the film surface is due to Gilles and Van
Ceakenberghe [152]. Their observations were, in respect of Ag and Cu, confirmed
and extended by Addiss [143], who noted the favouresble 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—recerystaellization photosensitive Hall mobilities,
(suggestive of impurity scattering) of the order of 70 cm%fv sec are supported
by the work of Dresner and Shallcross [155L Mo convincing theory explaining

the mechanism underlying recrystallization catalysis has yet bacn advanced.

[128]

In a further series of experiments, Uresner and Shallcross successfully
attacked the problems involved in preparing high Hall mobility GdS films.
Deposited in a partially optimized, monosource, high vacuum (10“5'T0rr)
apparatus, the films werc then fired at empirically 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 cither singly or in combination.
They found (i) that oxygzen traces accelerated recrystallization
(ii)  that above 450°C Cu and C1 dogants diffused rcadily into the
films
(1ii) that precipitates of foreign additives formed sources of error
in Hall mobility and other electrical studies
(iv) that with careful doping and firing, postevoporation heat
treatments were potentially capable of yisglding 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
L1

refecrences cited by Boér, Bsbitt and Kaufman * 5LJ. Sulphur vapour anneanling

4
has been performed by Dresner and Shallcross ['28].

-
; -5 - . 0 :

Since 1077 Torr vacuun annealing at temperatures up to 550 C for periods up to

one hour in the apparctus shown in Pigure 5.1 failed (See Chapter §) to yield

films of suf’icient quality for the unambiguous observation of acoustoelectric

intersctions, alternative postevaporation heat treatment methods were evaluated.

[154]

The method, introduced by Boér, Tsbitt and Kaufman , of the heat treatment
of evaporated CAdS layers in a flowing nitrogen atmosphere containing HCl and
treces of oxygen and providing a transport of CdS and copper, was found to be
attractive for at least three reasons. Tirstly, systematic attempts to

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

method cmployed incorporates potential mechanisms for the simultansous
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reduction of native astoichiometries introduced during deposition, for the
controlled incorporation of compensating Cu and Cl atoms in the lattice, for
the catalysis (due to the presence of Cu) of recrystallizstion after the
method of Gilles and Van Cakenberghe [152], 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 oadopted.

Up to 15 pinhole free, evenly CdS coated substrates were placed, axially,
avenly spaccd, 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 the central 50cn 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 om2/Vsec respectively at
room temperature, 150ft-c white unfiltered light). Detailed photo-
electronic measurements were performed on only one of these layers
(225 cmE/Vsec). The results of further experiments performed on layers
recrystallized in the B-E-K apparatus were reported by Boér, Feitknecht and

3
Kannenberg (155 )y



-GG

After sealing the tube ends with gas inlet and outlet fixtures, the tube was
#
syumetrically positioned in a £ 50cn long, preheated +tubular furnace. A

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

During the wari-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 2o centrally placed, axial, sheathed thermocouple indicated an internal
gas temperature of 57000 ” 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 (2 10cc/nin) 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
returnced to the original gas stream immediately prior to its entering the

annealing oven.

Heat treatment was continued for an average period of 35 minutes, after which
the 02 and HC1l sources were removed and the oven allowed to cool to room
tempersature under a slightly reduced argon flow. The heat treated films were
then recmoved from the tube, examined, and if unrejected, stored either in a
dessicator, or whenever possible, under high vacuum prior to the evaporation

and low temperaturc anncaling in of indium contacts.

* 600°C wall temperature.

By

7 minutes after introducing the combustion tube.
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A high proportion of the films treated in this nanner vere rejected as
unsuitable for further study on the grounds of localized peeling, crazing,
pinholing, discolouration (suggesting gross precipitation of & second phase),
powder grain incorporation, and substantial loss of the vapour deposited film.
The remaining films (207 yield) ranged in colour fron orange yellow to yellow,
and showed some evidence of localized, structurally faulty, crystal growth

when viewed through crosscd polarcids in a standard laoboratory microscope.

The chemistry of the interactions promoting improvements in the photoelectronic

]\
properties reported by Bo@r, Esbitt and Jaufman L 154] 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 Boér

4
et.al. [ 154, 15)], no such extension will be attempted.

o

He6 _ STRUCTURAL STUDIES OF CdS THIN FIL#S.

Basic structural faults in CdS layers mey in some cases differ markedly in
their origins and behaviours frow the behaviour of their bulk CdS structural
equivalents. Interfacial dislocaticns, for example, may arise either as a
result of atom disrezistry 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 fili: and substrate. Further sources of
structural imperfection may be sought, as in faulted bulk crystals, in accidents
of nuclecation and the (poorly understocd) kinetics of crystallite growth.

Gross departures from the minimum cnergy configuration arc apparently inevitable
in thermally cycled filus ond the high structual defcct density uay, at least

in part, be regarded as a necessary conseguence.
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iiccess to the literature on the crystallography of CdSs evaporated films may be
obtained through the references cited by Foster i151]. As might well be expected,
the fine structures of films are roported 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
evidence exists in support of the hypothesis that a growth completion between.
in most cases randomly oriented nuclcates, is in some way responsible for the
apvarently natural tendency of the "c" axes of vapour deposited CdS crystallites
to be oriented within a few degreces of the normal to the substrate plane. It

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

particularly favoured.

Such a2 postulate would lead to an explanation of the fortunate fact, establishcd
by the successful operation of CdS vapour deposited transducers, and &
prercquicite of any conceivable ncoustoelectric thin fila device,, that CdS
crystallites are prsdominantly "one way up®' as opposed to being randomly

inverted with respect to one another.

[128]

Postevaporation heat treatments have been found to provoke two important
cryutallographic changes, the first involving & gross increase in crystallite
. . y . 4 5 o] =
dimension, and the second involving tilts of up to 25 of the c-axis away from
the substrate surfacc normal. Both phenomena may be symptomatic of a search
of the systen for a minimunm energy configuration, and neither directly affects
the criteria defining the 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 o rzsult of
native atom, sccond 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., Finally, it is conceivable that structural faults mnay 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 structursl faults and thin film grain boundaries. In
terns of an equivalent electrical circuit, a thermodynamically unstabilized

CdS film may be regarded as a two dimensional aggregate intimately connected

by o randomly distributed resistor-junction mesh structure, which may either
support, short circuit or oppose conduction through the CdS crystallites. For
the successful operaticn 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.

5.7 FIELD INDUCED INTERCRYSTALLITE INSTABILITIES IN CdS THIN FILUS,

Since the high field behaviour of such complex structures as randonly repetitive
NIPIN junctions arc 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

[155]

by Boér et.al.
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originate during treatment of the CdS thin film, and to an elementary discussion
of the global effects upon conduction introduced by their presence.

- L] -

5,7.1  REPETITIVE M-S-i AND P-N-P STRUCTURES.

Copper generally forms a blocking contact to CdS, and Cu23 is ptype. Both
naterials may precipitate from solid solution upon cooling ét structural faults,
superimposing on the film an either complete or particulate matrix of Gu.(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
emission, carrier accelaration, impact ionization from traps and eventually,

to catrstrophic breakdown should the internal series resistance provided by

the crystallites fail to arrcst the process.

5,7.2 REPEIITIVE N-I- STRUGIURES.

Such structures may result from inconplete formation of the film, alternatively
from the diffusion of (say) 0 down tho crystallite bounderies. The
breakdown sequence is similar to the above. These structures nay readily be

simulated by drawing a fine scratch scross an otherwise well-behaved filum.

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

permutation (N-1-P-I-N; N-I-M-I-P-I-N gﬁg) randomly throughout a film, and
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nay give rise to a bewlldering variety of global film current voltage

characteristics.

The electroluminescent literature, as reviewed by lMorehead [15ﬂ, provides an
excellent introduction to the behaviour of similar, if somewhat simpler

structures produced by design rather than by accident. The scanning electron

nicroscope may eventually prove o useful tool for the examination of accidental

junction structures in thin film CdS.

The phenomenon of second brenkdown, (as reviewed for transistors by Schafft
et.al. [158]) may also be expected to occur 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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CHAPTER 6.

s

FIGH PIVLD CHARAGIMRISTICS OF CaS THIN FILAS.

6.1 INIRODUCTION.

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 - iz 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

[

158
devices 591 (Chapter &6, section 2). The hazards frustrating domonstration
of thin film surfoce wave photvodopendent, field dependent attenuation effects

(after Hutson et.al. - see Chapter 1, section 1) are further accennated by the

absence of control over the electronic properties of thin film CdS,

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

B80T e B i e .
Comber et.al. ). Similar charge injection technigues meay in future be
employed in the study o hiszh field transpost in thin film coplanar devices.
Apparstus for the study of drift mobility in semiconducting glass sandwich
structures, currently under development at Edinburgh University, might eventually
prove adaptable to such a study. However, no technique for the investigation

of surface drift mobility is at present available.
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Multiple-band patftern illumination of photoconducting (low gain rate) CdS
single crystals has recently been reported to give rise to high fisld current
oscillations of' period strongly related to the period length of the band
pattern and to the velocity of shear waves in the crystals [16i3. Such

technicues may eventually prove velusble in investigsations of dispersion and

acoustoclectric coupling in photosensitive, piezoelectric thin film waveguides.

Effective thermodynamic stabilization is prerequisite to any sophisticated,
high field, solid state transport investigation (see, for example, Chapter 5,
section 7). Since current deposition techniques are uastobilized, .cxperinental
efforts were necestarily confined to relatively unsophisticated investizations
of the global high field charucteristics of available polyerystalline CdS thin
films. Thermal acoustic lattice noise wasg relied upon to present a broadband
surfacc wave input to the films and emphasis was placed on observation of the

macroscopic effects of acoustoelectric noise¢ amplifiecation.

6.2 EICIDATION OF SURFACE WAVES ON THE 40017 PLANE OF SAPPHIRE.

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

attenuation in a CdS-on-Sapphire system.

3

Two Sokolinskii-type combs wers fabricated from 10 x 10 x 1.5 mm” duralumin
plates, lapped to parallelism and cut (using a 6.7 thou. saw) on one face

with a series of forty, 169 [ deep, parallel srooves, set at a mean period of

*
1704, 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 confizuration

LN

in pressure contact with a ruby substrate. (Figure 6.1.4).

Longitudinel waves t -ansmitted into {:ie gzenerating comb launched surface

weves of wavelength equal to the comb period by creating periodic stresses on

the ruby substrate. After travelling approximately 1 e aercus the bisnl plene

surfaoce waves launched longitudinal waves into the receiving comb which, in turn
_ ) o s e ek o

excited thoe receilving transducer. The output signal was amplified

(4renberg P.A. 620; Arenberg W.A. 600 ), video detcciecd, and displayed on the

screen of n standard HP 140 A oscilloscope (Figure G.1.A).

Re¢presentative oscillogrems are given in Figures 6.1B and 6.1C. The formsr

shows the dampin’, c¢ffect of an alcohol drop placed between transmitter and
receiver on thc substrate surfrce. Ivaporation of the alcohol gradually restored
the delayed signal,; bthereby illustrating its surfuace wave origin. Notice, in
the latter figure (6.1C) trapezoidal distortion of the square R.F. input pulse.
This feature is common %o 21l periodic methods of surface wave generation and
detection, and originates in oncillatory settling proccsses beneath the

gratings. The oscillatory soettling tine is given approxinntely hy.2h/qﬁ.

(where 2L is the total grating length in the direction of propagation and cp

is the surfrce wave velocity.)

n} 2 s 4 r
* Phenyl Salicylate. Melting point 50°C. The tendency towards supsrcooling
was suspressed by thermally controlling the bonding environment, and

tating the bond edges with a fine brush.

=

ag

The generatiny transducer was cxcited in inertia drive in the thirh harmonic

by an Arcnborg. P.G. 650 C (GOO‘qux poak-to-peak R.F. pulses).

Typically 95db down on the input signal.
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The third explanation is considered unsatisfactory in view of the apparent

absence of detcoted video wavefornm photodependance.,

6.3 HIGH FIELD CHARACT™RISTICS OF CdS THEN FIL

6.3.1__ DXPORIMENTAL DESIGN CONSIDERATIONS.

In the absence of coherent acoustic surface wave bransmission, the observation of
thin fids ccoustoekoctrie interactions must depend on the amplificstion of
thermal surface vwave noise winich, 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 inevitobly conteined high impurity concentretions, and since
temperoture reductions corwvespond to reductions in the level of acoustic noise
input to the system, no advantages were to be gained by conducting experiments

ot low temperatures. Accordiinzly, no cryozenie apparatus was constiructed.

Congiderations of specimen inhomogeneity, photosensitivity, surface roughness,
and surface wave incoherence weizh heavily ageainst the direct observation of
acoustoclectrically amplified flux by optical scattering or coherent surface
wave detcction techniques. &Efforts werc, accordingly, devoted solely to the
observation and interpretation of the non-ohmic conseguences of thermal

acoustic surface wave noise amplification (Chapter L)
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The 1t

absence ol detvcoted video vaveforn photedependance.

6.3 _HIGH FIELD CHARACT™RISTICS OF Cas THIN FILSE.

6.3.1 _ EXPERIMENTAL DESIGN CONSIDERATIONS,

Tn the absence of coherent acoustic surface wave transmission, the observation
thin fils occoustoclkoctrie interactions must depend on the amplificstion of
thermal surface wave noise which, in turn, requires the attainment of carrier

drift velocities greater than the velocity of the surface waves.

Substantial mobility enhsncements at low temperatures are, apparently, restricted

to CdS single crystals of the highest purity. Since the Cd3 filas under
investigation inevitobly conteined high impurity concentrations, and since
temperature reductions corrvespond to reductions in the level of acoustic noise
input to the system, no advantages were to be gained by conducting experiments

at low temperatures. Accordinzgly, no cryozenic spparatus was constructed.

Considerations of specimen inhomogeneity, photosensitivity, surface roughness,
and surface wave incoherence weizh heavily against the direct observation of
acoustoelectrically amplified flux by optical scattering or coherent surface
wave detoction techniques. Bfforts were, accordingly, devoted solely to the
obgervation and interpretation of the non-ohmic conseguences of thermal

acoustic surface wave noise amplification (Chapter 4) .
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5e3.2  FEPTRIMENTAL ITCHIT DS,
Parallel sided, eight mm wide’masks screened thoe central portion of each film
during the evaporation (conducted at the lowest achieveble residual vapour

¥ -6 )
pressures = 5 % 10 Torr) of +wo coplanar indium strip contocts onto the
(occasionally ion bombarded) surface of each film. The contacts were designed
to be of sufficient aree to ensure a low localised current density, and spaced
sufficiently far apart to peruit both low gain rate incubation of potential
acoustoelectric instabilities and probing of localized field distributions.
The contects were annealed, either in air or in argon, to assist the diffusion

of indium donors into the films.

TFor the purposes of high field investigsation, the specimens were mounted in
turn on the spring lozded platform of a hizh voltage testing jig (Figure 6.2).
Uniform illumination was delivered through o variety (bandgap 021, water cell,
neutral density) of filters from s 100 vatd, tungsten filemented, variac-primatran

driven comercisl projector lamp.

Monitoring the voltage developed across A 1 X} scries resistor, noting
carcfully any irrezulsarities, and imsediately, if so indicated, terminating
the experiment, the specimens were generally subjected to voltage controlled
pulses of sradually increasing amolitude (< 10 kV), slow rise time (1m sec)
comparc~tively rapid fall time (1 U sec), and two milliseconds plateau, at

repetition rates of the order of onc pulse per second. (TFigures 6.3, 6.4)

Threshold fislds (typically 7-10 kV/cm) for interslectrode surface breakdowm
vere found to decrease with incressc in illumination intensity, ambient relative

hunidity, 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 sppeared to inereaze the probability of succeding events, end,
as evidenced by the epperrance of small blacl: "scorch maris, degraded film
uniformity, thereby introducing unnecesnary anbiguities into the interpretation
of subsequent experimental results. Specimens exhibiting any tendency ‘towards
interelectrode breakdown at applied voltagen of up to 7 kV were immediately

ted as bein , unsuitsble for further investiz~tion.

Using an indium {tipped, high voltage insuloted, tungsten needle mounted in a
three dimensional manipulator, & search was made for anomalous field distributions
in the vieinity of either contect (Figure 5.3 ). Field anomalies, suggestive

of non-ohuwic contact processes were found in a disturbingly hi_h proportion of

the samples examined (506:), and underline the urgent nccessity for further

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

After trestin: non-ohmic contacts by carefully melting a thin slice of indium
placed between the offendinyg contact snd the contacting stub of the testing
jig, the field distribution sesrch wos repeated. In a number of cases the
anonaly disappesred. Specimens crhibiting persistent non-ohiric contact effects

were rojected os unsuitoble for further study.

A further search was mode for field dependent current instaebilities under

R £

veryins insensities of both uniform and non-uniform illumination (Figure 6.3).
Photoresponse charscteristics, while not directly under astudy, were noted, and
the occurrence of colicrent current oscillations of sny amplitude at any

frequency up to 20 M5 investigated in depth under a variety of pulsed high

volbage, continuous T.H.T. and non-uniform carrier concentration conditions

(see Chapter L, section 7).
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Current-voltage characteristics vwere recorded as o function of uniform illumination
intensity. (Figure 5.3 ). Upon observation of high field photocurrcnt
seturation, current vs. time, current vs applied voltage, and probe voltage vs.
applied voltage charecteristics of the specimen were investigated in depth in

en attempt to diagnose the mechanism underlying the observed sublinearity.

6.4 _ CURRENT TRREGULARITIGS NOT ASSOCIATED WITH ACOUSTOZLLCTRIC INTFRACTIONS.,

During the coursc of investigation a bewildering variety of nonchmic,
instability effects were observed. ilany of these effects were poorly amenable
to investigation, and, in terms of yielding evidence of acoustoelectric surface
wave interoactions, devoid of interest, being indicative only of the pathological
quality of the majority of specimens investigated. A nuiber of instability
effects were however unusual, and o brief selective 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 revenlcd 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 & 6;; thick, vapour deposited, vacuum r~nnealed,
photosensitive film) included:-

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

%
depcndent upon the applicd voltage amplitude (Figure 6.4C) but only

Applied voltage reading, from top to bottom, 8.5 KV, 8.2 kV, 77 KV, 7.2 KV, 6,8 K
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weekly dependent 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) en 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.k KV)
illustrating the high field time stubility of the negotive spike. A siagle
interclcctrodc breckdown event at 9.5 kV resulted in total diseppearance of
the phenomonon. No completely satisfactory cxplanation concerning its origin

can be advanced.

Ihe oscillating contact effcct, orizinating probably in tumneling throusgh a
metal-insnlator-metal cum hesvily doped n-type semiconductor sandwich formed
presunebly by prolonged expesure of areas of indium to the atmosphere, is
illustrated in Figure 6.47 (which shows, in addition, the slight effect on
oscillation frequency of dscreasing the level of control illumination). Since
the phenomenon s ensily detectable and could be removed by careful sbrasion

or localized hesting. it proved interesting rather than troublesome.

Figure 6.,4F shows four consecutive single shot current-time troces (taken at

a set (7.5 KV) voltoge level and separated, for clarity, by varying the
oscilloscope trace position). Ihe random current surges, typical of those
observed in practically all non-post evaporation heat treated films, were

of tenn accompanied by the emission of visible (green—blue) radiation from minute
spots in the film. Since the random current surges could readily be simulated

b deawving finc scrotches seross the direction of current flow in an other-wise
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stable film, they were attributed to intorcrystallite N I N breskdoimn events

(Chapter 5, section 7.2).

6.5 _ SWITCHING AID ASUOCTAT D CURRENT OSCILLATIONS [0 A VACUUM HEAL TREATYD
FILH,

Randonm switching effects, and sssociated current oscillations (reported in
Zlectronics Leu,er.., 3 (6) 1967) -ere observed vhile hizh voltage testing an
cven orange-yelloyw 4.7 Um thick specimen which had been post depostition
vacuum anncaled at 1:.7000, 1 = 10_5 Torr for 30 minutes before bein: cooled to
rooan tempersature and expooed to the atmospherec. Dark resistivity of the film

3

vas estinated at 6.5 x 107 Qem, light recistivity at 3.2 x 10”1 em. X-ray

diffrection showed the crystals to be predominantly L0017 oriented.

Pulsing the film with slow rise time, 2msec., length, varieble amplitude voltage
controlled pulses, the film r-sistance wes observed, sbove & threshold pulse

amplitude (VH 2 3,4 XV) %o switch occasionglly to a value between 90f ¢

S&: of its preswitch value, snd to remain in this svitched conditvion until
termination of the voltaze pulse (Pigure 6.5, Upper trace: Voltage; middle

trace: Current; lower btrace:Switch detail).

pvohqbullty occurrence .
Svitching wao characterized by o seebiify of eeeuremee vhich inercniged

rapidly with increasing voltage above Vﬂ, by o switching tinc of less than
100msce, by its repeatability with succeoding voltage pulses, and by the
randomness of its amplitude within the stated limits, irrespective of voltege

pulse amplitude (Figure 6.5E), V,, did not appear to be markedly sensitive to

t1

the level of illumination.
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Above & second throshold (th 2 3.9 KV} in both uniform dorkness and uniform
light (the lattor only occasionally) small amplitude (34 A peak to peak)
undamped coherent oscillations worc obscrved in the current trace afber
swvitching. No ¢vidence of oscillation could be found sftor termination of the
voltage pulsc or prior to switching of the specimen resistrace. The oscillatory

waveforn veried from guasi-trisnguler to cuasi-sinuscidal with increase in

voltage (Figurc 6.58).

Frecuency (which incressed slightly with incrcasing voltage) and inercasing

illumination intensity, wss obscrved to cover a fairly wide band (6-7 iz ).

A strip of the specimen, adjacent and parallel to the positive contacth was
shaded in an attempt to deliberately induce an ncoustoelectrically unstable
corrier distribution (sce Chapter 4, section 7). As before, svitching

occurred. Oscillations of similar woveform and waveform voltage dependence

werc observed on the switched current tracc. 'These oscillations were found

to have far greater frequency stability than in the uniformly illuminated

case, ond werc typically of approximately doublc the amplitude. Amplitude
modulation of the oscillations at up to 3 Iz, reminiscent of the acoustoelectric
beating effects described by Chun (1] was found to occur upon increasing

aparallclism betwecn the parallel diffused indium contact edges and the

sheding strip edge (Figure 5.5D).

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

6.58, (with veriation in shaded strip width as a parameter).
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It is believed that macroscopically distributed "bulk® interactions were
responsible for the oscillatory phenomensa observed. It is known that in a
sufficiently imhomogencous, low zzin rate sample, acoustoclectric interactions
may give rise to e wide variety of coherent current oscillations. While it
zht be possible to formuloate an acoustoelecirie model ropresenting the
situation, it iz, bearing in mind the observations of Chapter ), scetion 1 and
Chapter 5, section 7, immediatel; opperent that any such model would be both
complicated and difficult to defend in the face of competative models based,
for example, upon high field tunneling, trapping, or impurity banding

phenomena.

6.6 CURIENT SATURATION AND ASSOCIATTD FIELD RUDISTRIBUTION.

A detailed description of high field experiments on two particularly well
behaved specimens is given in the following section. Both films were

-5 = K3 2 i 1 ey | s 3
evaporrted at 10 ? Tor- (Chapter 5, section 4) heat treated at 620 C in the

.

Doer-Esbicvi—-Loufman anp

cutus (Chapter 5, section 3) and contocted with

larze area, parallel, diffused indium strip contects (Chapter 5, section %)

)
L

X-rry diffraction showed both films to be predominantly {001y oriented
(Figure G.6). The ‘“crystallite size™ of both specimens determined by scanning
clectron microscopy #nl confirmed, for one specimen by carbon replica
microsravhy, was of the order of 2 micron: {Figure 6.7). Optical

examination showed both even, orange yellow filus to be effectively free of

pinholes and inclusions.
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Neither rpecimen displayed any detectable %tendency towsrds current irregularity
over the applicd voltage runge of interest (O - 7kV) when voltaze pulsed

under uniform illumination. The potential drop was not localized at the
electrodes, and at low fields appeared to vary approximately linearly Qﬁ 50%)
with distance along bLoth specimens, The lirhit-to-dark resistivity ratio of
both filus was found to be sreater than 10h, and photoresponsc speeds, while

' o 1"'
not nccurately measured, were found to be unusually rapid (cf. [ )LJ).

Pover dissipation considerations permitted both pulsed (dotted line) ond
continuous (solid lines) I-V charccteristics to be dotected for the first
specimen (0.80 microns thick) under a variety of uniform illumination

intensities (Pigure 6.0).

Concerning the current saturation observed above a cerbein voltage threshold

(Yt), notice that for V < 'Vt the sauple acted ohmically, and that at high

L

resistivities no saturation was observable,. Vt appecared to be substantially
independent of whether the voltage applied wns pulsed or continuous. The

sharpness of the “"knee’ increased with incressing 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-:
clectrically unstable carrier distribution (Chapter L, section 7) o super
threshold voltage was applied to the film. Large amplitude, 12.5 kiz,
continuous current oscillations, of period apparently weakly dependent on the
applied voltage, were observed. The large amount of jitter present frustroted
atterpte to internally trigger the oscilloscope in order to stabilize the
dicplayed oscillatorv tracc. A detailed investization of frequency and

amplitude a8 a function of the three principal variables - applied voltage,
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shede position, illumination intensity - was accordingly postponed in favour
of an investigation by potential probing of the post-threshold field distribution

28 a function of applied voltage and uniform illumination intensity.

Iwo factors enter such an investization. Firstly, meaninzful probing of an
extremely narrow thin film requires the use of o high precision, ultrahigh
impedance potential probe. Sccondly, a semple width comparable to the sample
length introduces local probing complications in the form of a nsecond

dimension. These complications may effectively be removed by vapour depositing

i
L109]’ o grating of thin parallel, indium

depositing, after McFee and Tien
strip contacts across the specimen (normal 4o the direction of current flow).
While this arrengement might be ideal in the csse of a freshly prepared crystal
of thiclness greater, by orders of magnitude,than the diffusion depth of
indium, the difficultiecs inherent in bein able to ensure adeguate contact
between the zrating strips and o 0.00 micron thicik, three day old thin filw,
without seriously disrupting the conduction o acoustoelectric interaction

'.:da

it

profile, will readily he apprecia

(0 |

Prior 4o narrowing the sample o preliminary investigetion of the localized
field distrivution was made. During this investisation, the film was
inevitably exposed to the atmosphere. As an unanticipaled result (prosumabls)
of gas aGsorption during this exposurs, an unmonitored tendency for Vt to

drift to hizher voltages was observed. The current saturation cffect became
les: distinet and finally, two wecks after preparaiion of the film, disappeared
completely. Heatin; the speciemn at 120°C under illumination in vacuum for

2l hours Tailed to reverse the deterioration, ond an interpretabls plot of the

post-threshold ficld distribution wns not obtained.
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These observations were reported both to the Institute of Physics and the
Physicel Society Solid State Device Conference at Manchester in September 1967,
and by invitation to the sixteenth Meeting of the Thin Film Group at Electrical

Resecrch Asnociation, Leatherhead in October 1967.

Berring in mind the deterioration of the first sample, the second well-behaved
specimen (1.2 microns thick) %o exhibit photocurrent sublinearity aebove a
thrsshold voltage was stored in vacuum while not directly under test. In order
to avoid dif'ficulties experienced previously in obtaininz a one dimensional
post~threshold field dictribution plot, the width of the film was reduced, by

- L]
scraping, to 1.35 + 0.1 mm, (care being taken %o avoid M-I structures slong

the film edges).

Current vs time characteristics for 0.15 usec rise time, 4.Ousec length, and
O.imsec, 3ncec length, veriable amplitude squarc voltage pulses werc compared.
The time constant for post-threshold photocurrent decay to a steady state was
found, in the latter case, to be of the order of O.b5msecs, sugresting field
enhanced trapping as o possible mechenism undeorlying photocurrent sublinearity.
Some evidence was hovever found, i the fast rise time case, for a more
rapidly soturating interaction, with o time constent for photocurrent decay
estimnted at 0.25 U secs. Detailed observation of this rapid decay was
frustrated both by ring on the leading edge of the voltage pulse and by the
voltoze pulse's comparatively slow rise tiie (0.15 1 secs)., The significance

of %these observebtions vill be discussed in the following section.

Current-voltage charccteristics of the 1,2u thick specimen oscillographically
plotted 1.5msccs after application of the variable amplitude O.lmszc rise time
volbtage pulss, are given in Figure 6.9. Resistivity veriation was achiocved by

varyins the intensity of uniform illumination.
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Comparing these characteristics t0 Figure 6.8 (0.53 micron spceimen) notice
that the “lknee’ position wes couparatively poorly defined. The dezrec of
seturation again decreased with increase in resistivity. The "knee® voltage
was, apparently, independent of pulse repetition rate (1-50 ) and its
apparent locus agnin described a photo-Hall offect type curve. B3elow threshold

the sample acted ohmically.

“teady state" field distributions, obtained by sampling at 0.5 mm. intervels
the voltage developed 1.5msces after application of the varisble amplitude,
O.1msec rise time, voltage pulse, are given in Figure 6.10. HNote, firstly,
the redistribution of local field with increase in the voltage applied to the
sample, and secondly, the port-threshold (V > Vt) appearance of localized
regions of lov, and even negative field following regions of comparatively
high field at points in the sample remote from the contacts. Discussion of
the significance of thesc observations is again deferred to the following

section,

In a study of the generation of r.f. noise power in bulk Cds crystals biased

. : 4 s ; 100
into the acoustic gain condition, A.R. Moors ]

, employing & model similar

to that of Chapter i, sections 2 and 3, theoretically predicted that the
ncoustoclectricelly generated noise power per unit bandwidth originating in
transitions S —0, 0 —§ (Ecuation L.2,25, Figure L..2A) should be proportional
to (V - Vt)z for V. > Vt and zero for V < Vt. This prediction was verified

by plotting linearly the relative noise voltage [ (power)%] developed

aeross a resistor in series with a photoconducting CdS single crystal against
the voltage cpplied to the crystal. Figure 6.114 shows the published result

of Moore's experiment (Figurc 9 of reference 100) ,
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V O'SmA/div. H IkV/div. V O-5mA /div. H IkV/div.

SAMPLE UNDER PROBE [SEE FIG. &10) SAMPLE REVERSED

V O2mA/div. H IkV/div. V O2mA/div. H 1kV/div.

PULSED IV CHARACTERISTICS
12 micron film

FIGURE 69
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Asserbling auxiliary apparatus in configuration Figurc 5.3, "steady state"

pulsed noise voltage vs applied voltage chnractoristics of the narrowed thin

filn specimen werc plotted, 1.5msecz after application of the O.1msec voltage
pulse for a variety of uniform illumination intensities. Two photographs of

these plots, toiether with corresponding (imverted current voltoge characteristics

for mediun and low lizht levels, are given in Figures 6.11B and 6.11C,

Comparing these photographic plots with Figure 6.11A due to Moore, notice that
in both cases the results appear to verify Moore's prediction that noisc power
is proportional to (V - Vt)2 for V » ﬁﬁt, zero for V < Vt' Deviations from
this reclationship may be scen to occur in the imuediate vieinity of‘Vt, where

Moore's analysis breaks dowm.

Failure of" the L.H.T supply made further investization of the saturated photo-
current noise impossible for = period of two weeks, during which time the
specimen was Stored under vacuum in an attempt to avoid possible deterioration

similar to that observed in the previously tested 0.08 micron thick specimen.

The attempt proved unsuccessful, While the contacts were found by probing to
have remained substantially ohmic during the storage period, high field photo-
currcnt saturation localized ficld redistribution, and field dependent noise,
were no longer detectable. Since it was, as a consequence, impossible to
establish further correlation between A.R. Hoofe‘s high field bulk CdS
experiments, and these high field thin film experiments, the experiments were

terminated.,

The results of these investigations were informally reported to the Acousto-
electric Consortium, meeting at Standard Telccommunication Laboratories,

Harlow, hssex, in February 1968 (unpublished).
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6.7 __DISCUSSION.

It is impossible to conclude, solely on the basis of observations of high field
photocurrent 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 nvailable

evidence supports such a conclusion.,

iny acceptable model must, in a simple framework, be able to reconcile
simultencously four features of the interaction in question, namely curzent
saturation (Figures 6.0 and 6.9), localized field redistribution (Figure 6.10),
the occurcnce of a region of negetive ficld (Pigure 6.10) and a superthreshold
photosensitive, linesr relationship between noise voltage and applied voltage

(Figure 6.11).

Contact effects, impact ionization, field extraction, changes in the forbidden
energy gap and changes in the wove functions of all but the most shallow
tropping lsvels may be rejocted as primary offects if it is accepted that

the messured ficld distribution reflccets the true microscopic field distribution.
Arguaents in support of elcetrochemically produced changes in the trap
densities, dipole layer formation duc to inhomogeneities wvith different
conductivities or trap concentrations, Joule heating eff'ecte, and finally free
corrier injoection either as space 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 whica might be
difficult to estsblish in a thin film situtation, It is therefore reasonable
to seel explenations in terms either of acoustoelectric interactions or of

field induced chanzes in the majority carrier capture probabilities.
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Van Hoek L165] and Karpovich_gﬁiﬁ‘. [166] have dserved hizh field photocurrent
vublinearitics in mobility enhenced, coplanar clectrode CdSe thin films. Both
investigotor: considercd field enhsnead electron capburc to be more probable
then scoustoeluctric intownetion. Karpovich and Zvonkov's adoption of the
fomer explanation, brsed on correlations between high field photocurrent
decay in thc pre:-ence end zbsence of sdditional pulse illumination, appears to
be reslistic. A quentitative inconsistency does however exist between their
time constants for photocurrent decay to saturation (10_5 secs) and Van Heck's
statement that
"heating effects werc not observed when the pulse width of & single

sweup sawbooth voltage was changed from 10 microseconds to 1 second”.

This =pparent inconsistency justifies a critical comparison of the reasons

advonced by the tro investigators for the rejection of an acoustoelectric

explanation.

Van Hzek's rejection is based primarily upon the absence of correlation
batuzen the velocity of transverse waves in CdSe single crystal (1.5 x 10 cn/sec)

and the drift velocity (sic) of the cherge carrier at the “knec" voltage

(= £, 3,.=70x 0.2 x 103 ci/sec). Iloore and Smith [102] h

n i

avce pointed out

L ] L} el . - - - - 3 - n
that the elfective carrier drifti velocity is given by-gf:ﬂgu vhere n and nt
7

are, respectively, the densities of acoustoelectrically bunched, free and
trapped carviers. Purthermors, for 0.36 micron thick films on pyrex, <300 Iz

frnAnrmantal mode surface waves travel at = 3 x 107 em/sec (Figure 3.1). While

[17]

it mizht be arzued, on the basis of the White © theory, that the frequency

for optimim zain of the system is in excess of 300 Ifliz , the cuestion of into
vhich surface wove modc enersy would be pumped, has yet to be settled. Van

Heek's sccondery reason for rejection is based on the apparent stability of



the observed differential negative resistance and should be considered in the
light of the acoustoclectric instability incubation length (Figure 4.1) and

his small interelectrode drift length (110 pwmex).

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 polycryst:lline structures. In an acoustoelectric
framework both grounds arc 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 decay to saturation (1.2p

thick specimen) are, respectively, compatible with diagnoses of acoustoeclectric
s

. . . i . 5

interaction (£ 0.25 x 107 secs) and field enhanced olectron copture

(2 0.5 x 1072

secs). It has already been noted that coulomb repulsive traps
may exist in Cd. and Cd$-CdSe systems (Chapter 5, section 3). Since in

imperfect experimental situations high field interactions may proceed in

is permissible to attempt to interpret the available evidence in

(ol

parallel, 1

terns of both mechanisms.

4 157 varintion in ohmic (i.e. pre-saturntion) field over the bulk of a

[109] as being typical of

commercial sampls iz regarded by McFee and Tien
many "homogencous® photoconducting CdS single crystols. The recorded (Figure
5.10), 1 KV applied, field variation need not, accordingly, be regarded as

atypical of inhomogeneous photoconducting CdS specimens.

Redistributions of field w/ith incre~sing applied voltage, in order to maintain

current continuity in the face of spatially non-uniform current saturating
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interactions, arc to some extent, obscurcd by inherent specinen inhomogeneities

frd - A T ; - . S 2 5 i
(Figurc 6.10). lormalization moy profitably be accomplished by cmploying

g
McFee and Tien's relotion L109]
) J . B x
£ e ohmic. “s”*( )
(x) e ~_!:'=*—= ey :“;;'-'“"“ ‘{j‘ -1
sot sat. “ohnic

This cquation describes (ses Chaptoer /., section 6) the relationship between

the acoustoclectric current J_ , and the post-throshold ficld profile Es t(x)
ae . a

in an inhomogeneous, low gain rate specimen. McFe: and fien's initial

assumptions of spatinlly independont mobility and field ind-pendent carrier

concentration may, to & greater or lesser degree, be inapplicable to the

1.2 4 thick sample.

Ignoring this difficulty, the observed high field regions (Figures $.10 end 6.12)
followed by rcgions of low, end oven mgative ficld may be expleined simply on
the basis of momentun exchang : betbrreen drifting carriers and. acoustic waves.
Regions of positive £(x) in Figure 6.12 may be regerded as regions of acoustic
gain, crossover points X, vhere £(x) = O may be regarded as points of zero

gain, and regions of negative (i) may be regnrded asregions of acoustic
attermation. In the zbsence of lattice atbenuation, field neasurcments at

points x, may be used, through the relation

(x,) =
}-\ eff E(xc)

to gstimate the effective cerrzier drift

mobility.

Ignoring: further difficulties imposed by the dispersivc nature of the thin
film woveguide, effretive 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”7 cw/scc) are tabulated as follows:
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These velues for the offcetive drift mobility of o post evaporation heat
troated thin film are made entirely plausible by Botr, Esbitt and Koufmann's [154]
Hall mobility measurements of 225 cmz/V sec for similerly heat treated films.
The decreasc in effective drift mobility with increase in locel field is at
least quelitatively consistent with the previously mentioned Moorc-Smith
relation: -
= n
Merr }'1'1_:;'“ 1By

as en:liecd to @& samplc in vhich n, is an

t
: ; : : . ¢ ean H1O2] :
ineressing function of field. HMoore and Smith observed acoustoelectric

interesctions at ﬂ»d,/)u u ratios of 0.05, in single orystel CdS. ILc Comber

1 r
et.al. s 1160] criterion of K d/ﬂ 1 2 0,37 for the occurence of transient

acoustoelectric internctions would therefore appesr to raise no significant

difficulties, if the situation were to be represented by an acoustoelectric

nodel.

The ficld reversal at 3 KV, between 3.0 mm and 4.5 mm (Figure §.10), cannot

easily be accounted for in terms of a simple trapping effect. Dxplanations
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in terms of crrrier extraction from acecidental junctions way, in view of the
vidth of the rcgion and the sbsence of sny visible discontinuity, be difficult
to esteblish. The ease with which the negative region may be rcconciled in
terms of inhomogencous acoustoelectric intersctions lends strong support to

the adpotion of & model similar to that advonced by McFee and Tien (Chapter L.,

scction §).

Relationships between externally applied field and the internsl generation of
current noise have yet to be explored in deteil. The possibility that
conventional field dependent trapping intersctions might have resulted in the
; 5 a5 i : . . 2
observed photodependent linear relationship between noise power end (V —'Vt)
cannot lizhvly be dismissed. Apparent verification of loore's acoustoelectric
noise power prediction (Figure 6.11) can, hovever, be viewed as sn encouraging
indication that acousboclectric intersctions made a significant contribution

to the observed high field photocurrent sublinearity.

While uncontrovarsinl proof moy bo lacking, the close similarity between the
ohserved effects and those previously observed in acoustoelectrically active
single cry:stol specimens of CdS, and the easge with vhich all the observed

Fal

effects may be interpreted rithin an acoustoelectric framework, sugges't that
the experimental objective, of achicving acourtoelectric surface wave inter-

action in a CdS-on-Sapvphire system, has been realised.
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7.1 SUIARY,

Characteristic 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
propertics 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 numbor of dispersion "anomalies' were predicted.

4 programine, potentially capable of extension to the numerical analysis of
wave propagation in all variants of the binaterial plate, wos doveloped and
applied to the cxperimentally impevetive location of a crystallographic plane
free frouw anisotropic surfreo weve propagation "anomalies”. Slowness
charocteristics for shear vertical surfrce wave propagation over the principal
planes of two trigonal medins were presented in this context, and it was shown
to be an adequate approximation to regard a suitably 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 hizh surface wave gain rates in a number of variants of the
original electron beam piezoelectric surface wave amplifier were published.

The variant of princip~l interest - the CdS-on-Sapphire waveguide - was shomm



in this study to reducc, in low and high frequency limits respectively, to
vorionts analysed by S. Kaliski and C-C Tseng. The numericsl difficulties
impeding extension of their argumcnts into the normelized frequency domain of
strong dispersion vere ennumerated, snd the dispersive charncter of acousto-
electric coupling was discusscd ithin sn elternative acoustic ray waveguide

framevork.

A general discussion of acoustic thermal noise amplification was applied both

to the quasi-mathematical visualization of acoustoelectric domain formation in
homogeneous single crystals snd thin films, and to the low gain rate/inhomogeneity
questions of current saturation, static demein formation and acoustoelectrically

induced current oscillations.

The exi. tinz desree of control (dlrinngL filn vepour dep sition) over micro-
precipitation, struccural defecl d-coration and impurity trapping-comnlex
formation, was shomn to fall short of the heavy material demands nmade by high
planar drift fields. OSince available resources did not permit an elegant

approach to defect density reduction, an unoptimized, relatively complex, post
evanoration heat treatment procedure, aimed .at compensation of native atom
astoichionetriecs and at drift mobility enhancement through copper recrystallization

catalysis, wag developed.

A series of high field experiments perforued on post evapsoration heat treated
Cds-on-Sapphire films led to the ohservation of both continuous and pulsed
hizh field photocurrent saturation, the latter being accompanied by localized
fiecld redistribubion and the generation of ccoustoclectric-bunchinz-{ype
noise. These observations were dingnosed as being indicative of low gain rate

surface wave noise emplificnation in the presence of field dependent recombination.
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722 CONCLUSTONS AND SUSGTESTIONS FOL FURIHER WORL

In spite of long stending seisuological interest in the numerical structurs of
surface wave propagation, analysis of the classical monolayered halfspace
problen is far from corplote. Even in the hizhly degenerate isotropic casc,
many questicns, involving propagation in complex space time, energy distribution
anong available modes for variocvs noie inputs, and the detailed inter-relationship
betreen naterial parameters, di:persion, stress and particlz displacenment,

remain anenable to analysis but unanswered. Stoneley wave dispersion has yet

to be exsnined in any detail, and hi:her mode cut-off hoas only beon studied
within the limited context of surface wave exponentisl decay with depth. In

the morc general anisotropic case, virtually nothing is known about the existence
of Stoneley (interfece) voves, nany of the generalized Sezaws wave dispersion
Tanonalies” predicted in Chapter 3, section 3 are at present numerically
unconfirned, and only lindted investigetions into the influence of piezoelectric

stiffening ol bounded wave pronagation have been made.

Perimtation of tho passive monolayered halfspace siructure affords access vo

a vide veriety of dispersive and non-dispersive surface acoustic wavesuide
devices, potentislly crpoble (throu:h wmenipulation of dispersion characteristies,
hizher mode cut-off points and forbidden directions of propagation) of
performing nany of of the circuit functions currently undertaken by bulky
electromognotic wevesuides. Since thermel dissipation, round trip instabllity
and cummulative round trip noise disadvantages of bulk acouastoelectric
amplifiers have no direct surface wave analogue; since distributed gein may

be used to advantage in a thin film waveguide network; and since surface wave

acounboclectric of fects provide ¢ verrabile tool for the exploration of surface
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transport snd trapping nechrnisms, it i enbticipated that the thin film

amplifier proncsed in this study vill not lack practical application.

It iz roasonable to expect that the severc difficulties accompanying thermo-
dynenic stebilization of hirh mobility, piezoelectric, semiconducting thin

films (e.z. CdS, Zn0, Gals) will be overcoms in the nuar futurs.
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