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ABSTRACT

During the investigation of current instabilities in semi-
insulating single CdS crystals, caused by applying a high voltage pulse
and using various illumination distributions, some completely new
phenomena have been observed. The major phenomena are discussed and
explanations have been offered for the observed effects with various

.
types of illumination. Phenomena observed have been compared with the
results of other workers.

One type of instability was initiated by applying high voltage
pulses to CAS specimens in complete darkness. It is observed from the
field measurements that the period of oscillation is equal to the transit
time of the acoustic wave from the position of high field region to the
anode end of the specimen and not relafed to the wave transit time
between electrodes.

High frequency non-sinusodial electrical oscillations were
observed in uniformly illuminated specimens. These were attributed to
the effect of longitudinal potential gradients which were found when the
electric field was measured under oscillatory conditions.

Continuous acousto-electric current oscillations were observed in
a specimen by shading a length near to the anode end. Extremely high
fields were detected in the high resistivity region so formed when
amplification occurred. Obscuring a narrow sirip perpendicular to the
length of the sample and applying a high voltage pulse resulted in
current oscillations and two step saturation of the current. A number
of oscillatory modes were often found in & specimen, depending on the

position of the shielded strip on the specimen. Extremely high electric



fields were observed near the position of the obscured strip of the
specimen.

In two-step current saturation phenomena the changes in current
pulses were recorded. Low frequency current oscillations were observed
after the current had fallen to a final steady value. The conductivity
of the material at different times after the application of a high
voltage pulse was recorded and it remained constant below threshold
voltages and thereafter differed from the ohmic low voltage value. The
electric field reached maximum values O.5mm from the cathode and 1mm
from the anode ends of the specimen.

High frequency non-sinusodial current oscillations were recorded
by localised illumination of the specimens with an He-Ne laser beam.
With low voltage pulses, the I-V characteristics of these specimens fell
below the linear ohmic relation, but at high voltages the current became
proportional to the square of the applied voltage.

Qualitative explanations of these oscillations have been given

and it has been shown that they are consistent with existing theory.
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4. INTRODUCTION

In semi-insulating CdS continuous curreni oscillations with
37544,51,55,56

frequencies around 1MHz or less have been observed by many workers,
if the crystal is illumina;ed in the vicinity of the negative electrode
and a sufficiently large drift field is applied. By illuminating the
specimen in various ways, the author of this thesis has shown the
existence of a number of phenomena not previously reported, and an
explanation of these effects is presented.

Samples of semi-insulating cadmium sulphide obtained from several
sources showed considerable variability even if specimens were cut from
adjacent sites in a single crystal. In the course of the investigation,
observations have been made on the current resulting from the application
of a high voltage pulse; measurements being made of its amplitude,
oscillation frequency and saturation value. The field distribution
through the specimen has been determined enabling the resistivity to be
calculated. Absorption spectra were obtained in the range 2.5 to 25
micron so that trapping centres could be identified.

With the aid of these measurements, it has been possible to
produce an explanation of the phenomena observed.

30-32 ihat sound waves in semi-insulating and

It has been known
semi-conducting CdsS maferial are strongly attenuated because of their
interaction with conduction carriers. The deformation potential or
piezoelectric effect may be responsible for such interactions and it
becomes strongest when the carriers are drifting near to or faster than

31

the velocity of sound? The degree of attenuation which the acoustic

wave undergoes is dependent on the drift velocity of the carriers.



Weinreich,3o explored this possibility and showed that the carriers
would amplify acoustic waves if the drift velocity of the carriers
was made to exceed the velocity of sound. His earlier attempts to
amplify acoustic waves in Germanium32 were unsuccessful because of
the low gain at the frequency enmployed. However, later workSB’34 has
shown that considerable amplification is possible for both piezoelectric
and non-piezoelectric materials.

The first indication of gain was observed by Hutson, McFee and

White,33

who obtained gains of 18db at 15MHz and 38db at 45MHz, in a
Tmm length of Cds.

In general, continuous current oscillations in semi-insulating
materials occur only when there is a non-uniformity of conductivity
along the specimen. The material most frequently utilized and which
has been selected for this phenomenon is semi-insulating CdS. The
inherent nature of the material permits variation of conductivity over
a wide range by varying the illumination so that gradients in the
conductivity may easily be achieved.

Several different types of current oscillations have been observed

36-41 and under different conda’.'l:ionss.35“44’46’57"63

for various materials
The mechanism of these observed oscillations is not completely upderstood
and much investigation is still in progress around the world.
Acousto-electric current oscillations have been obmined by shading
a length of the specimen from the aneode end. Obscuring a narrow strip
along the length of the specimen often resulted in oscillations and fwo
step’saturation in current. A number of frequency modes were often

observed in o single specimen. The frequency depended on the position

of the dark strip along the length of the specimen. It is suggested



that observance of these frequency modes are due to the presence of
irregularities in the specimen. The changes in current pulses, when a
high voltage pulse was applied to & specimen were recorded. The
conductivity of the material at different tihes was measured after the
application of a high voltage pulse and its dependence on illumination
intensity was observed. It is suggested that in two step current
saturation phenomena, the acousto-electric interaction is followed by
injection of holes from érystal inhomogeneities.

High fregquency non-sinusodial electrical oscillations have begn
obtained in specimens under uniform illumination and localised
illumingtion by a2 helium neon laser beam. The current voltage
characteristics at low voltages fell below the linear ohmic relation.
After this the sub-~linear region changed into stronger electric fields
with current varying as the square of the voltage. The absorption
spectra of the material also showed absorption peaks, suggesting the
presence of active trapping centres. These instabilities in current
have been attributed to the filling and emptying of these trapping centres.

Continuous current oscillations were also observed in two
specimens cut from a single CdS crystal, after applying a high voltage
pulse in complete darkness. It was observed that the period of
oscillation equalled the time taken by the sound wave to travel from
the position of high field region to the anode end of the specimen.

In view of the wide variety of oscillations observed it is
possible that more than one kind of mechanism is responsible for these
oscillations in Cds. However,vthe main interest is to discuss each
phenomena observed and try to formulate & modzl to explain the effect.

A qualitative discussion on how oscillations occur at different
conditions employed and how their frequencies might be effected is

included.



2. Solid state plasma

2.1

define = lssma as any combination of 'mobile!
v

g¢lectrors or holes or both that can exist in = crystal. LZlectrical

neutrzlity of the entirs so0lid is always assumed in the qulescent state.

“JY
Thus, in a metal such &s copper the free electrons comprising the plasme
are electrically compensated by the positively ionized copper atoms,
whereas in a semi-conductor, with non-equilibrium numbers of electrons
and holes, the electrical compensation srises from the electron hole

comrensation as well as the ionized donors and acceptors. When electric

and magnetic fields are applied to this plasma, density gradient and
space chzrge effects can azrise. Under these conditions the concert of

distarces grester than the Debye length, plasma oscillations

occur.
There are three tyres of plasmas that occur in solids. They
ares-
a) Uncompensated plasma
b) Compensated plesma
c) Non-equilibrium plasma
Uncompensated plasma
Here electrons (or holes) interacting with themselves in a
uniform ion btackground constitute an 'uncompensated plasma'. The best

examples are the electrons in a metal, the electrons (or holes) in an
extrinsic semi~conductor, or those of a doped semi-metal. The motion
of charge carriers in this type of plasma is always constrained by the

necessity to maintein space charge neutrality with the fixed lattice or

impurity ions.



Compensated plasma

This type of solid sta{e plasma possesses equal densities of
oppositely charged particles, electrons and holes, both of which are
highly mobile compared with the positively charged particles of
uncompensated plasma, namely the latfice or impurity ions. This type
of plasma can be produced in intrinsic semi-conductors and pure semi-
metals. Compensated plasma is also constrained though not completely
inhibited by space charges from the gross motions the third type of
plasma can perpetrate (pinch effect).

Non-equilibrium plasma

The third type of plasma is composed of non-equilibrium carriers
in essentially equal densities produced, for example, by injection from
current contacts, by optical injection and by impact ionization. These
charge carriers are not required to neutralize fixed ionic charges and
therefore can readily engage in gross displacements such as occur during
the pinch effect.

Sources
Materials in which these effects are observed are:-
1) Metals (i.e. Cu, Na, K)
2) Semi-metals (i.e. Bi, Sb)

%) Semi-conductors (i.e. Ge, Si, InSb)

2.1.1 Sources of solid state plasma

The following have been summarized as the-sources of solid state
plasma:

1. The injection of electrons or holes or both into semi-
conductors from a pn juncition. This source has been extensively

employed for many semi-conductors. A good example of how this technigue



is applied to solid state plesma experiments in InSb is found in the
work of Ancker-Johnson et al}

2. Impact ionization across the forbidden energy gap of semi-
conductors. This process is called 'avalanche breakdown' and can
occur in either bulk material or reverse biased pn junctions. In bulk
material, this type of technique has yielded quite dense electron hole
plasmas in such low band gap semi-conductors as InSb2 and InAs§—4 For
higher band gap semi-conductors such as Ge, Si the avalanche breakdown
process is more readily accomplished by reverse biasing a pn junction
to develop the very high electric fields needed. Such experiments
have been extensively pursued in Ge and Si.5 This particular éeneration
technique was employed with InSb in the first studies of the pinch effect
in solids.6 It was also used extensively in the pioneer experiments
that exhibited microwave emission from InSb.7

3. Impact ionization of impurity levels in semi-conductors.
This technique is useful when lowvdensity plasmas are needed. When the
thermal energy of the lattice becomes of order of the impurity ionization
energy, most of the electrons (for donors impurities) become frozen out
on the impurities. But for shallow impurities in semi~conductors, such
as Ge, this requires a very low temperature Cre§~2OOK). If the
remaining electrons in the conduction band are then drifted to high
enough kinetic energies, they can cause impact ilonization of the frozen
out levels, thereby increasing the mobile carrier density by order
of magnitude. This position can be achieved by drifting electric fields
of the order 10V/cm~in such materials as GeB, where the shallow impurities
have energies of about 10—2eV. The plasmas produced by this method
consist of only one species of mobile carrier (electrons or holes for

n- or p-type impurities respectively) in contrast to the technique of

band gap ionization which gives electron hole pairs.



4. Ionizing radiation for the production of electron-hole pairs.
If a semi-conductor with a forbidden energy gap of Eg is exposed to
radiation of energyww(O such that#wd>EG electron-hole pairs can be
produced. This technique can be applied to any semi-conductor. With
intense optical laser beams it should become a very convenient source
for studying high density solid state plasma effects.

The solid state plasma differs from the gaseous plasma in two
respects, namely the parameters zre often of an entirely different
order of magnitude and the physical laws are operating on a different

scale.

2.1.2 Range of parameters

Some of the important parsmeters are discussed below:

Carrier density

The plasma density in solids can range over many orders of
magnitude, from metals such as copper having =& 1028 electrons/mB, to a
very pure semi-conductor such e&s Germoniumor silver, having Fad 1014
electrons/m3 at low temperatures. It is rather easy to change the
plasma density in a given solid by several orders of magnitude in a
controlled fashion, using the methods described above.

Effective mass of carriers

Because of the periodic potential of the crystal lattice the
effective mass m* of the mobile carriers is generally lower than the
free electron mass mg. For electrons, the values of %; range from
Cf10~2 in solids such as Bi and InSb to2Z 1 in most metals, for example
CugriNa. The holes also have similar effective masses but in a given

solid electrons generally have lower effective masses than holes.



Plasmas and cyclotron freguencies

The large range of densities 2nd low masses have important

consequences in the freguency of oscillation of the carriers when

subjected to electromagnetic fields. The plasma frequencyaop and the

w

cyclotron frequency ™™ are the most important of the oscillations.

. . 8 . - 12 -1
For typical semi-conductors, a% is of the order of 10 sec

a frequency in the millimeter wave region of the electromagnetic spectra,
1

. ; . 1 - e .
while for metalcgg is of the order of 10 5 sec within the visible

region of the spectrum. Cyclotron frequencies in magnetic fields of

1 -1 1 - :
1000G range from 10 © sec for metals to 10 2 sec ! for semi-conductors

whose carriers have small . values.

e

Scattering frequencies

The scattering frequency Y for gases is often‘neglected compared
to other freguencies since it can be very low for low density plasmas.
Zut in solids because of ever present thermal vibrations of the lattice,
scattering is very important. For solids the value of‘b ranges from

10 1 -1 , . \ .
o 10 3 sec as the tewmperature increases from that of liguid

ot

about 10
) 0
nelium (4.2°K) %o room temperature (300°K).

Lattice dielectric constant

Since the crystal lsttice that contains the solid state plasme

-

is itself polarizable, i% contributes to the dielectric constant € .

In most semi-conductors the relative dielectric constant of the lattice
EL = == is between 10 and 20. Por semi-metals like Bi it can have
) .

values up to 100, which introduces a factor of 10 in the plasma frequency

and the Debhye screening length.

Dielectric relaxation freguency

. /) . . .
Another important plasma parameter is R, the dielectric relaxation

frequency. It is defined by the relaticn



A

(1)

R T ey T
where & is the conductivity of the plasma. The reciprecal ofLOR is the
. . . . . L~ . -18
dielectric relaxation time of a solid | R which ranges fromZ¥ 10 sec

-1
for metals to 10 2 sec for many semi-conductors.

Distribution function

Metallic plasmas are governed by Fermi-Dirac statistics with a
Fermi temperature of about 1046K. Most of the semi-conductor plasmas
of interest will be non-degenerate so that the equilibrium distribution
is assumed to be maxwellian. When éxternal forces are applied, the
effects of carrier drift and increased effective carrier temperature lead

to a displaced maxwellian distribution.

Debye length

When the plasma has a finite temperature, another important

parameter is 7\D, the Debye length. It is defined by the relation

D - (/)
P
where'vé is the average thermal velocity of the carriers for a particular
distribution function involved. For metalstDc¥1O_9m, while for semi-
conductors it is£>!10-6m. These values indicate the minimum linear
dimensions that the so0lid can have in order that the plasma exhibits

collective effects.

Diffusion effects

Scattering of charge carriers at a finite temperature in a solid
results in diffusion. Most of the interesting interactions involve
carrier bunching so that diffusion can play a critical role. It is

characterized by the diffusion constant D, defined as

EpT Vt 2
= oy 5%;; (3)

where ﬁ% is the average thermal velocity. For most solids,Q}ﬁg1O6m/sec
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, 1 -1 -1
andi)cy10 5 sec so that D210 mz/sec. An important aspect of

diffusion concerns the upper frequency limit that it imposes on any

wave instability involving bunching. Ifué is the phase velocity of

the wave, *the diffusion frequencycop is defined as
2
o _ ¥
b = "

Then the wave frequency @ is limited by the inequality
2 W
@&

.

where g is the dielectric relaxation frequency.

2.2 Crystal structure

The crystallography of the II-VTI compounds is socmewhat complicated.
The pri;cipal structure types are cubic zincblende (sphardlerite) and
hexagonal wurtzite in which the atoms are tetrahedrally bound in network
arrangements related to those of the group ¥I semi-conductors. In
addition, there are closely related polytypes which have tetrahedrally
co~ordinated arrangehents that are substantially derivative structures
of zincblende and wurtzite.

Crystals encountered in practice are usually non-ideal and
certain defects and imperfections which in many cases control the semi;
conducting properties. Crystal imperfections are arbitrarily classified
into point defects such as vacancies or impurity atoms, line or plane
defects which result from the interaction or coalescence of elementary
defects.

Description of crystal structure

The atomic arrangements in crystals result from geometric constraints
associated with the sizes of the atoms, coulombic forces due to the charges
on the atoms or ions and directional properties related to the nature of

the chemical bonding. If electrostatic considerations prevail the



FIG.1

Wurtzite. The arrangement of metal atoms (small
filled ¢ircles) and non-metal atoms (large open
circles) in wurtzite, the hexagonal for ZnS. The
arrangement adopted by CdS, CdSe. The dashed lines
outline the orthohexagonal cell for which a = 3 Bhex,
b = apex; C = Chex a2nd the cell edges are all at right
angles to each other (after Pauling, 1960).

11
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crystal is considered to be 'lonic' and distingﬁished from a 'covalent'
crystal in which chemical or homopolar bonding seems important. Regarded
from this ppint of view, the II-VI compounds crystallize in structures in
which the binding varies from ionic to covalent and in most cases they
exhibit characteristics intermediate to both extremes.

The majority of the II-VI compounds crystallize in structures
which can be classified on the geometric basis of cations filling some of
the interstitial positions in different sequences of close packed anions
(Table 1). Equal sized spheres, packed together as closely as possible
in a periodic structure, will be arranged in cubic close packing,
hexagonal close recking or combinations of cubic and hexagonal close
racked sequences. The close packed anion lattice has one octahedral
site and two tetrahedral sites per anion, so that for the composition AB
all the octahedral sites or half the tefrahedral sites are occupied by
cations. Cubic zincblende structure is formed when cations occupy half
the tetrahedral sites in a regular way, so alternate sites are vacant
snd hexagonal wurtzite when cations cccupy half the tetrahedral sites in
the hep lattice. In a similar way, the numerous complex hexagonal and
rhombohedral polytypes are formed when cations occupy half the tetrahedral
sites in anion lattices with mixed cubic and hexagonal close packing.

Wurtzite structure

-11

The II-VI compounds9 apart from zincblende structure alsc
crystallize in the wurtzite or zincite (zno) arrangements (Fig.1). The
space group is Cg - PGﬁmc and there are two molecules in the hexagonal
unit cell with two 2Zn. Each Zn atom is bonded to four S atoms,
approximately at the corners of a tetrahedron, one at the distance Uc and

1,2 2 17293 )

three at [ /3a +c (u-%) ] . There are twelve next nearest neighbours;

six at the corners of a hexagon in the same plazne as the original atom at



Table 1

Classification of AZ structures by anion packing

Interstitial sites occupied

Packing
All octahedral % tetrahedral
Cubic Sodium chloride Zincblende
Hexagonal Nickle arsenide Wurtzite
Cubic + hexagonal Polytype

13
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the distance a; the remaining six are at the corners of a trigonal prism
1

at the distance [1/3a2 + %cgjz. If C/a = 2 jEAVE'z 1.6330 and if u = 7,

the nearest neighbour co-ordination figure is precisely tetrahedral and

the twelve next nearest neighbour distances are equal.

The distortion of compounds with the wurtzite structure has been
discussed by Keffer and Portis12 on the basis of a theory which assumes
partial polar binding. The deformation results from long range forces
due to postulated charges on each ion. When balanced against the elastic,
piezoelectric and dielectric constants, these forces account for the
magnitudes of the C/a ratios and the u parameters, all of which have
the wurtzite structure.

The probable magnitude of the sub-lattice displacement can be
estimated from the crystal distortion. If the bond stretching constants
are large and the central atom meoves to a position equidistant from the
atoms on the distorted tetrahedron, then u = 3 + 1/3(3/0)2. On the otheér
hand, if the bond bending constants are large the cenfral atom will move
to maintain tetrahedral angles with fthe four neighbours and u = : - gz)%%/c.
A relationship between the crystal distortion and sub-lattice displacement
was found experimentally by Jeffrey et 3115 who observed for B8O and AIN
that &y = 2/3(‘9~/c)2 - 4.  The sub-lattice displacement in these
wurtzite structures appears to be twice the shift required to equalize
the bond length.

Wurtzite does not have a centre of symmetry and there is a polar
axis parallel to [0001]. As in zincblende, the II and VI ions of
opposite polarity can be viswlized as forming a network of permanent
dipole moments. However, in wurtzite the moments do not balance but
create a single polar axis. Consequently, in addition to being piezo-
electric wurtzite crystals are pyroelectric and may develop potential

differences of opposite signs on heating and cooling.



FIlG.2

The Brillouin zone for wurtzite lattice

with lines and points of special symmetry..
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2.2.1 Band structure of the 1I-VI compounds

Wurtzite

In attempting to achieve an understanding of the properties of
class II-VI semi-conducting compounds, it is necessary to relate them to
the electronic structure of the material. We shall discuss briefly the
wurtzite crystals.

The lattice of the wurtzite crystals consists of two inter-
penetrating hexagonal close packed lattices, one containing the anions,

the other cations. The translation vectors for this lattice are:-

@, = 2a(1,-03,0); &, = a(1,]J3,0);

a5 = £(9,0,1) (4)

where the vectors are given with respect té cartesian axes. The basis
vector is b = (0,0,7) where ¥ = $C for the "ideal" wurtzite structure
and is within 1% of this value for the ZnS, CdS and CdSe. The reciprocal
lattice is also hexagonal having the translation vectors:-
-1 - -1 1
Ky =22 (1, =(3)7%,0); Ko = 2Ma” (1,(3)7%,0)
Ky = ome”1(0,0,1) (5)
The Brillouin zone which is the same as for~the hexagonal close packed
lattice is shown in Figf 2. Several papersm—16 have been published
on the symmetry properties of the energy bands in wurtzite. To gain a
first orientation in understanding of the electronic structure it is
useful to note that to the extent that the lattice is "ideal", the
arrangement of nearest neighbours is identical to that in the zincblende
lattice and the next nearest neighbours are the same. Also the inter-
atomic distances in both forms are quite comparable. This implies that
the local environment and chemical bonding are nearly identical in both

forms. As noted by BIRMAN17 the essential difference between the



Fig.3 -
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The conduction and valence band.structure for
wurtzite crystals around K = o. The irreducible
representation indicated are those for the double
group. . The effects of small linear terms whitch
can occur in f} bands are not shown in this
drawing. . 2

17
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celectron exreriencses in an idesal wurtzite lattice and

4
e
-t
)
o+
ja]
]

rotentiel

that is o zinchlende lettice is the relatively srall difference in
¥

"ervstal field™ due to sites bheyond the next neighbours.

I% is clzar from akove that the conclusion drawn stouit the nature

of ths energ, bands for the crystals with cublc fornm will te equelly
velid For those with the hexaponsl form. The detailed differences in

«

the bond arise from the difference in the Yerystal field" snd from the
dilference in the Brillouin zones.

Lecause of the anticipsted smallress of the difference in the
Terystal field" i+ is possible to obtain the E{K) around F‘ in terms of

rerturbation of the corresponding bands in the corresponding

)
]
1=
=
v3
—
D

cubic material. This is useful for the p-like valence bands which are

depicted in Figx

o
L]

. 3. To obtain these K = 0 hands an interaction is
introduced into the phenomenologicel valence band Hamiltonian for

zincblende which, in the absence of the spin orbit interaction, splits the

thresefold rz5(x,y,z) level into =2 [a(z) level and doubly degenerate
‘15(t,y) level (single grcup of K = o for wurtzite) which are separated by
ZSQf, the crrstel field splitting. The result is krown as the Yquasi-

18

cubic" model.
Turther insight into the wurtzite E(g) is gained by recognising
/
the correspondence of the c-zxis, F‘—A-F“, of the Jones (or "energy" or
"double‘) zone for wurtzite (obtained by doubling the BZ in the c-axis
direction) with the t1 1 13 axis from r‘to L in the zincblende Brillouin

1 1959). By meking the not unreasonable assumption that

zone (BIRMAN,
the energy shifts due to somewhat édifferent boundary conditions in the
two structures will be small, one would conclude that the E(K) along

4
TT—‘ﬂ will be reasonably close o those in zincblende from‘q to La. We

note that there will be no energy discontinuity a2t the reduced EZ boundary,



Fig.4

The energy bands for wurtzite along‘ﬁ -axis (i.e. c-axis)

of the 'zone. The figure illustrates how qﬂ_(g) for the

wurtzite crystal in this direction are approximately
related to those for zincblende crystal with the same

constituents. Thel -A-["axis, which is the axis of

Jones (or double) zone, corresponds to the ' =L axis

of the zincblende Brillouin zone. Except for a small

crystal field splitting, A&gr and Aecr’, the solid

curves represent the E(K) for the zincblende crystals.

19
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the point A, because of the vanishing structure coefficient (e.g. see

19y

WILSON Across the boundary, the representation connect up according

t0 AL';fZS , D =D and D=L _ with the above and the symmetries of the
1 3 2 5 6 J

4
zone (which require that the bands be symmetric about A). One20 can
sketch thekurtzite bands in the cfaxis direction from 'known' zinchlende
bands and the crystal field splittings‘étfand Z}bﬁ Such a sketch is
shown in Fig. 4. From this picture we see how the "extra" bands in
wurtzite come about and roughly where they lie (e.g. the(g level is

roughly 1 tc 2eV below the r; level).

The principal band edges: wurtzite

Ilost of the detailed knowledge of the electron structure of these
crystals come from the various studies of the exciton spectra. It is
worthwhile to mention briefly important investigations made on CdS.

CdS: The first definitive determination of the band edges in a
II-VI compound was made on CdS by THOMAS and HOPFIELD21 in their studies
of the exciton line spectra. From these studies they concluded that the
absolute extrema associated with the line spectra are at the point in the
BZ which is either at r1or along the (‘— A axis, which has the same
symmetry as r‘.

The value 0.22m t 0.02m for the electron mass determined22 by
free carrier absorption and 0.21m * 0.01n by Faraday ro‘catione3 is in
substantial agreement with the 0.20m : 0.01m value arrived at in the
exciton Zeeman studies.2

The results of the galvanomagnetic measurements25 on n-type samples
are consistent with a single (g = 0) conduction band minimum and an
electron mass of about 0.20m. Cyclotron resonance of electrons has been

6 7

observed by SWAWAMOTO2 in 1963 and BAER and DEXTER2 in 1964 and leads




21

o+
o]
]
ot
@
=
=
]
vl
ot
I_l
<
)]
=
Y]
n

s of my =0.17Tm on my = 0.15m (Lend\l ere with
reapect to the c-exiq). These values are lower by 2bout 15 to QOﬁ and
ore wore anisctropic that +the velues obteined from the other experiments.
Eoth of these differences have been attributed to "piezoelectric polaron®
effects which rmenifest thenselves in the cyclotron resonance measurements
snd which are sizeable in CAS becsuse of its relstively high piezoelectric
coupling.

The near threshold stsorption has also been measured in CdS by
ALY 29 . , : 3 1, ;
THOMAS et sl in 1960, The analysis of the absorption edge data
snowed that the data could be understcod in terms of IO Phonon-assisted
tdirect'-exciton creation. hese results strongly indicate that the
conduction and valence band extrema associated with the direct exciton

are, in fact, the absolute extrema.

2.% Phonons
Vibrations of *the lattice are quantized with energy transitions
winich are mmiltiples of h.f. values where f is the frequency of vibration.
The quanta of vibrational encrgy is given the name 'phonon'.
The vector Uq in the following equation when the lattice modes of
crystal are excited and each atom is displaced from its ideal lattice site,
iy} = 1 + U]_

: .
1 +Zq(ug Tt 4 yqemed (5)

where Uq is the vector amplitude of the mode of wave vector g and complex
conjugate term is included to make the displacement real, should contain a
time factor exp(i;gt), where:Dq is the frequency of the normal rode of
wvave vector g. Indeed, Ug is the sum of three such vectors, of different
amplitudes, directions and frequencies, corresponding ito three different

acoustic niodes of that wave vector. Take one of these at a time and
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Fig.5 Electron scattering prbcesses:
a) Phonon absorption}

b) Phonon emission.



remerber that the states '%k and wk’ of the incident ard scattersd beams

B

mist have ener (f(y) and éfﬂi \ giving them time factors like

(.

\ 4
qué CkK)t/¥\< and exp(a(f(g )t/h 5. When we averare over time, wve

shall find integrals like

o ’
exp[’b {dl‘_’) - 6(5 ) +’F\‘) t/y\-l
mist vanish unless
E® -CE&) +hY; = o (7)

In other words, the diffraction is inelastic; the beam has gained one

whic

s
e}
P
P

guantum of the energy of the lattice mode with which it interacts.
In fact this is not complete, since the conjugate time denendence
/ . . ' . . . .
exp\—&;at) will also occur in the lottice vibration, giving a diffraction

in vhich the frequency 5) is lost by the electron. The two following

te]

conditions
= -Kk-g (8)
C(K) --4?\‘)q =o (9)
+

cen be civen a very zravhic interpretation. We say that the incident

o . vooT T <
slectron {or X-ray or neutron) hzs interacted with the lattice to destroy
(or create) a 'phonon', of wave vector g and energyt\;> . This process
can be represented by a diarrem such as Pig. E(a) or (b). The condgition
represented in Equation (2) is the rule for energy conservatior in that
Process.

‘Looking at the equation as the following
‘

- K ' (10)

=t

3 =

K) in the first zone, we see it looks

— 4

thch holds for all values of (EI

like a law of conservation of momentum. Multiply byV\ and we have
NE =hE+ha (11)

The momentum of the electron has taken up the 'crystal momentum' Y\g of

the phonon which was destroyed.
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In the general case the 'rule of conservation of momentum' does
not hold; as we see in Equation (8) the electron can gain, or lose,
momentumf\g in addition to the momentum of the phonon. We call such a
process an Umklapp process or U-process. The extra momentum #\5 is
transferred to the crystal as a whole. An Umklapp process can be
thouzht of as the creation (or destruction) of a phonon with, simultaneously,
a Bragg reflection. The momentum is obviously transferred to the crystal
as a whole.

The phenomena of inelastic diffraction is a valuable tool for the
study of the lattice dynamics of crystals. The beam diffracted in a
particular direction is esssociated with lattice modes having a definite
wave vector g. One can look at the change of energy of the diffracted
particles and hence measuretﬁp . By looking into different directions
and moving the crystal into different orientations, one can plot out the
whole functior ‘Dq. However, this experiment is only practicable with
'"thermal'! neutrons, whose wavelength is of the order of the lattice
spacing at energies of the order of 0.1eV. The shift due to the phonon
energy, which is of the order of K@ or less - perhaps 0.0%leV. - can
easily be observed. For electrons and X-rays the beam energy must be

much higher - tens or hundreds of electron velts - so that small

change in energy in the diffraction process cannot be detected.



2.4 The amplification of ultrasonic waves in piezoelectric semi-conductors

Two basic properties of piezoelectric semi-conductors are of
interest. Firstly, their conductivity can easily be tailored anywhere
between that of an insulator and a conductor. Secondly, a most attractive
proverty of this material is thatv of ﬁltrasonic amplification within the
bulk of the material. This is because of sirong coupling between the
carriers and the sound waves in piezoelectric semi-~conductors. Therefore,
comparing with wmetals, the low carrier density in a piezoelectric material
makes it possible to attain a very high electron drift velocity at a
reasonable powef input to the crystal. The current oscillations and
saturation in such material are due to the generation and amplification

of acoustic flux within the semi-—conductors.33’35’36’41

33

HUTSON, McFEE
and WHITE discovered that the electronic attenuation could be reversed
by the application of an electric field large enough to cause electrons
to drift faster than the velocity of active sound wave within the crystal.

Many new phenomena were observed after the discovery of ultrasonic
amplification which can be related to the ultrasonic properties of the
semi—éonductors. They are stated briefly and are the following:

(l) The current saturationramﬂiihg from an iﬁcrease in the
apparent resisionce of the crystal above a critical electric field, which
is associated with the build-up of ultrasonic flux.

(2) ﬁnder certain field conditions, the oscillations produced in
the series current of piezoelectric semi—conductoré.

(5) In piezoelectric semi~conductors the amplification of the

55 and has been related to the current

acoustic flux was detected by SMITH
saturation as mentioned in (1). The mechanism is briefly the transfer of
energy from drifting carriers to acoustic waves (Appendix II' ) and occurs

when the velocity of the drifting carriers exceeds the velocity of

49 s . L
sound. The condition for meximum gain is
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w
a? = CQC D (Appendix II )

(4) Harmonic generation of a travelling wave, where the harmonics
of the primary wave are generated by a non-linear term in the electron
response to the primary wave and subsequently amplified in the crystal.

(5) The so-called "aromalous sound provagation” in which sound
waves are observed to travel at velocities lower than that of sound and
are said to be associated with the interdependent propagation of a
collection of sound waves as a single entity.

Many of the recently discovered phenomena are not completely
urderstood and are still receiving considerable attention. Referring to
(1) above, we require an understandinzg of this amplification process to
start with. The experimental evidence of HUTSON, McFEE and WHITE
verified semi-quantitatively the result of their derivation of the
attenuation constantcl.33 A brief and simple description ofl is given
here, along the lines taken by WHITE?O A small signal analysis is used
and to avoid unnecessary length, one dimensional case for n-type
piezoelectric semi~conductors is considered.

The stress tensor T can be determined from the internal energy of
the medium and for the ordinary solid is CS. But for the piezoelectric
solid, however, there is additional contribution to the internal energy
from the polarization fields, which accompany the lattice displacement.
This additional energy is given by the product of the displacement and
the electric field % D.E. The stress tensor for the medium is_then45

T = CS - eE (12)
Equation (12) follows from the Maxwell relation for the displacement

field given by
' D = eS +€E (13)
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where,
C = elastic constant at constant electric field
e = piezoelectric constant
€ - intrinsic dielectric constant of the lattice
T = stress
S = strain
E = electric field
D = electric displacement

The strain may be written as:
el
= T 1
5= 3% (14)
where,
U = lattice displacement
X = direction vector of propagation

The equation of motion of this mode is simply given by using the

second low of motion:

Fg—i—g) = force/unit volume =.%%"( (15)
where,
f = mass density of material
t = time

Therefore the equation of motion obtained from relations (12),:(14) dna (15)

is:

PEG - o 63~ 6D (16)

The appearance of E on the right side of this equation plays an important
role. Pirstly, E may have contributions from "external"™ sources which
act as inhomogeneous terms in the differential equation and hence to the

generation of elastic waves from electric fields, set up as boundary



conditions of the crystal. Secondly, E may contain contributions from
the lattice strain in the piezoelectric crystal through relation (13).
Relation (16) is then the elastic wave equation in the presence of an
electic field. To solve it, E must be determined in terms of particle
displacement U.

t
In a one dimensional system, Gauss' eguation is given by,

%;DL = Q (17)

and the charge continuity equation is

3-8 (2

where,

il

J electrical current density

Q

space charge

The space charge density may be given by,

Q = -qns (19)
q = magnitude of the charge. on an electron
ns = number of electrons per unit volume required to produce

the charge Q
If the collision frequency of electrons is very large compared
to the fréquency of the wave motion, the current density in n-type

semi-conductors will be given as

Jd = %uncE + anE%%%) (20)

where,
/L = electrons drift mobility
ne = number of electrons in the conduction band
Dn = diffusion constant for electrons

L]
In relation (20), the first term is due to the drift caused by the

electric field and the second due to the diffusion caused by the

238
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concentration gradient.
The density of electrons in the conduction band may be written
as:

ne = ny + fng (21)

neg = equilibrium number of electrons which give electrical
neutralifty in the absence of an ultrasonic wave

The space charge qng is the deviation from equilibrium. However, some
of this charge may be produced by immobile electrons trapped at states
within the forbidden gap. These electrons do not contribute to the
current. Only a fraction f of the space charge in the conduction band
contribute to the current. In the absence of trapping f = 1 and all the
space charge is due to conduction electrons. Trapping and its effects
on wave propagation are dealt with in detail in references (31) and (51).

J, ng and n, can be eliminated from relations (17) to (21) as
follows:

Equation (18) is,

&g g
ox T To%
. 75D ’
But Q = 3x from (17)
Therefore relation (18) is written as,
g O (bD) ~ b
% T X
529 BQ 3
o N0t T St T T ¥ (22)

As equation (20) is,
J = gMngE + ¢Dn <bx

1

S = q,ugnc(%i) + E(a-%l;f_)) + an(b\;ig) (23)

Substituting for ng from (21), in relation (22) we get,

b_:l = Q}A((ng + fns)%;(_+ B(b(no * fnS));

do(ng + fng)

+ qDn( W )
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DI (, JE g ) dais |
a — —- T ——
50, §% = aplne + TmglSy+ OS¢ ”Dn(b 5
and putting-gg-for arg from relstions (17) ané (19) rives,
da JE, Dy QEy 9D 95D,
-, ==y L - TUE £7 \
DK V}m"( / f}"(bbx ox T (-5,?) * (Si:/

- - Y . - . 3
Substituting this into relstion (22) and simplifying sives:

JsD D BD ) 35D
- = o1 - <=7 E{ - 5 2
5557 Ao - 12T - 28
Tor a small signel case, the elcecctric field may be given by:
J{Ex - @wt)
E = Eo + E1e (25)

where,

Eo = srplied d.c. field

Eq = nmplitude of sinusoidal field due to the untrasonic wave
¥ = 1is the vropazation constant (givea by X = jol + /vs,
A is defired as the attenuation constant in up/cm and
vg the vhase velocity of the wave)
(O = frequency of the wave

and the la*tice displacement as

i (Zx - %)
U, %) = Ue (26)

The elimination of D from relation (24) and (13) can be done as
follovig:

Relation (24) can be written as,

> D
B?L%]% = ‘/‘*qno(%‘i) f,u( D)( ) + pr(Sig) + fDn(g%)

Bquation (13) is,

D = E + eS
dU
D = E + e(ax)
For small signz2l, it can be put,
j(Ex - t)

E=E0+E1e

(Ex-wt)
Ulx,t) = U e



Substituting for D end vsing the above relzations and onitiing d.c and

. . \ .
second order terms in relation (24 =ives,

i(&n —eot) J(Ex -ot)
jo(JreEq - Kel)g - - JuaoKEre

3 {#Zx - wt)
- I
- FMEo(JK€E + jE7eU),

(K - wt)
+ D {}?4(3” - ‘Vae )
FoDy L el nCiLgje
Sipplifying we get, -1
-1
I = = e— + + £ - + D \;
1 ¢ ¢ e I

= conductivity due %o the ecuilibrium carriers

Suhstituting this in the wave ecuation (12) gives,

/
f>a€ - ¢ KZ
where ¢ 1is the modified elastic constent given by, _1
-1

o Le2 o K 7y’ )
C=c1+-'—-1+'-—-1~@-=)3+'3wf(-i] )

é cc J€a>[ + yugo 0 JPn CQ) |

( )

w
The solution of k = j& + (V_)’ the propsgation constant, is a fourth
S

order eguation with complex coefficients.
w

Sut i® the attenuation is small, i.e.jd| <K 7o
s
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then the above expression

w
can be simplified by putting K = 7o in (29). For further simplification

s
of (29) we can put,

N o . . .
c = Z = dielectric relaxation freguency
82
W _ - —— - giffusion frequency and
D T D,
n
Y =1- flEo _ which is the measure of the ratio of the

Vs

of scund.

electron drift velocity QMEO) to the velocity



2 I"2 92
KA —=» = <= (since XK2<& 1)
1-K Ce
2
. . es . .
Thig qua;tlﬁy‘az is eporoximntely equsl %o the sguare of the slectro-

mechanical coupling, 2 quantity used to measure plezoelectric sctivity.

This gives,
w
/ oawme
2 Y * &g

C =¢C}1+ K <
AR
G )

(30)

From which we olitain the appreximate solutions. Calculation of the
attenuztion constant Kk 2nd the phase velocity V, can be derived as
follows:

Bince,

A = I
From relation (28)
X
K = a>(67)
2
ok
AS,Y VS = (?)
Therefore, we nave
w % "?5 ’
A = 7 CInc’ (31)
S
Equation (30), therefore, gives
@
) 2, ©% O T
2 Y 05w tap) - IS
C = C1+K =
A w 2

2 c
y© + (5 +wp)

. 2 . . . . s .
Since K<L 1, by using the binomial expansion and omitting non-linear

terms to obtain

]

_% . -

e’ = e Ez “’c:;U X% 2%.1.‘1_2
(r * ;—-2—(1 +wjﬂ5) 3 2

Putting this value in (31), we get

32
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-1
2 W .2 2 2
f _Y;_ C c / w n
OL = > "‘—Vsyl\1 + > o 1 +wCCUD) (3;)
7w
The phase velocity is givsn by,
c’ - 1
V= Re [5o= Voot Rty g2 (33)
1 + + 75
1
x 12} ~ K2 wDYZ OOD Y
Re( = C 1 + =
2 W2 2 2
T+ < (1 + © )
2 2 (e
and hencey the phase velocity
1 + 630 i 032 )
2 v 2 2
Wp 2 D
Ve v |1+ e 4 (34)
2 W, 2 2 2
C w
Bt )

Since all the terms within the
always be rositive, we see thaa
In other words, we would expec

The drift velocity may

Va

Y
when Vi V. If there is tra
reduced by a factor f. In th

is high

er when trapping occurs

have

Thus, simply reversing the ele

1+65-E(rb-
square brackets in relation (32) will

t Y will te negative, when ol is negative.
t amplification when Y is negative.

be defined as,

- TME,

Vg

1 - —
Vs

’ thch is going to be negative
pping, the conductivity modulation is

is case d.c field required for amplificaiion
If the electric field is reversed, we

1+ (£UE,/Vs)
Va

+——-
VS

or

1

gtric field produces a new velocity of

sound and the magnitude of gain and loss is also changed, i.e. the

material is non-reciprocal.
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3. Review of previous work

3.1 Introduction

Current oscillation and saturation in semi-insulating cadmium
sulphide was first reported by Smi‘chS3 and McFee?e an effect which they
ascribed to the acoustoelectric current accompanying an ultrasonic flux.

When a high voltage pulse is applied to certain semi-conductors,
whose crystal axis hes been orientated eilther parallel or perpendicular
to the c-axis, with respect to the sound wave, it is found that above a
certain critical electric field the current is not related to the
applied voltage by Ohm's law, but is a more complex manner. In CdS
it has heen observed that below the threshold voltage for current
oscillation the current is at all times proportionasl to the applied
field (see Figure 6). Above the threshold voltage the current remains
ohmic for an incubation time of the order of 1}Lsec., which decreases
with increasing field..  Subsequently the current drops to about its
value at the threshold and remains more or less constant for a short
period before rising once more to the ohmic value. The cycle repeats
for as long as the voltage pulse is applied, with a period which is the
time for transverse or longitudinal acoustic waves to travel from one
end of the crystal to the other.

These acoustoelectric instabilities arise from the strong
interaction betweén a drifted electron distribution and the phonon
spectrum in piezo-electrically active semi-conductors. Intense phonon
beams are created as the electrons amplify a selected portion of the
phonon spectrum propagating in a2 relatively narrow cone. The transfer
of drift momentum from the electrons to the phonons in this process

alters the current and the electric field distribution in the material
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(a)

b)
y .
o —J
(c)
! —U\
° t

Fig.6 Continuous current oscillations due to an
acoustoelectric domain:

a) Specimen with series resistance for
measuring current with pulse generator,

b) voltage pulse,

c) current wave form.
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which may in turn slter the acoustoelectric gain. Such instabtilities
are most readlily observed in the resistance of the sample, in the apatial
distribution of the amplified acoustic flux and in the associated
electric field. These perturbations become concentrated in stationary
and propagating domains. More subtle forms of the instability are
revealed from studies of the frequency spectrum of the amplified flux,
which show a very complex evolution during the transition from weak to
strong acoustic flux. In the hizh field regions of the domains, hot
carrier instabilities may become apparent.

It will be seen that the tyre of illumination distribution is
important since it produces a non-uniform conductivity aleng the length of
the specimen. It is weorthwhile to examine the effects observed in semi-
insulating materials and then explain the phenomena observed in semi-
conducting crystals, because the oscillations obtained in semi-conducting

material are less complex.

3.2 Current oscillations

The phenomena of current oscillations and saturation are caused
by the presence of amplified acoustic flux. An acoustic flux is
generated spontaneously in & specimen with no input by (a) the thermal
equilibrium phonon distribution or (b) the shock produced by an applied
voltage pulse. ficoustic waves may be generated at regions of
discontinuity or high electric field gradient snd at rezions of piezo-

41,65,66 Both

electric irregularity by a time varying electric field.
electrodes introduce field discontinuities and in non-uniformly illuminated

specimens high field gradients occur at the boundaries between the two

regions of differing conductivity. The thermal generation of the
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acoustic flux is supposed 1o be uniform throughout the specimen and
continuous in time. hock excitation produces a localised gradient
in the piezo-electric stress, occurring during changes in local field.
Piezo-electric irregularities also occur at inhomogeneities of the
crystal structure and the application of a high voltage pulse may cause
sufficient excitation of these rezions to generate acoustic waves.

There are two types of current oscillstions tc be considered, i.e.
(1) damped and (2) continuous oscillations. Damped current oscillations
shall be considered in detail under current séturation. These damped
oscillations have been associzted with the build-up of acoustic flux.
The dependence of this build-up time on the applied field, conductivity
and crystal length has been dealt with by Ishida et a151 for semi-
insulating Cds.

In the next two sections, conditions for oscillations in semi-

insuleting and then semi-conducting material will be discussed.

3.2.71 Semi-insulating crystals

Acoustoelectric oscillations are possible in semi-insulating CdSs,
provided it is illuminated so that the optimum carrier density for
amplification can be set up. It has been found that these crystals show
only damped oscillations leading to current saturation as discussed by

55 and others,81 if the illumination is either uniform or

McFee et al
82

stronger near the anode electrode. On the other hand, samples of

semi-insulating materials normally require a non-uniformity of

conductivity along their length to give continuous oscillations. This

non-uniformity of conductivity may be obtained by non-uniform illumination

and a sufficiently large drift field is applied. The following types
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of illumination distribution have been reported (sece Fig. 7):

a) A length beginning from the positive end is shaded.35’36’58

b) A fine, narrow, transverse strip of the specimen is

%
illuminated at a point along its length.’7’57

c) The specimen is totally illuminated and a strip of
ceramic positioned at some distance from the anode

end obscuring a strip of the crystal perpendicular

to the crystal axis.49

No continuous oscillations have been observed with

the negative end shaded.36’58

d) Under highly localised illumination with intense red

light 6328°4.50

With the illumination as in a) oscillations begin to appear when
. s . 35,58
the field in Ij exceeds a threshold value.

(I = low resistivity region)

]

(I, = high resistivity region)

At this moment, the current flowing exceeds the saturation current of
high resistivity region L. These oscillationé appear at voltages just
above the threshold voltage. They are damped, but the damping
diminishes as the applied voltage is raised and the oscillations become
continuous at a critical voltage.V,. Further raising of the voltage
merely increases the amplitude of the oscillations. The amplitude of
continuous oscillations as shown in Fig. 8 is between a minimum, which

is the saturated current of Iy, and a maximum which is near the ohmic

current of the sample.

~ Applied voltage
m2x  ohmic resistance of L1 + ohmic resistance of Ly

i.e.
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This maximum current may exceed the saturation current for L at high
enough voltages.

A rarge of oscillation frequencies have been observed with this
type of illumination. Yamamot058 reported that the frequency of
oscillations dépended on the length of the specimen I, the length of
hich resistivity region Iy and slightly on the applied voltagze. Okada35
reported that the oscillation frequency corresponds to a single or double
transit time for a sound wave to travel the length of the crystal.

36

W.C. Yang in 1965 observed that the frequency of oscillations is
inversely proportional to the lensth of the high resistivity region Lh'

Banduin and Buchy46 used a specimen of Yarying cross section to
achieve a nen-uniform field without changing the carrier density and
with a narrow end at the cathode. With the same kind of illumination
as a) they obtained damped oscillations with periods increasing
linearly with Iy. Beyond a certain length of Lh, the oscillations were
continuous and the periods decreased with increasing ILp. In all cases
no continuous oscillations occur when L, exceeds a certain length
(usually about half the sample length).

With the illumination system of b) Kikuchi57 observed discrete
frequencies for different positions of the light spot in samples of CdSe.
The threshold voltage for oscillations varied for the different positions
of the light spot. The freqguencies in a particular specimen varied by a
factor of about two, and corresponded to the single and double transit
times for a sound wave to travel the distance between the electrodes.

The frequency transition occurred when the light spot was moved from one
point on the specimen to a point about half a millimetre awey. At
intermediate positions of the light spot miiing of the two frequencies

occurred.



42

These oscillations described above were similar to the one

48,49

observed by Gay and Hartnagel, using the illumination systemn c).
They found that frequency véried in steps after changing the position of
the shielding strip. A number of oscillatory modes in the specimen were
obtserved depending on the position of the ceramic strip. For certain
valuves of the distance of the strip from the anode, itwo frequencies are
observed simultaneously. Between the frequency changeover, a beating
effect was often observed which involved the two neighbouring frequencies.
These effects‘depended very sensitively on the position of the narrow

mask and on the background illumination of the masked strip. These

oscillations become damped and disappear when the distance of the ceramic

. L : .
strip from the anode lies between 3 and %. Theéy expected high fields
near the positive edge of the narrow mask, under amplifying conditions;

48,49 .
the phenomena as described below.

and explained
Acoustic flux is generated by applying a voltage pulse Vg during

the rise time Tg. Then flux packets of width VSTg propagate along the

specimen. Above a threshold veltage33 for current saturation or

oscillations the acoustic waves travelling along the specimen will grow.

A
R

)

coustic electric current of density Jges, associated with the
amplified flux (Appendix 1) causes the field in their vicinity to be
higher then the average field in the specimen.  This may be shown by
the relation (derived in Appendix I ):

J = g&"(z) E(z) + Jae(z)

(neglecting the diffusion current which is small) wvhere,

]

d current density through the specimen

Zz

(z

The current density is constant throughout the specimen and Jae(z) is

]

direction of carrier drift

0 at the cathode)
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negative for growing acoustic flux. If it is so, then E(z) sheculd
increase. It is then possible that the domains of high energy acoustic
flux may thus be detected as high field domains in the specimen.

Thermal acoustic noise may be envisaged as acoustic waves generated
continuously by sources uniformly distributed through the specimen. Under
the amplifying conditions a continuous stream of flux from each of these
sources would be amplified as they propagate towards the anode and
attenuated as they propagate in the opposite direction. After a period
%; has elapsed from the time amplifying conditions were imposed, one
would expect the amount of flux at the anode to be the sum of the
amplified flux from all the generating sites along the specimen.

Therefore, this would cause the electric field in the specimen to rise
exponentially towards the anode. Deviations from pure exponential rise

of the field may be due to the losses at the end of the sample. This
equilibrium condition can be maintained by the continuous stream of
acoustic flux and then it is possible to ﬁave a stationary high field
domain near the anode.55

Considering the effects of electric field distribution and the
reflection of flux at the anode, it is seen from the curves ofd Vg Y
(derived in Appendix II) that the acoustic wavesBO eare undergoing less
attenuation by travelling against the drift electrons than the zain

experienced by a wave travelling in the direction of the electrons at the

high fields, i.e.

v v
|\l is larger fory =1 - -d than for Y =1 + A
Vs Vs

If it is so, then there is every possibility that the waves grow
indefinitely by repeated reflections, provided there is no redistribution

. . . 1 . .
of the field. Weinreich's relstion (Appendlx I) shows that the acousto-
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electric current vroduced by the ettenuation of reflected acoustic flux
also opposes thé current through the specimen and cesuses a rise in the
local field. I+t has been shown by many wcerkers that under the condition
of acous®tic ge2in the ultrasonic flux in the transient state (current
oscilletions) is concentrated in domains originating at one electrode

and amplifizd as they rropagate with the sound velocity in the direction

6]

of carrier drift. Since the avplied voltage V, across the specimen is

constant there has to be redistribution of field alons the srecimen

when these high fileld domains grov. The applied voltage is given by:
T

vy = E dz
=) )

The redistribution of field results in the saturation or oscillation of
current through *he specimen.
. ~ 80 . , . . X
Ellis and Cornwell, using the type a) illumination, observed
continucus current oscillations in semi~insulating CdS at frequencies
from 100-T7T00KHz, devending on the illuminated regions of the specimen.
They failed, however, %o observe any relationship with distance of

these illuminated spots from the electrodes.

\N

2.2 Semi-conducting crystals

The acoustoelectric current oscillations described so far are those
Observed in semi~insulating meterials but results of a different type occur
in semi~-conducting Cd4s. This type occurs in CdS crystals of about 1<tcm
resistivity and does not rely on any carrier generation by illuminstion.
With semi-conducting material the oscillations observed are less complex
than in semi-insulating CdS. The semi-conducting specimens do not require
an initial non-uniform conductivity distribution. These oscillations are

caused by the production of clearly defined travelling high field domains
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which are very similar to the domains of the Gunn effect.82 These
cgrowing high field domains travel across the crystal with the velocity
of sound. The period of oscillations is made up of two parts; an
Yincubation' period’rg, and a period'ra, where a domain is detectable.

. 59 . .
Ishids et al found that’Té corresponded closely to the sonic transit
time, and that'T; depended on the applied field, decreasing as the field

» 0 .
41,60,63 found that the total perlod;j/=‘jg +'7g

increased. Many workers
corresponded to the sonic transit time. Again’T;‘decreased with
increasing field. Haydl and Quate6o observed that on the application

of a vulse of sufficiently high voltage, the current remained ohmic for

a time'T; before a domain begain to grow from a point a distance lo =’T5VS
from the cathode (Pig. 9). This domain grows as it travels to the

anode and depletes the field outside it to Eyp (threshold field for
oscillations). It decays repidly on reaching‘the anode and after a time
'TB from its arrival and extinction at the anode another domain grows at
1o. This implies that the domains originate at the cathode and- take a
time 1y to grow to a detectable level.

This effect can be understood as a negative resistance phenomenon
produced by the fact that an incremental increase in the acoustoelectric
field can be greater than the incremental increase in the applied field.
This will cause the total current through the sample to be a decreasing
function of applied field so that the current voltage curve becomes
negative. It is not necessary to have the acoustic flux being reflected
and ;eturned to the cathode so that a loop gain in excess of unity is
obtained. As soon as one domain has reached the anode and has been
extinguished, a new one is formed at some nucleating centre near the
cathode electrode. Before a domain is nucleated the I-V relation is

ohmic. A domain will cause current saturation during its transit. The
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current oscillation occurs, therefore, between a high current value, which
is given by the low field resistance of the crystal, and s saturated
current value.

Silva and Bray41 detected the domains described above by double
probe measurements of the pulsed voltage distribution along the sample
length in p~type GaSb and attributed the flux generation to simple time
variztion of the electric field. It hes been noted that acoustic flux
may be generated at regions of strong electric field gradient or

. . aaa s X . . . . . . 65,66
discontinuities in piezo-electric materials in a time varying field. 23

The anode in the p—tyég materials was the region of a field discontinuity
and.ﬁze onset of the pulse provided the time variation of the acoustic
flux generation. When the first domain decayed at the cathode, the
currert in the sample rose and cauéed a field change which generated
another domain. It is then possible to have more than one generating
site along the length of the specimen. These generating sites become
active if strong field gradients41 or material discontinuities exist.
Haydl and Quate6o verified experimentally that acoustic ftransducers on
short voltage pulses could inject several domains into a specimen at a
time. The width of the domain is of the same order as the rise time of
the voltage pulse.

Hayd1,61 eonsidered the possibility of these domains, originating
from thermal acoustic noise, which is always present in the specimen.
He applied a voltage pulse just below that required for oscillations to a
specimen of semi-conducting CdS. At some time during the pulse he
increased the applied voltage above the threshold for oscillations. A
domain was then found located at the anode after a fraction of a sonic
transit time in the specimen. A domain initiated.by shock excitation at

the cathode could not have arrived at the anode so gquickly so that it was
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proposed that domains form and grow at a threshold of acoustic energy,
i.e. the moment the energy level of acoustic flux st some point in the
specimen reaches this threshold value, a domain will form at that point.
Zy applying a voltage above the threshold voltage for currsnt oscillations
but below that for oscillations, a steady state is achieved with a
distribution of flux energy higher at the anode end. From the
expected distribution of flux, Haydl showed that the domaiﬁ would form
quite near the anode.

Stanley63 rroposed a mechanism for domains in semi-conducting CdS

[ 6,58 X . .
32538558 501 the oscillations

which had also been proposed by many others
in non-uniformly illuminated semi-~-insuleating Cds. This model depends on
the distribution of potential along the specimen preventing amplification
at the cathode, where the field is lower, thle a domain exists. He
maintained that as the domain reaches the anode and disappears, the

field in the rest of the specimen should rise agsin, until amplifying
conditions would prevail at the cathode end and a new domain form. By
raising the applied voltage to a certain high value, it was shown that
oscillations ceased. This was because the field in the cathode region
could not fall below Egp (thréshold field for oscillations), and thus
amplifying conditions existed throughout the specimen at all times, and

a s%eady state saturation condition was established.

It has been observed6O that domains in semi~conducting C4dS are
greater in amplitude but narrower in width than those in semi~insulating
cas. Typical domain fields are more than 3 x 1O4V/cm, the domain width:
is more than 150§, whereas the domain fields in semi-insulating CdS are

3

between 10 —1O4V/cm and have domain width of the order of the length of

the specimen but obviously a little shorter. Domains have been studied
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[

22 . . . 5
by probe contacts slong the crystal, by Erillouin scattering by a
L . .. s . ., 83 . . .
meving domain giving its phonon intensity and by microwave transmission

84,8
measurements. 5

By the optical method04 a frequency range of
100-1500MHz was detected and no change of this frequency range occurred

between room temperature and 770K. This frequency range falls considerably

below that expected from the maximum gain condition

S. Zemon et a186 also investigated the frequency spectrum of the
acoustic waves in doméins generated in semi-insulating CdS, by using
Brillouin scattering of 6328A0He-me laser beam. A frequency range from
150-~-375KHz was detected at room temperature. They also showed that the
freguency of wmaximum acoustic intensity varied as the square root of
carrier concentration.

Impact ionization occurs in CdS at fields higher than 2.1 x 103V/cm,
as determined by the measurement of the Hall voltage and conductivi’cy.87
This phenomenon will therefore occur inside the travelling domain with
its hizsh field value.

These electroacoustic domains have not only been studied in semi~
conducting CdS, but also in GaAs and in InSb. Hervonet88 has shown
theoretically that a transverse magnetic field increases the piezo-
electric amplification and Ishida and Inuishi89 measured a differential
negative resistance in semi-conducting CdS with travelling domains.

lMicrowave emission has also been observed under oscillatory
conditions. In GaAs, Hiyakawa et a140 observed emission between
4.2 GHz to 6 GHz. Iﬁ Cds, Haydl and Quate67 observed microwaves

emitted in the frequency range of 2 to 4 GHz.



3.3 Current saturation

There is a large amount of information about the saturation of
current in a piezo-electric semi-conductor in a strong electric field.
o 1 sy 0 . . . . .
ReW. Smith tried to relate the current saturation in piezo-electric
semi-conductors to the generation and amplification of acoustic flux.
Earlier on amplified acoustic flux had been observed at the output of a

. . o . . 53 .
CdS acoustic amplifier when no input was applied. The mechanism of
energy transfer from drifting carriers to acoustic waves is discussed in
Appendix I. This transfer occurs when the velocity of drifting carriers
. . 47 . . .
exceeds the velocity of sound. The dark current in semi-conducting

-1
CdS of conductivity 0.1 mhocm saturates at an applied field of

approximately 16OOV/cm. Since the mobility of electrons in the material

is 300 cm2 volt~1 secf1, their drift velocity in this field is comparable
with the velocity of sound in the crystal. Using wvoltage pulses of
nanoseconds rise time, Smith53 found that for the first 50-100 nanoseconds
the current remained constant at its ohmic value and then decayed to the

It54 was observed that the time required for the

final saturation value.
onset of current saturation after the application of the field pulse
depended upon the conductivity of the material, the smaller the
conductivity the larger the onset time.

In 1956 Weinreich30 pointed out the possibility that the
interaction between acoustic waves and conduction electrons would be
increased if electrons were made to drift near the velocity of sound.
He also explained that the electrons would amplify acoustic waves if
thelr drift velocity exceeded the sound velocity. The piezo-electric
coupling in wurtzite was measured by Hutson et al31 after Ninego had

reported on the strong attenustion of sound waves by free carriers in

- 1
semi-insulating CdS. Hutson and White3 worked out the theory of the
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attenuating properties of free carriers. Amplificetion was first
observed in CdS at 45NHZ,33 when it was realized that piezo-electric
semi~conductors would be an ideal materisl for an acoustic wave amplifier.
This work has served %o point out the significant features of the
travelling wave interaction. The origin of the acoustic flux, which is
40 be amplified, has not yet been established conclusively.

53

R.%s Smith from the condition of maximum gain

I3

tois

w= (D)
expccted the most amplified acoustic waves to be between at frequencies
of 10 and 1O3GHz. He used conductivities from 0.01 to Bmhocm-1 but
failed to detect these hypersonic waves or electromagnetic waves, which
should accompany the bunching of electrons. By using tuned tfansducers,
in 1963 McFee56 detected a continuous range of acoustic frequencies
between 15 and 400MHz. He also managed to find a relationship between
the maxima of the transit oscillations of acoustic flux energy as it
built up to the minima of the damped current oscillations which
observed. However, these frequencies detected were of much lower
values than that expected from the maximum gain condition.

Microwave emission of 850 to 2000MHz has been observed from C4S
crystals under saturated current conditions.44 It is thought to
originate from piezo-electric coupling between conduction electrons and
acoustical phonons in the crystal.50

In semi-insulating crystals the current saturation will occur

2
when a certain degree of illumination is applied.4 253

The degree of
saturation is definitely higher for higher conductivities. Under non-

uniform illumination the threshold field for saturation seems %o occur

when the field in the region of lowest resistivity is at the threshold
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-field for saturation under uniform illumination.BS
The current voltage characteristics of C4S crystals displayed current
saturation after a few damped oscillations under uniform illumination.
This has been closely related to the acoustoelectric interaction. It has
92-95 55,96,97 54

been studied theoretically and experimentally. Saturation

in current occurs under the condition

Yo = MEgy = T
where/L, Eth and Vg are the electron drift mobility, threshold drift field
and the sound velocity respectively. Considering a homogeneous sample
then the only sources of acoustic flux from shock excitation are the
electrodes. When a high voltage is applied to a specimen, a domain
is generated at the cathode and zrows as it travels towards the anode.
Because of the growth of the domain and the thermal flux, the field near-
the cathode is reduced and hence the current falls (Fig. 10). When the
amplified domain reaches the anode, it is partially reflected and the
remainder of the domain extinguished as the acoustic flux leaves the
specimen.

Considering the reflection ccefficient, if it is small then most of
the domain is extinguished and the field at the cathode end rises to
conpensate for this. But it will not rise to its initial state, however,
because of the growth of the stationary domain of thermal acoustic flux
near the anode. The increase of field at the cathode end causes a rise
in current and initiates another domain. This second domain .will not
grow as large as the first because of the reduced gain conditions.

Its extinction on reaching the anode end forms another domain which
should coincide with the reflected part of its first domain. The gain
conditions reduce as the stationary domain at the anode grows further.

This cycle is repeated until eventually the stationary domain causes the



E (kv/em)

Fig.11

Vs 1000

vz 840

-
bl L L R

g ' Vs 400

/
/

o joo0

200 300
+

2z { mils)

Steady-state electric field dist'rib’ution i
CdS under uniform illumination (after McFee

and Tien??)..

54



55

field a2t the cathode to be at Etp and no more variation of current cccurs.
If the reflection coefficient at the anode is large then only a
srmall portion of the dowain is extinguished. This causes a small increase
in field 2% the cathode, which may not be sufficient to initiate another
dowain. The first domain is smplified after its second reflection but

damps out eventually.

54

Tor low reflection of flux from the electrodes the period of
damped oscillations is then %t and, for highly reflecti&e electrodes, the
period of oscillations may be ziven by %%, where L is the length of the
specimen and Vg is the velocity of sound in CdS; When the daniped
oscillations are damped out, the so-called stationary domain may continue
to grow in height and become narrower, leaving a greater part of the
filarent with a field of Etp. After some time an equilibrium is reached
when the base of the domain reaches a point where field does not fall
below Z¢p. The spatial distribution of electric field in CdS is

55,62,63

measured under the condition cf current saturation. McFee and

Tien55 however, found that at low voltages the field was reasonably even
in a homogeneous sample of semi-insulating Cd4s. At a2 voltage above the
saturation voltagze, a narrow high field region appeared at the anode,
leaving the field in the rest of the sample at the threshold field Eth
(Fiz. 11). Increasing this voltage only increases the field in the

high field domain and the field in the rest of the specimen still remains
at Ep- Similar phenomena have been observed in current saturated semi-
51,62

conducting CdS. When a high voltage, above threshold for saturation,

is applied, & domain forms at the cathode and is amplified as i%
propagates with the velocity of sound in the direction of carrier drift

towards the anode, where a part of it moves out leaving a residual field.
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In the meantime, a subsequent domsin is formed and travels towards the
anode. This process is repeated until a stationary domsin grows at the
anode and reaches its full size (Fig. 12). The field in the remzinder
of the specimen is then above Eth end travelling domeins no lonzer
nucleate.

In an inhomogeneous semple, where the low field resistance was
slightly higher at the cathode than at the anode end, lcPee and Tien55
found that a stationary domain formed 2% the point where the resistivity
changed. In such cases the high resistivity region Ly hehaves as an
emplifier and growth of a domain decreases the field in low resistivity
resion L. L7 then will behave as an attenuator when the field falls

helow Egy, - The attenuation of flux further decreases the field

. . . 0 L. . .
(Weinreich's relatlon3 ) and it is possible for the field to become

c
-

\n

negative in this region, as shown in PFig. 13. This could be simulsted
in homogeneous samples by slightly shading the cathode half. These high
field domains are the regions of high energy acoustic flux.

Rannestad78 has shown that one can obtain current saturation‘by
acoustoelectric amplification either with the transverse or the

longitudinal acoustic waves, and that the gain in the transverse mode is

usually larger than the gain in the longitudinal mode.

3.3.1 Two step current saturation

Ishiguro and Uchida72 observed that the wave form of the current
pulse obtained when a high electric field is applied to semi-insulating
CdS specimens has two stepé at different times. Both stepé occur in the
saturation region of the pulse current, the first at a time t9 which is

53,56

necessary to build up the ultrasonic flux, and the second step at a

time t, when the applied voltage is much higher than that for current



59

. . . 2
saturation. Ishiguro and Uchlda7 associated the first step to bunching

of the electrons and the second to quantum mechanical interaction between
drifting electrons and acoustic phonons.

Autin et 3173 observed that the width of the steps was a function of
the crystal conductivity or the illumination intensity, and was also
related to the field applied to the electrodes. They &also observed small
anplitude oscillations as the current was falling to its final value.

Larre amplitude steps were seen by P. Das and A.J. Steckl77 in
cadmium sulphide specimen whern the ends of the svecimen were optically
rolished and made parallel to one another up to 10-sec accuracy. These
steps apreared only when a very large electric field was applied and
when the conductivity of the crystal varied by illumination. There
arveared to be two distinct current saturation levels accompanying these
steps of long time duration. ' The starting time of these two levels
decreased as the conductivity was increased from low value, but reached a
steady state value for larger conductivity with the appearance of some
smaller sters before the first current saturation level. They proposed
the possibility of two different sound velocities being responsible for
the two step saturation of the current.

Rannestad78 observed and explained. the two step process on the
basis that low voltage saturation was due %o the transverse mode and high
voltage saturation may be caused due 1o the longitudinal mode.

Autin et 3173 found that a voltage much above the two step saturation
voltage, 2 non-uniform distribution of field exists, along the length of
the specimen. Voltage probe measurements showed that in two step
saturation rezion a definite maxiwum appears near the cathode but Autin

et a173 were uncertain about the existence of a second maximum existing

near the positive contact.
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3.4 Trapping and capture

Fig. 14 pictures trapping and thermal releasse of electrons in
/
electron traps (transition 5 and 5 ) and trapping and thermal release of
holes in hole traps (transit 4 and 4,); also capture of an electron
(transition 7) and of a hole (%ransition 6) in recombination centres.

A centre Qith an energy level lying near to the band sdges will be
more likely to act as a trap than a recombination centre (and vice versa
for centres with levels lying near the middle of the forbidden gap), the
distinction between traps and recombination centres bheing a distinction
drawn on the basis of fthe relative probability of the thermal ejection
versus recombination, i.e. on kinetic conditions, and not on the basis
of the intrinsic nature of the centres themselves. If capture processes
connected with transitions 6 and 7 involve the radistion of the electronic

gnerzy lost as photons, luminescence emission is observed of the type

indicated in Fig. 15.

3.441 Detection of traps

The following measurements are useful in obtaining information
cbout trapping:
a) Growth of luminescence emission intensity or of photo-
conductivity after the beginning of excitation.
b) Decay of luminescence emission intensity.
c) Thermally stimulated trap emptying.
d) Optically stimulated trap emptying.
e) Space charge limited current dependence on voltage.
f) Photodielectric effect.
Two of these methods are discuSSed briefly as they have been used
by the author of this thesis to detect traps in semi-insulating CdS

crystals.
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1) Ortically stimulated trap emptying

Filled traps may be emptied by the absorption of optical energy,
or by utilization of thermal energy. The trap depth may be obtained from
the stimulation spectrum of either luminescence or photoconductivity.

2) Srace charge limited current dependence on voltage

Measurements of the variation of space charge limited current
injected into a crystal through an ohmic contact as a function of electric
field applied to the crystal can be used to give an indication of the
total tran density, trap distribution with energy and hence the actual

location of fairly monoenergetic trapping levels.

3.5 Traps and effects of trapping

Trapping is a fundamental process for energy storage in a2lmost
all semi-conductors. This energy storage is accomplished by spatial
localization of an excited electron or hole in such & way that the
electron or hole is prohibited from moving freely through the crystal,
unless supplied with thermal or optical energy. When the trapped electron
or hole is released it is free to nmove until captured by a recOmbinétion
centre or by another trap. These regions of the crystal which are able
to capture electrons and holes and detain them in a restricted volume
are called 'traps'. The names, traps and frapping, are associated with
centres and processes which are determined by thermal equilibrium exchange
with +the nearest allowed band. It is used to distinguish between
"trapping centres", the occupancy of which is determined by thermal
equilibrium processes and "recombination centres", the occupation of which
is determined by recombination kinetics. Because of this type of
definition, there is always an inherent vegueness in determining what

types of centres are traps. Any centre can be a trap under one condition
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of light intensity or temperature and a recombination centre under another

condition.

3.5.1 Electronic transitions

Some of the electric transitions commonly found in photoconductors
are shown schematically in the energy band diagram of Fig. 15. These may

conveniently be divided into three types:

1) Absorption and excitation Fig. 15a.
2) Trapping snd capture Fig. 14.
3) Recombination Fig. 15b.

Absorption and excitation

There are three types of absorption resuiting in photoconductivity.

Transition 1 corresponds to abscorption by the atoms of the crystal
itself, producing a free electron and hole for each photon absorbed.

Transition 2 corresponds to absorption at localised imnperfections
in the crystal, producing a free electron and 2 hole bound in the
neighbourhood of the imperfection for each photon absorbed.

Transition % ceorresponds to absorption, raising an electron from
the valence btand to an unoccupied imperfection level, producing a free
hole and an electron bound in the neighbourhood of the imperfection for
each vhoton abscorbed.

The transition a) resulting in exciton formation,

b) between ground state and excited state of
an imperfection, and

¢) within allowed bands,
may be omitted because these dd not directly produce free carriers.
Idealized absorption spectra iliustrating theée transitions are given in
Fig. 16. There is a éu%—off of aﬁsorption at the minimum energy

required for the transition; this minimum energy corresponds to the
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band gap for transition 1, snd the corresponding wavelength is called

the absorption edge. For light of greater density than the minimun
absorption is continuous and fairly constant (depending on the density of
states and the transifion probabilities involved) up to a certain
maximum energy, which would mark a transition from the bottom of the
valence band to the top of the conduction band. In most real crystals
the conduction hand overlaps higher allowed bands snd the maximum energy
for absorption is not found. To a first approximation, the photo-
conductivity has the same dependence on wavelength as the absorption.

reopping and capture

This probability has already been discussed in section 3.4.

Recombination

Three types of recombination transitions are illustrated in
Figz. 15b. The free electron may combine directly with a free hole
zccording to transition 8; +the probability of this transition is
usually rather small. Freguently transitions of type & are radiative,
i.e. the lost energy is emitted as a photon with approximately the
energy of the band gap. Such emission is called edge emission.

Recombination may also occur as is the more usual case through
recombination centres; either an electron being captured by an excited
certre containing a hole (transition 9) or a hole being captured by an
exclited centre containing an electron (transition 10). Transitions 9

and 10 may also be radiatfive.

%.6 Effscts of space charge limited currents injected by high fields

A number of investigators have shown that it is possible to

increase the rate of decay of photoconductivity by the application of a
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Energy level diagrams for a material with ohmic contacts,
(a) in the absence of an applied field; (b) in the presence
‘'of an applied field. ‘
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, o 98-100
high electric field.”® Most of the data presented by Bo&r and

Kﬁmme198’1oo indicates that the application of high fields has the

effect of freeing electrons from traps but could also be interpreted in
-terms of the effect of space charge limited current injected by the high
fields. Kallmann and Mark1oo interpret their data as indicating that

the effect of the high fields is to reduce considerably the probability of
retrapping rather than to empty traps directly by a field ionization
effect.

Fig. 17 shows typical diagrams for an insulator or semi-conductor
with ohmic contacts. When an external field is applied, a virtual
cathode is formed, a reservoir of electrons being present in the material,
available for use as needed to replenish charge. If, however, the field
is large enough electrons will be injected into the bulk of the material
t0 form 2 current which will be limited by space charge considerations.
But the fact that large space charge limited currents are seldom found in
practice can be attributed to the effects of traps on the space cﬁarge
limited conduction process.

It rmay be helpful to consider briefly the analogy between space

charge limited current in a thermionic diode and such currents in a solid.

In a thermionic diode, the space charge limited density is given by:

-6V3
I = 2.3x 10 61542 amp/cm2 (35)

~

whereas, Mott and Gurney derived theAexpression .

1 = 107 2v3M /a3 anp/on’ (36)
for the space charge current through>a slab of insulator a centimeter
thick, and a voltage v applied across a cathode-anode space of d.

/L is the mobility of the charge carriers and k is the dielectric constant.
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Smith and Rose102 have taken advantage of the existence of ohmic
contacts when I, electrodes are used on CdS to investigate the existence of
such space charge limited currents. By applying low electric fields, of
the order of 103v01t/cm, to insulating CdS crystals they were able to
me2sure currents which increased as a high power of the applied voltage;
these currents were interpreted as space charge limited curreunts, and the
variation of current with voltage accordiﬁg to a rower greater or equal
to 2 was attributed to the effects of traps.

Pig. 18 shows a typical denendence of current on voltage for
measurements in the space charge limited range for a crystal like CdS.

If the applied voltage is raised from zero to a value V4, the current
increases along a curve of type a, the steepness of the curve increasing
directly with the rate at which the voltage is increased to Vq. If now
the veltaze is held at Vq, the current decreases along curve b t0 & much
smaller value. If the voltage is again raised to Vo the current
increases zlong curve c and then settles back alonz curve 4@ 1f the voltage
is held at Vo. The equilibrium value of current at each voltage is

the space charge limited current to be compared with Equation (36). It
is found that the current increases with between the fourth and tenth
power of voltaze, and that the absolute values of current are much smaller
than those predicted by Egquation (36). The small energy level diagrams
in FPig. 18 (lettered to correspond to the pertinent segments of the
current voltage curve) show how the interaction between traps and the
space charge limited currents prcduces the observed transient effects

and the deviations from Equation (36). Whenever the voltage is increased
there is a sudden increase in the density of free electrons injected from
the cathede. In time, however, most of these electrons are captured in

traps. Finally, a steady state is set up so that the rate of thermal
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excitation of electrons out of ftraps is equal to the rate of capture of free
electrons by traps, i.e. the Fermi level is raised to a new posifion
consistent with a higher density of free electrons. Most of the injected
electrons are trapped, thus maeking the observed space charge limited
currents much smaller than they would be in a trap free soligd. For
every Ko that the Fermi level is raised, the density of free carriers
increases by a factor of e, so that a rapid dependence of current on
voltage is expected.

According to Lampert7o the I-V characteristics (Fig. 17) can be
characterized by three distinct regions; a low level linear region A,
in which the current is mainly due to electrons existing in thermal
equilibrium, a square law region B in which injected charge dominates
over the thermal equilibrium current and a rapidly rising region results
from the {illing of the discrete set of traps. The density of the
travping centres and their energy level can be calculated from such curves.

Ifw1 %%(j—l) is the voltage cofresponding to the filled traps at
energy level Eq - Et(j—l) and Vft(j) that for the traps at EC_Et(j)’ then

2
Tee (3) ™ Ver(51) = 2€ Ma(3) (37)

In any square law region corresponding tc particular 6j, this is given by:

) Ec_E4(s5Y)
o5 =22 exp (- i) (38)
2x‘lt(j) Kp

where Ng is the density of conduction band states within K7 of the bottom
of the band Eg. Qj is the ratio of the measured current at an appropriate
voltage in the rezion considered %o the Childs' law current at that voltage.
Having obtained the trap density Nt(j) from Equation (36), Equation (37)

gives the energy depth EC'Et(j)- The possibility exists that a shallow
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trapping level with a relatively low density Ne(k) will be masked by a

shallower level of density (Eb(j)' The condition for this is,

Hevr. Eifp.y - B

t t t(x

SNy () (59)

Yt (k) >~
Injections from ohmic contacts hes also been involved in the

investigation of low~field electroluminescence in insulating CdS crystals

1
by Smith.o3

Electrons injected from an ohmic In contact recombine in the
crystal with holes injected from a field formed contact of Ip, *to produce

luminescence emission, mainly with an energy egual to the band gap of

Cds.
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4. Experimental techniques

4.1 Preparation of samples

4.,1.1 Material

The material on which these experiments were performed was single
semi-insulating CdS crystals, obtained from G.E.C. and also very kindly
supplied by Prof. J. Anderson of Imperial College, London. The
specimens cut from G.E.C. and Imperial College materials are shown in

Table 2, and measured dark conductivities are also given.

4.1.2 Making of ohmic contacts

Rectangular bars of CdS were cut from the boule with a diaﬁond
saw, charged with 'Aquagrind 80'. After cutting the specimens were
degreased and given a thorough wash in absolute alcohol. They were
then dried in a deéigcator. The surfaces cof the specimens vwere then
rolished to /4 micron flatness with Alumina powder type A (0.3 micron)
and Alumina powder type B (0.05 micron) with a polishing machine using
lap made of Swedish pitch and beeswax. These bars of CdS were etcﬁed
in an etching solution comprised of two parts of HCl and five ﬁarts of
absolute alcohol (CQH50H). The specimens were then given a final rinse
and kept in alcohol to minimise contamination.

These specimens were ready then for making electrical contacts.
For the measurements to be reported later, electrical contacts were
required, which in the presence of strong electric field should be linear,
regular and of low resistance. It was desirable otherwise to produce
contacts which should have given the minimum potential drop during current

flow. The voltage~current characteristics of such contacts should be
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linear and non-rectifying, i.e. symmetrical about the origin. Such
contacts will be referred to as ohmic contacts. These contacts do
represent an ideal type which is never realized in practice, but which
may be spproached by suitable techniques. However, the question of
contacts is particularly difficult and important in the case of our
meterial of wide gap near insulating crystals, where the contact
properties are largely, if not fully, determined by the nature of the
contact.

In order to achieve this a thin layer of indium was then evaporated.
in a vacuum of 10—5 torr on to each end surface of each bar. The
thickness of the film was determined by observing the trarsparency of a
glass slide, placed adjacent to the jig carrying specimen while held in a
vacuum chamber. The evaporation of indium was stopped when glass slide
hecame guite opaque; The specimens were mounted in end-on positions
in the jig with the help of dental wax.  The other end of the bar
could easily be coated just by reversing the position of the Jig in the
vacuum chamber as they were mounted along end-on positions. To remove
the wax the specimens were rinsed in warm carbon tetrachloride and later
washed in absolute alcohol. Although the melting point of dental wax
£ 70°C) was far below thet of indium (15600) care had to be taken while
rounting and removing specimens. The best procedure adopted was to
remove the jig from the hot-plate as soon as the dental wax was fluid
enough to flow. This ensured that the temperature of the Jjig would
not rise too much while specimens vere being mounted or removed.-

The thin film of indium on the end surfaces was then diffused

slightly into the specimen by short heat treatment. This heat treatment

was achieved by heating the specimens lying on their sides in an inert
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atmosphere ( 100% Argon). The diffusion of indium was carried out at
46000 at atmospheric pressure for 3 to 5 minutes. During the process of
diffusion, a constant check was made st the ends of the specimen and as
soon as the layers of indium disappeared into the specimen a2t both ernds,
the heating was stopped.

Another layer of indium was evaporated onto the ends to give more
even contact surfaces as small globules could be seen with the aid of
a high power microscope to form during the diffusion process. For *he
second layer of indium the evaporation was stopped, when the glass slide
had just turred opaque.

The dark conductivities of the specimens varied somewhat (see
Table 2) although they came from single CdS boules. There is a
likelihood that this variability may have been caused by the heat
treatment and diffusion process as crystals were seen to undergo slight
colour changes.

It was quite possible to achieve ohmic contacts without the
diffusion process if sufficient care was taken to ensure that the end
surfaces were perfectly clean and flat. These contacts would be
mechanically weaker and more easily rubbed off during experiments.

4.1.3 Preparation of ohmic contacts of equal area along the surface of
the specimen for determination of the field distribution

The field distribution along the specimen was determined by
neasuring the potential at several points when a known voltage was
applied to the ends of the crystal. To reduce the surface potential
drop, small contacts of metal were evaporated on to the crystal surface
at equal distances of a few mm. Because of the small lengths and high

resistivities of the photoconductive specimens, it was quite difficult



to make evaporated contacts of equal area along the surfaces of the
crystals. Moreover, it was essential to know the field distribution
along the sample length as s function of distance 2nd time. The
following procedure was adopted and proved successful. Pieces out of
fine and thin mica sheet were cut according to the size of each specimen.
Under & microscope holes of equal areas were carefully punched in each
mica piece at equai distances. The number of holes depended upon the
length of specimens (maximum up to seven). The surface of the crystal
where evaporation was to be made was cleened.thoroughly and then was
mounted lengthwise in the jig. The mica sheet was then mounted
carefully above the surface where the evaporated contacts were to be
made. The jig was then put in the vécuum chamber for evaporating a
thin layer of indium as described béfore. Evaporation was stopped as
soon as the adjacent glass slide héd‘turnéd opagque. In order to avoid
the rubbing of the indium during experiment another coating of indium
was made. Each evaporated contact was tested and all proved to be

quite ohmic.

4.2 Preparation of electrical probes for electric field distribution

In order to measure the domain motion,énd field distribution
along the sample, etched tungsten probes were u;ed. - They made direct
contzsct with the evaporated areas along the surface pf the specimen.
Their response time was reported67 to te of the ofdér,of 10 to 50 n sec.
These probes were made of pure tungsten vire 0.012" in diameter. Two
inches long electrical probes were cut out of the a?oﬁe mentioned tungsten
wire. They were then etched on the principle of electroplating in a

solution comprised of 1 part caustic soda and four parts of distilled
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wvater. The etching of prokes was done for about 2 to 3 minutes. These
rrobes were “then thoroughly washed with absolute 2lcohol and kept in

a desiccator. This electrical probe was then soldered to the end of a
bhrass arm, Leing fixed to a ﬁicromanipulator (see Pig. 19). The basic

experimental arrangerent with fthe monitoring probe is also shown in

FPig. 20. 3

4.% Illumination arrangements

Specimens were placed between a mognt'cohéisfiﬁg_Bf a copper plate

(negative electrode) and a copper head attached to éniééﬁustable spring

loaded plunger (positive electrode, see Fig. 21). '.Aiijéxperiments
were performed at room temperature and in a pérfectlyfwgik room to

Tllumination from

exclude the effects of light from unrelated sources.

a high intensity light soufée'pfqvi§éd With'a;variablei%kansformer vas
obtained through a small aperfuré}— TLight shields of Varying sizes were
used for shading the left end (positive,electrddgi b?;fight end

(negative electrode) of the specimen as and when-reqﬁiﬁﬁﬁ. These light

shields were made of ceramic rods about 6fcms long. - #bout lcm of one end

of these rods were grounded as shown in Fig. 215p§96ﬁe the following

-

ound ends

thicknesses: 0.5mm; O.6mm; 0_7{ﬁm or TQQmﬁ;—i

were placed immediately in front of the épecimeh 22) and

would cast shadows of their respective thickne$s§§;9_ The other

end of the shidld was clamped to a moveable.metgi:

micromanipulator. This enabled the movement;of:

measured as shown in Fig,A21o,?{ - -?{;;3;.;:
: . - - 0

In early experiments, localised intense illumination of 6323 A

red light was obtained through an adjustable slit placed in front of a

helium neon laser (computer system model No.G}) end finally focused the
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bean with a convex lense of 8mm focal lcength on Yhe polished surface of
the specimen. The scanning of crystal by the leser beanm wes obtained by

rournting the Jjig carrying the specimen on a specizl rovsabl

48]

0]

takble,
which itself was resting on a rotatin: table, to be moved along in a
horizontal or vertical direction with the help of micrometer screws

attached to them (see Fig. 214d).

4,4 Electrical circuit

A block diagram of the circuit is shown in Fig. 23. The low
impedence pulse generator was desizned and built in the laboratory to give
pulses of 1qusec.,anq/HOO gec., duration. The repetition rate for
1QUSeC.,was 15-20 pulses per éecond, whereas for 10qusec.,pulse it was
about 10-15 pulses per second. . The low repetition'rate (the minimum
achieved with the present design) employed was to avoid excessive
heating of the specimens. The rise time varied from O.4Usec. for
1gusec.,pulses to O.@Usec,,for 109Msec.,pulses. Positive pulses of
up to 1.4Kv (max. current 50m amps) are obtainable.

The poterntial along the surface of the specimen and the current
wave forms were observed on a Model 544 Tektronix oséilloscope. A
100 or 1000£>- resistor (comparable with the sample resistance) was
placed in series with the specimen to obtain the current wave form.

A high voltage Tektronix probe was used for measuring the field

distribution along the samples.
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5. Experimental results and discussion of the results

5.1 Introduction

The techniques described in Chapter 4 vere used to investigate

the res

el
fag

onse of specimens of cadmium sulphide to a high veoltage pulse.
The =im of this investigation was to study the instabilities in current
under the various types of illumination described in Chapter 3.
Investigations were carried out of: a) current saturation phenomena,
b) sinusodial and non-sinusodial current oscillations, c).field
distributions under oscillatory and steady state conditions, d) conduct-~
ivities of specimen at various times and under different illumination
intensities ard e) variation in the resistance of the sample at different
positions of the shielded strip.

A wide.range of physical phenomena were preoduced by different
experimental conditions, as already mentioned. It was found that the
naterial was very variable. Characteristics of the specimens used in

these experiments have already been described in Table 2, in Chapter 4.

5.2 Classification of experiments

In the course of investigation some completely new phenomena have
been observed and some work has been compared with the results of other
workers. The results of the investigation are anticipated and the
phenomena classified in Table 3. Modulation means amplitude modulation.
In this chapter, experimental results are described and an attempt is
made to explain the phenomena observed.

All observations were carried out at room temperature.

5.3 Continuous oscillations
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Fig. 25 Wave form of the current oscillations for CdS
specimen TRS”g in complete darkness at an applied
voltage of 1100 volts.

Horizontal scale

l"sec/div.

Vertical scale

20 mA/div.
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Se%e1 Cscillations in complete darkness

It was seen that two snecirens TRS12 and TRS1

cut from a single

A&

CdS crystal oscillated continuously when a high voltage pulse was
applied in total darkness; an effect that has not been reported before.
Considerable care was taken to ensure the corplete absence of light in
the room and careful inspection of the specimen revealed no luminous

discharge occurring at the electrodes or in the bulk of the waterial.

All instrument lamps were properly covered and oscilloscope was screened
by = hobd.

The magnitude of the current pulses in darkness is shown in Fig. 24
for various applied voltages. The relationshiv between I and V is
ohmic, but becomes non-linear as the current begins to oscillate at
higher'fields. Above the threshold voltage Vi, the current oscillates
between two values Iq and Ip, where I4q is the saturation current and I
results from a negative incremental resistance.

Fig. 25 represents a typical trace of the current pulses generated
in specimen TRSqs. It is seen that the current rises to the saturation
level Iq in about 0.8l sec and then decremses to Ip in about 0.2MUsec,
rising again to Iq1 after a further 0.2/l sec.

The field distributions shown in Fig. 26 were measured under
oscillatory conditions. A probe shows that the period of oscillation
is approximately equal to the time taken by the sound wave‘to travel
between the position of the high field and the anode end of the specimen
and not related to the transit time between cathode and anode.

Current saturation and oscillation occur independent of the field
direction (II ord- to c-axis). The current saturation observed in
Fig. 24 at an applied voltage of 480 volts can be attributed to the

formation of a stationary high field domain as described in Chapter 3.
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The absorption swmectra of the material has revealed hands which
could be atiributed to electron traps, as shown in IMg. 27(2,b), and

having energles as low 2s 0.08eV. It is believed that one of these

(O]

levels plays an importeant role in the phenomena observed.
The occurrence of dark current oscillations poses the problem
of explainir: *“he origin of the extra charge carriers. According to

Chynoweth the fleld reguired to field ionize the 0.08eV centre is

about 104

-105V/cm. This is 100 times more than the field used in the
experiment, so the field ionization of these centres can be easily ruled
out. On the other hand, a donor ionization energy of 0.08eV would seem
to require a drift velocity of 106 to 1070m/sec.,in qrder to ionize by
collisions. The drift velocities calculated sre comparable with the
velocity of sound in the material/\’1050m/sec. It appears that the
ionization of low energy centres has occurred at the velocity of sound,
a phenomenon well known at low temperatures in CdS. It is guite possible
that during the growth of crystal the appropriate, easily ionized impurity
has entered the material. The relatively slow ionization rate evidenced by
the rather slow rise of current with field may be explained if the
ma jority carriers, trévelling just at the sound velocity, never take
part in ionization. iost additional carriers created by the few fast
electrons are also velocity limited and the ionization rate is reduced
by the ratio of the velocities of fast electrons to that of sound limited
electrons.

It is, however, suggested that in CdS a possible mode of interaction
between acoustic flux packets and the trapping rate may result from the

high field regions which have been shown to te associated with acoustic

flux build-up.
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5.%.2 Non-sinusodizal oscillations with uniform illunination

Semi-insulating CdS material normally requires a non-uniform
conductivity along the length to give continuocus oscillations, but it
was found that some CdS specimens oscillated under uniform illuminaiion.
These were relaxation oscillations of hizh frequency and have not been
reported before. The specimens chosen for this experiment had the

dimensions and conductivities under the illuminztion intensities given
<

Fig. 28 represents the dependence of the current on the voltage

- applied to the specimen TRSg. The I~V characteristics are of complex
form. It is segen that at 1ow voltages the current voltage characteristics
fall below the linear ohmic relation. This70 sub-linear part is
gradually replaced by a region in stronger electric fields with a
dependence of Ico V . This type of relationship between current and

voltage has often been shown for the injection of electrons in the dark

6-10"ZIL71cm"1).

into insulating cadmium sulphide crystal platelets O = 10
No revort has so far been found of the dependence of current on applied
voltage for bulk material. The full I-V curve shows the features of

the Lampert theory for 2 single discrete trapping level. From the
resulting I-V characteristics and using equations 37, 32 the trap densit-
ies and energy levels are calculated. Figz. 28 also shows the Child's

law relstionship for the specimen, which was calculated by assuming a
dielectric constant of 10 and an experimentally measured drift mobility

of 300 <3rr12V"15ec_1 at room temperature. The trap filled limit voltage

VTF and © (ratio of the measured current to the Child's law current

at VTF) for the curve give a trep density of 1.66 x ‘I(}-"‘ftcm_3 at an

energy of 0.27eV below the bottom of the conduction band. The cross

section St of the traps into which these electrons decay was calculated



(a)

"M1'f

Pig.29 Non-sinusodial continuous current oscillations
in CdS specimen TRSg when interelectrode area is

uniformly illuminated.

(a) Horizontal scale = 10/"sec./div.
Vertical scale = 20/1A/div.
(b) Horizontal scale = 0.3/%sec./div.

Vertical scale 25~A/div.
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. . -1 2 .
from the relation S¢ = (T1T7w cm where T is the decay of the current;

U thermal velocity of the electrons and YW is the number density. The

15

-~

calculated cross section for this set of traps was Sy = 1.4 x 107 om2.
Abscrption spectra of these specimens obtained by means of a Perkin Elmer
337 grating spectrometer showed an active band of energies ranging from
D.27e¢V to 0.79eV, in the range 2.5 to 25 micron as shown in PFig. 27.

The trap energy calculated from the I-V characteristics nearly coincided
with the ébsorption peak at A = £.23 micron. It is clear from these
measurenents that active traps are present in the material.

Fig. 29 shows (a) the current oscillations obtained when 2 1000
volts pulse of 1OQALsec duration is applied to specimen TRSg and (b) its
wave form. From the shape of the genersated current pulses as shown in
Fig. 29p, it is seen that rise time of the pulse is very fast compared to
its decay time. It is also noted that the pulse rise time which is in
the range of 1O~9sec remains the same for all the specimens, but decay
time veries from specimen to specimen. The results for %his type of
uniform illumination have been surmarised in Table 4.

Thé resuliting conplex current voltage characteristics can be

explained on the basis of the charge formed in the CdS crystal when electric

(@]

urrent flows through it. The negetive charge increases with increase in
the applied voltage to the specimen. This means that the cathode injects
into the crystal more electrons than the anumber lost at the cathode. 1f
the excessive negative charge of the crystal is partly or completely
localised in the bound state (at traps) then these bound states may act

as additional scattering centres. Thus, when the voltage is increased,
the number of charge traps acting as effective scattering centfes
increases and the mobility of the free carriers decreases. This effect

keeps the current in the sub-linear part of I-V characteristics. The
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subsequent rise of the current at a voltage‘of €00 volts as the current
instakility develops reguires the assumption that the processes leading
to multiplicetion of free carriers by the electric field takes place.

Such processes may be the emntying of shallow trans by the electric field,
or by the impact ionization of these traps by fast electrons.

The field distribution along the length of the sample for various
applied voltages is shown in Fig. 3C. The results indicated that at
voltages (0-800 volts) corresponding to the sub-linear region of the
I-V characteristics, the distribution of field along the length of the
specimen was uniform, but 2% voltages (800-1400 volits) corresponding
to the rapidly rising paft of the characteristics, a high field region
was forgéq near the positive end of the crystal. Such presence of
non-uniformity of electric field can result in electric oscillations.

It is seen from volt-ampere characteristics (Fig. 28) that
initially the current increases with increase in applied voltage. Only
the application of a voltage difference from Ice V2 region of I-V
characteristics to the illuminated crystal leads to a discontinuous
increase in the current followed by a fall off (Pig. 29b). This
indicates that the process of electron capture by traps plays a decisive
role in the observed phenomenon. Obviously, with an increase of the
applied voltage, the density of injected charge increases and the quasi-
Fermi level at the cathode is displaced into the conduction band. This
non-equilibrium charge is partially captured at traps which thereby
change their charge state and become effective scattering centres for
conduction electrons. Thus the appearance of relaxation type of
oscillations in CdS crystal can be explained by occupation and enmptying

of trap states. Indeed, the occupation of states leads to a decrease of
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the electrical conductivity of the material as a result of charge in the
mobility of free carriers. One of the possible conseguences of 2
decrease in the mobility could be the field liberation of electrons
from traps. The increase in *the resistance of the contact vart of the
crystal leads to a redistribution of the votential over the length
of the sample. Thus the occupied trens are in an electric field of
increased intensity which incresses the probability of their being
emptied. The avalanche-type liberation of electrons from the traps
leads to an instantaneous increase in the current flowing through the
samnple after which occupation and a decrease of the mobility of free
carriers recommences.

The relaxzation oscillation of the current in C3S can exist as
long as the traps are occupied by injected charge and their liberation
2s a2 result of field ionization. The conditions to observe such

oscillations can be created by the choice of temperature, illumination

and field intensity at which the crystal operates.



Table 4 Tabulation of results when the specimen
is uniformly illuminated
. Applied Oscillation Period of Amplitude
Specimen . - of
Voltage Frequency Oscillation . .
Number Oscillation
(volts) (MHz ) 9asec.)
jua)
TRS8 1000 T 0.14 20
TR89 1100 6 0.16 15
TRS1o 1000 6.3 0.15 20
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L s

5.3.%3 Oscillations with the nish resistivity rear» the anode end (Fir.7)

Continuous current oscillations in Cd5 crystal occur if there

4

exists in the speciwen 2 ron-uniform distritution of =lectrons due either

to non-uniform illuminztion or %o nen-unifermities in the crystal ifself.
- . . - i . . z

Such instabilitics were first observed by Smith and MecTe

non-ohmic behaviour was interpreted ns the result of energy transfer from

electrons %o acoustic waves fravelling in the direction of drifting

41,67

carriers. Since then several investigators have inferred from
their measurements that the current oscillations were sccompanied by
non=-uniform distribution of electric field within the crystal.

Using the non-uniform illumination shown in PFig. 7 the author
has observed oscillations of large amplitude in CZS crystel and inferred
from field measurements that nucleation of g high electric field domain
takes place, where the resistivity of the specimen changes from low %o
high resistivity. It is also observed thnat the high field domain does
not move, contrary to the case of darlk conductive crystals. The
specimens chosen for this experiment had the dimensions and conductivities
under the illumination intensities given in Table 2. The experiments
were mainly performed for the crystal with electfic figld perpendicular
t0 c-axes of the specimens since it was difficult tc observe continuous
oscillations when the voltage was applied parallel to the c-axes. Cnly
one sample TRS, gave oscillations when voltage was applied.rarallel to
the c-axis.

The current voltage characteristics of the specimen TRS¢ are
shown in Fig. 31 when it has been divided into a high resistivity region
Iy, and a low resistivity region Ij. It has been observed that for

continuous oscillations the length of the low resistivity region Ij

should always be greater than that of high resistivity region Iy. It
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Pig.32 Continuous oscillating current recorded when CdS
specimen TRS-* was illuminated, but a strip of
0.48mm shielded the anode end.

Horizontal scale 10/&sec./div.
Vertical scale = 2 mA/div.

lor
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is geen from Pig. 31 that chms law is oheyed at voltages up to 560V, but
deviations occur above this wvalue snd the curreat oscillates. This
oscillating current is apt to damp cut 2t g voltase just grester than
critical 560V, but continuous oscillstions can be mesintained by «

further rise in voltagce. If the apnlied voltage is reversed tﬁe current
ceases to oscillate and increasses ohmically with voltsge. Frequency
measurenents reveal the kiﬁd of neriod assoclated with forward transit

ol acoustic waves between the electrodes.

FPig. 32 shows the wave form of the current oscillations at the
voltage of 1000 volts. The amplitude of oscillation is 2mA with a
frequency of 55CKHy, corresponding to a period of oscillation 7 = 1.8}Lsec.
The results for this type of illuminetion distribution have been
sumnzrised in Table 5. It is seen that the period of oscillation for
specimens with direction along the sample length is perpendicular to
c-axis is approximately egual to the transit time lg of the shear waves

56

through the sample. However, in specimen TRS,, with direction along
sample length parallel +to c-axis, it is seen that the period depends
also on the Ly resion. It is observed that the period of oscillation
increases as the length of Ly region becomes 1arger.36 The variation
in the period of oscillation recorded is from 1.2}lsec to 1.4/Lsec, by
using different width of ceramic strips.

Figs-33(a,b) show the field distribution measured in specimens
TRSq and TRSy. It is seen that on raising the applied voltage above
the threshold for current oscillation, a hizgh electric field domain
appears near the anode end of the sample. Also, comparison of these
curves shows that on raising the applied voltége hizher than required for
oscillation increases the field in the high field region. It is also

noted that voltages picked alonz the sample oscillate with current.

In particular the electric field of the L1 region oscillates about the
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threshold field Eo(ﬂg) where Vg 15 the sound velocity in CdS ana,L% the
2lectron drift mobility.
4 58 4.9 o o I 4.1 . el -~ 4.1 Pred 2 3
’ 2 9 [Py = L IR SRV - 2 T s i - 1l = = —ii
It is seen that for the range of V when the field in Ip is

below E but sbove B4y in Iy, no marked saturation of current will occur.
th t[l h

Considering 17 just a resistor put in series with Ly, then the

possibility of current saturation is there at J =G, Etp whereC, is

ok
oy
(]
(@]
@]
=]
2
<
(@]
<t
[N
4
5,
ot
e
Q
=]
ot
s
0]
iy
-
3
=
=
(0]
w
]
n
C"‘
H
<
l_’
(3
g
L]
0
03

ion Ty. The possible
reason why the saturation in current does not occur can be explained

)

with the aid of the conductivity distribution in the sswmple 2s shown in
TMez. 34. There exists = rezion vetween Ig and 1), where the ohmic
conductivity'ﬁz is betweenCT% andCT}. | If, after egquilibrium at a time
-he hsse of the stationary domain formed in 1y, terminates at some
point 24 in the region of varying conductivity , then the current
throuzh the specimen will be ziven by J::GTZd) Eih - Since the
amplification constants in the two rezions are different because of
different conductivities, the distribution of acoustic flux is diiferent
especially in I, but an explanation is attempled below. When the field
in I3 is above Iy, continuous oscillations can occur. The period of
oscillation depends on:

a) the length of the specimen L

b) the length of Iy

c) the Conductivitiescrg andcii(higher conductivities give
higher gain Appendix II, Tig.14)

d) the acoustic reflectivity of the ancde
e) the irregularities present in the sample.
So far very little is known about the magnitudes of the acoustic
waves which may be generated bty shock excitation at discontinuities etec.,

along the length of the specimen. Electrodes will generally be the



112

"SPECIMEN

ohmic

> 24
| Z
FIG. 34 CURRENT GIVEN BY &7~

E
zd th



113

regions of greatest discontinuity cof the elec

(=]

therefore, assumed that domains sre feners

o]

So, at the onset ¢f the applicd voliage pulse a2 domzin forms at

L.

the cathods and is amplified as it travels through the low resistivity

1,

region. The thermzl accustic flux which is always present is amplified

simultancously =t 2ll points 2lonz the specimen. After anplification
in the Ly region, 2 large zmount of flux flows into the Iy region and
results in & decrease of field in Ly and of current flowing in specimen.
As the domain remains in Li, the field there will not fz21l1 below Eg -
But when the domein in L) is further amplified, then the field in Iq

Sh

may fa2ll as low QSGFE Eiy- The field distribution is then tound to
change in the specimen. The field E7 ir the L, region decreazses while
the field Ep in Ly region increases. When Eq decreases below threshold
field L4y, the Iy region changes into an gitenuator of ultrasonic flux.

58 . . . , . . .
In this situation, the flux is sttenuvated during travel in the Ip
region and damped waves Tlow into the Iy region. But if the anplification
in Iy is small, then the field in Lj will not fall far below Egh. The
extinction of the domain at the anode-will then cause the ficld in I, o
rise above Eyp and a new domain to form at the cathode. The sanre
process 1s repeated and continuous oscillation with a period of %& are

5

obtained. Such oscillations were ohserved 1n specimens TRS1—TRS4.
When the domain is in Iy, there is no amplifying condition in I as in
this case the thermal acoustic flux cannoct maintain a large stationary
domain. The only amplified thermal flux present will be in Lh and this
can maintain a srall stationary domain near the anode as thef? is little
amplification in L. This small stationary domein may be sufficient to

cause the field in Ly to be perpetually below Eip, if the applied voltage

is too0o low and oscillztions will die out.
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1

L derge stoticonary domain can e meintainegd nesr the grode if

hich anplifying conditiors are mainteined In Iy,. Beinz a lsrger domzin,
this causes 2 _rester dicrszase of fisgld in I4. If the fieldd in 14 =zan

cathode iz exiinguilsied at the anode, then the secord donsin will not
reach the size atizined by +the first Jlomsin. Second, third srd fourth
domzing will bte smaller and smaller and oscillation due *to thsse will

will enable

eventually die out. The high arplifying conditions in L

- By

—

oscillation of another kind to occur and it is these types of oscillstion
which cause the oscillation due to shock excitation to disappear.

These oscilletions in current are maintained by thermal acoustic
flux. L, behaves a2s an input of thermal flux to the amplifier L.
Trhen the amount of flux from Il going into I, rises when the field there
is nbove Eip. However, the more amplification of this flux in Iy
causes a fall of field in L; and the input is decreased. It is when

the dom2in travelling 17 L, 2nd on ifts extinction,; thst the field again

e 1

rises above Egp in Ll‘ In this rechanism osclllation with a period of
In . o
v— will then be observad.

S

While discussing the mechanism, it has been sssumed that no
reflection of acoustic flux occurs at the anode end of the specimen.
The rise of fiz=ld in other narts of the sample 1s due te the domain
disgipated a8t the anode. The reflected part of the domain mainly
reduces the total amount of electric field availeble to the rest of the
specimen. But i1f there is much reflection the part of the domein which
is extinguished may not be sufficient for the field in I, tc rise %o Egy.

The reflected part of the domain will, however, be attenuated rapidly

and enable the field in L, to rise above Eip- The period of oscillation
. . . Ih + r . . i _
will then by given by 7 , where r is the distance travelled by the
s

reflected domain before the field in Ll reaches Eth'
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5.3.4 Oscillations by obscuring a strip of the specimen by ceramic
strip (Fig. 22) .

Current oscillations in non-uniformly illumingted CAS when the wean
drift velocity of the carriers exceeds the velocity of sound hzve been

32,42 ) ..
! The phenomenon is related to

reported by several authors.
ultrasonic amplification. This work demonstrates that different mwodes
of oscillation can exist and show different local field variaiion down
the specimen.

Specimens of semi~insulating C33 orientated with the c-axis
perpendicular and parallel to the current flow were uniformly illumirated
except for a narrow transverse strip perpendicular to its léngth as
shown in PFig. 22. Work on CdS specimen when high voltage pulses were
applied perpendicular toc the c-axis of the crystal has been preseanted
before, but the current oscillations obtained by using light strin
specimen having c-axis parallel to the length of the crystal hsve not
been reported. Specimens chosen for this experiment had the dinmensions,
conductivities and illumination intensities given in Table 2. The
frgquency of oscillation depended on the pesition of the dark strip.
lleasurenents of oscillation freguency, along with the f%eld distribution,
are made at different positions of the light strip'on the?specinen.

Frequency measurenents reveal the existence of two periods given ty:
) PO J

;

YT _ QL%;E or Eigvi_gl approximately

s S
where "Vis the period of oscillation, x the distance of the light strir

c gtri

¥

from the anode end of the specimen, d the width of the cerzw
and Vg the sound vslocity.
Current voltage characteristics under oscillatory conditions are

shown 1

]

~

Pig. 35. Atove the oscillation threshold voltage of 560 volts,

the current oscillates periodically between the ohmic value I, znd =

lawer value 12.



(a) X =0 4/U.sec, H
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(b) x =0 2mm K- -4.3/Jsec.. M
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The oscillation wave forms of the current are shown in Fip. 36 for
different positions of the ceramic strip in specimen TR37 and are seen to

¢

be between 800 and 1200 KHy. Initially the current exhibiis the ohmic
value, but oscillations appesr after a few microseconds.
The results obtained with different specimens are sumrarised

|
helow: -

Specimen TRS5

For V = 1000 volts, 4 = 0.7Imm and ?§:= 9;1 X 10—1 wvatt cm-2,
this specimen has giver results shown in Fig. 37. The period of
ospillation variss as 'V = éL%EQ approximetely. For x= 0 to x = 2mm,
no oscillations are observed. The oscillations obtained 2% X = 2.71mn
are irregular in anplitude. It is observed thet when the distance of
the ceramic strin from the ancde end increzses, the ecscillation frequency
decreeses as shown in Fig. 37. As the frequency dec$eases, the
anmplitude of oscillation incresses all aleng the voltage pulse. At
X = 2,8mn the amplitude of eoscillation is 40m4 . Osciiigtions
disappeared at X = 3mm from the anode.

Reversal of the polarity of the specimen resulted in an increased
frequency of:

f = 1500KHg at x = 2.2mm

Using 2 ceramic strip of width 1.0mm, specimen TRS5,has given
results shown in Fig. 38. Agaiﬁ no oscillations are observed from
x=0 to x= 2mm. It is rather interesﬁing to look at the current
oscillations obtained btetween x'= 4 to-x= 6mm.  The oscillations at

these frequencies are of regular amplitude 40mA as shown in Pig. 39.

3

_ . . ' - 63
These appear to be similar tc those found in semi-conducting Cd4S
material but a closer examination showed that the sharp peaks of these
oscillations were at the minimum current, whereas they are at maximum

current in sermi-conducting CdS. These oscillations resemble more or
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Fig.39 Current oscillations in TRS5 when a strip of Imm
wide was position at 4mm from the anode end of
uniformly illuminated specimen.

Horizontal scale = 1 psec/div.
Vertical scale 50 mA/div.
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less those obtaired Ly Zauduin and T‘1).31'1;;,46 with the specimen narrowved
2t the negative end.
Reversing the volority of the specimen and usirg d = Tnm, pave
the following results:
£ = 1100 ¥z a2t = 2.9mm.

5

Using = narrowv, ceramic strip of width @ = 0.58mw and V = 1000 volts:

§£ = 9.1 x 10_1 wett cmm2 £ similar graph is obtfeined as shown in Fig. 40.
As this ceramic strip is moved from anode to the cathode end of the
specimen, a rance of frequencies is observed entirely different from

the set of values obtained by using other widths of strip mentioned
before.

Once again, for x =0 to x = 2.lnm, no oscillations are observed.
But on slightly increasing the distance of the strip from the anode end,
the sbecimen breaks into oscillation. The oscillations observed at
x. = 2.2mm of frequency 1500 KHz are rather irregular in amplitude 12mA.
But when the frequency decresses with distance from the anode end, the
amplitude sterts increasing. The oscillzations at £ = 1380 KHz are of
regular arplitude of 33mA. When the ceramic strip crosses this point
i.e. X= 2.%nm on the specimen, the amplitude of oscillationsstart
falling. The amplitude of oscillation at X = 3.2mm for £ = 1250 KE.
is 20mA.

At == 3.4mm, £ = 1050 KHz the distortion in oscillation starts
talking place and this form persists until the ceramic strip reaches the
point where minimum frequency of 870 KHz is observed at x = 3.6mm. The
amplitude of oscillation at this frequency is fairly small 10mA. Nothing
is observed after X = 3.6mm on the specimen.

Reversing the polarity of the specimen and using 4 = 0.58mm, the

fellowing results are obtained.
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In this specimen no gradusl f£fz211 in the oscillaiion Ffrequency 1is
observed by moving the strip from anode to cathods end,; whereas ceramic

strips of different widths are used for inducing different wodes of

oscillation. The resulis have been sumnarised in Table 5. The period
- . , . T X+ d . ‘ .
of oscillation varics =ss = — . t is noued Ffror results that the

'VS
freguency of oscilletion not only depends on the distance of tihe strip
from anode end of the specimen but also on the length cf the shaded
area, i.e. strip widtk. As the width ol the strip increases, the
frequency of osqillation decreases.
Reversirgz the polarity of the specimen, and using d = O.4mm,
1.78mm;  1.4mm, the specimen gave no results.

Specimen TRS

7
In Fig. 41 the relationship between £ and x for V = 700 volts;
~
. . =3 . -2 . . s
d = N.6mm and §§ =4.2 x 10 watt cm is shoun. Ko oscills“ions are

observed heyond Imr from the anode end of the specimen. As the
frequency of oscillation decreases, their amplitude decreases as well.
A%t a higher frequency, i.e.x = 2, the amplitude at 1200 ¥Hz is 3mA.

It decreases to 2mA until the strip reaches X = 0.6mm. After crossing
this point on the specimen the amplitude starts building up again and
becomes a maximum at x = Tmm. The amplitude at a frequency of 600 Elz
is Tmh.

Reversing the polarity of the specimen, the results obtained are
shown in Fig. 42. Here no oscillations are obtained beyond ¥ = 0.Cmm
from the anode end of the specimen. The anmplitude at the frequencies
wentioned in Fig. 42 are consistent, i.e. 3mA.

The results shown in Pig. 43 are for the same specimen, when

strip width 0.5mm is used. Ko oscillations are observed beyond X = 1.2mm.



128

£S¥1 NIWIDIS L Ol

(ww)x - » -
€ 4 L 0
. : — I 00Z
- 009
0001
nuEu HPM (O0LXZ'¥ =P v
SHOA 008 =A  QUVMHOH - w3 =
- . - : N . x
ww ¢ 0=p oory T
e




129

£ S¥l NIWidads

9 oHd

(wuw)x <
.

4

4
T ‘ | 1)

SWo DM 0L X T um“

SHOA 008 =A a3Is¥IAIY

ww ¢°0=p

I —] 00Z

009

oool

HX) § <

ooyl

(




130

The amplitude of oscillations ohserved are regular velue, i.e. 5nd =21 all
the frequencies oLserved.

Reversins the polarity of the smecimen has given the resulis

shown in Fig. 44. mo oscilletions gre observed bejond x = O.7mm from
the zsnede erd of the sreciren. The a2mplitude of 030111"?*0p at
freguencies obgerved was 5Swmb. Pig. 45 illustrates the distribution of
field =2long the length of the speciren TRS5. The current in the

specinen is found to oscillate 2% an applied voltage of 560V (Fig. 35\.
Pelow 560V the current voltage charscteristics are guite linear.
Therefore, the plot in Fig. 45 corresponding to 350V applied represents
the fiz=ld distritusion in the sample under ohmic conditions.
The other curves correspounding to V = 560, V = 720 and V = 900 volts
give the field distribution obtained under oscillsting: conditions. Iz

the current oscillatin_ state (sey ¢t V = 900} a narrow

[0

“©)
]

field domain =2ppears u te pesition of the high resistivity region.

ck
—~

rs 0 form

jy)

IV

This high field domain appe e anode erd oX the high

resistivity regic:. It is =2lso observed that *he pesition of high

o

field domain can ke controlled oy varyin

The Tield distribution at different times is shown in Pigs. 46(a,b)

[eh

for different positions of light strip on the same specimen. The
initial state of successive cycles are not exactly equal to those st the
instant of drift field application, but the electric field is
concentrated near the positive edrse of the high resistivity region. The
dowain seems tov build up at the region of electric field concentration
through amplification of the acoustic flux, but does not move out of this
reglon. Domain provagation is triggered by shock excited acoustic waves.

This acoustic flux is generated at regions of discontinuity or high

field gradients by a time varying electric field.
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These current ogscillat

ons can e explalned alon
as with the high reeistivi** region nsar the anode end. The mailn
difference Uvehueen the two systems of non-uniform illunminetion is that
ion by the ceramic sirip;
Ly the region closest to the anode, with their respective lengths lc, 4
and X. The presence of thermal scovstic flux maintains the region

close %o anode, i.e. Lx 2t 2 fiecld above Ly, undsr the oscillatory
conditions. If the amplification of waves through the regions Ig and ILx

. _ . . . . X + 4 .
is sufficient oscillation with neriod of v is expected. The results
s

¢4}

obtained show that *the pericds are sometimes larger than this. It is
therefore assumed that a2 considerable amount of reflection occurs 2%

the anode. Under the circumstances it is expected that the freguency

of oscillation would decrease gradually as x i1s increased and 2s shown in

Firs. 3%, 37, 3

(Xe]

It i5 also possible that irregulerities preseut in the specimen
may &lso Le responsible for the occurrence of this variation in
frejuency. The varietion in the resistance of the specimens (Fig. 56) at
various positions of the shielded strip shnowed that irregularities do
exist, although they do not reveal the exact nature or effects of these.
If it is considered that irregularities are present at different points,
then the low field distribution should be as shown in Fig. 47a.
Considering irregularities as the fegions of hirher resistivity in Lc,
then they would cause the peaks of field at zﬁ,zz. Under the oscillatory
conditions, when the domain is being emplified in Ly (Fig. 47b),then the
field in 211 parts of Le region will be below E¢y. The partial
extinction of the domain at the anode raises the field in ILg, but not

sufficiently. But the attenuation of the reflected‘bart of the domain

’ \

causes a continued rise of field in Lg, until eventually the fields in 24
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and z-, are above E¢n (Pzg. 47c>.
Since z, is closest to the anrlifying regions Lg a2nd I, the

omplifiéd thermal flux from 2, will arrive at first and be further
amplified in Lgy. 4 domein then grows from this point and damps out
the flux from z4, before it can be amplified. Corsidering the case,

where attenuation of the reflected domain is slow, it is quite possible

that its arrivsl st 2, is the point at which the field at Zp is raised

. . . . 2(x + d
above E+n. The oscillation freguency is then given by —L*V-‘l, where
s
. . . . S
22 1s ot a junction A, hetween Ic and Ly. The curves for £ = CE

have bteen drawn as shown in Tigs. 40, 41, 42, 43,

If the distences of 24, 2Zp from *the anode are given by 11, 12

v v
. . 5 S o
respectively, then frequencies of ﬁ11; 514 would be obtained, when Zq,
< 2
zo are nsar to point A. This could occur when the attenuation of the

reflected domain is not very large. But, when the attenuation is large
, . . . s o 1 , 21 . .

then the pegriod of oscillation would be between - end =~ where 1 is
S 5

the distance of the irregulsrity from the 2node.

It is vossible to calculate the expected locations of irrezularities
'LV
from the simple relation: = 5?.

For 4 = O.6mm, the locations are,

1 = 0.72nm for <= 1200 KH%# and
1 = 1.4mm for f= 600 KHz
v
. . S .
Whern the neriod of oscillation is less than Ezaf:fgj an approximate
location can be found. If it is assumed *hat the minimum x, at which

oscillations of particular frequency are seen, is when the irregularity
responsible for them is at the junction A. The position of the
irregularity is then given by:

1 = d + the minimum x at which a particular frequency mode is

observed.

Using this relation for the results of Fig. 37 it is found that,
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(a)

Low Field
Distribution

(b)Y

"Domain in

bx

(c)

Nucleation of
Domain at 22

FIG.41 NUCLEATION OF DOMAIN.
' AT IRREGULARITIES.
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1 =2.81Tmm for £ = 1500 ¥Hz,
1 =2.297rm for £ = 1250 FHg and

In sgecimens where the direction of the applizd velirre is

rarallel to c-axis of the crysisl, no oscillations are observed until

the ceramic strip reaches = definite distsnce from the anode (Figs. 36,
37,39). This reans that the field in I, cannot exceed Etp other than

2t the drregularities.
The trensition from one wode of oscillation to zuother occurs

with certain values of :xt the distance cf +the ceramic strin from the

anode. This clearly indicates a shift of the nucleation point for
domain from one irregularity to another. Pirstly the irregularities

Y

nresciut are the regions of higher resistivity and secorndly shift is
caused by change in field distribution 25 shown in Figs 45
different positions of the light strip. Another reason for the shift

from one mode to another csn he caused by

e

to non-uniform heating ol the specimen. The rezions of higher field
would be heated up nore than other regions. This certainly would

increase the resistivity in that region and raise the field there.
The manner in which the fregquencies of oscillation change show
that it is unlikely they are due to irregularities only. If lower

value of Vg, wers assumed this condition would be satisfied reasconably

o

s the exrerimental curves (Pics. 36, 37, 39, 40), are quite parsllel to
Vg Vg

o~

hat give v £ o= and T = . However, 1% could be safely
that given by 7 + a2 £ EY;T:TET ’ 3

said that the velocity of sound in the specimens is affected by the
intensity of illumination and the a2pplied voltage.
When +the distance of the light strip from the anode becomes too

large, no oscillation occurs and a similar situation to that shown in

a change of field distribution, due
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irregulerities present within

the naterial.

The majority of the specirens broks Jdown durisng exveriments as

arcing and chipping &t the surfaces occurrsd. When the fields in Lc
are Leleow Dy, very bigh ficlds do exist in Ly and L, regious. Prom
versus curves shown in Appendix II small zain should be exnpected 2t
59
very high fields. Hewever, 1t has Teen shown ~ that at fields sbove

4
~ )1 - 2 o A . . .
2.1 2 10 J/cm, therz is a decresse of mobilisy 2nd corresponding incresse
of electrons. The drift velocity given by EB+p will not excesd the
velocity of sound by toc large a fector =ud cornditions of hish gein

may s%1l1l be present st very high figlds.
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Tabulation of results for specimen TRS6

oscillating by using a light strip

bppiiad vatage | sirip wiown | Dieiencs of | Prmseney of | Intensity o
anode end (x) (£)
1050 volts 0.4mm 1.78mm 853Kz 2.4 x 1077
: : watt cm”
1050 volts 1.4mm 1.4mm 752KHz 2.4 x 19—3
* vatt cm
2.4 x 10
1050 volts 2.1mm 1.4mm 584KHz watt cm-2
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5.3.5 Current oscillation with cnes or rore major chanzes in amnlitude

In studying the oscillations of the current obtained by =2pplying

a high veltage pulse to = cadmium sulphide crystsl, a ununber of features

=73

no

. . s . . 7
‘have been obtained which differ Ffrom those previously reported.

.

4 strip of ceramic O.4mm wide was positioned accuratel

[

It

- 2% 2.18mm from
the anode end to obscure a sitrip of the crystal 0.4mm wide and
perpendicular to the crystal axis.

Wnen a voltage pulse lasting 10lsec was snplied to the ends of
the specimen TRS11, the current varied as seen in Fig. 48. At voltages
exceeding 300V, the current rose *to a maximum in a few nanoseconds,
dropped to a slightly lower value in about 2 microseconds and fell to
another value after 5 microseconds. Oscillationsin current were observed
after it had fallen to final stage as shown in Fig. 48. The conductivity
of the material at various times after the ﬁpplication of the voltage
pulse is seen in Pig. 49 to remain constant up to 360V and thereafter to
differ from the ohmic low voltage value.

Wnen the applied voltage was kept constant and the illumination
intensity incressed as in Figz. 50, changes in the current pulse were
observed. Inttially with an illumination intensity of 2.1 x 10-4 watt
cm—2 the response was ohmic. At an intensity of 3.7 x 10—4 watt Cm—z;

a single downward step appeared after 4 microseconds, bui on increasing

4

the intensity to 5.5 x 107 ' watt em™2 & doudle step developed. A% an

4

intensity of 7.3 x 10 ' watt cm_z, oscillations began and at 2.4 x 10-3
watt cm—z, the steps disappeared with oscilletions continuing throughout
the voltage pulse.

Fig. 51 shows thg dependence on illuminstion intensity of the
conductivity of the specimen after the application of a high voltage

- -2
pulse. Initially at an illumination intensity of 2.1 x 10 4 watt cm ,

the conductivity of the specimen did not vary in time. At intensities
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of 3.7 x 10 watt con to T2 x 10 7 wett cno thz conductivi

=
t+

srveciuen exceaded the ohmic value initislly, but its conductivity fell
after about 7 microseconds to o valuve lowzr than the ohmic one. At
s M T4 =] '\'—3 NN —2 s )
intersitics of 2.4 x 10 7 watt cm and sbove, the conductivities Fell
only by a few vercent. The electric field wes determined by means ol 2
voltage probe on the surface of the specimen ard is shown in Fig. 52.
It has maxima 2.5mm from the cathode 2nd 1mm from tle anode, whereas
s 73 . . : +

Auvtin et al reporied a2 step up near the cathode but did not see a
mexisrum near the anode.

The first drep in the current at 3 microseconds sprears to be
Q S 1 PR o~ ~ ] ns 56 1. . . .
due to the development of an acoustic field which interacts with the
drifting charge carriers lesding to amplification. These rLrocesses

. . w33

lead to oscillations if the gain is adecusate. In a crystal of
sufficiently high conductivity, the flux should =ttain its saturation
level as soon es the drift field exceeds the tiareshold for ultrascnic
amplification. In s crystal of lower ccnductivity such as Hhe present
CasS sznmple, whzre flux build-up time is long ceompared tc the sample
transit time, no appreciable flux build-up can occur until the
amplification in the drift direction exceeds the loss in the opposite
‘direction.

50,74

From the theory of linesr ultrasonic amplificatioz, it has

been shown that the condition for net round trip gain at the frequency

of maximum gain

1

. 2
w = ( CAQD) is

vl

2
'A% I RN C/coZ) v,



susuroads 9y} UT PTATJ OTIIOSTA  gg*Itg

146

JEp— C TR == =3

A swz) ‘o _oofuu wouly aouDysIq
S0 V-0 €0 N..o
. 1

-0

AOVE ‘

A0S/

>ovo__

0
0
-00S
m
-0001" m
(e
I'-.m !
o
- 005t 2
3
-000¢ 2
~005¢

000¢



147

Where,

Vd = is the dvift velocity
Vs = 1s the sound velocity
o0 (ol .
c = 2? 1s the diglectiric relaxation frequency
i 2
W 'S " . . -
and D=7 i the 'édiffusion' freuuency.

In n-tynpe €43 values oif these freguencies” are,

2 -1

(JJC = 1.2 x 1C'1 G~ sec

-

Iz our specimen, O = 3 x 10°° ohm cm  so,

g = 3.6 x 10 sec

GJD 2.9 = 1019 sec:"1 =t BOOOK.

Then the drift velocity V3 must exceed [1.000003] VS, 2s the condition

[©]

for the sound trip gain to exceed unity.

1d irntensity

(¢

The second step occurs at a time when the amcoustic i

w

is increased by veflection from the anode. In an experiment to observe
scattering of CW iHelium Neon laser light by the acoustic wave packets
generated in the spccimen, it was noted that the transmitted light
showed wealk scintillations at a frequency of a few Hz, consistent with
y e . . 7
the existence of slowly moving domains.
. . T8 .

These are sald to arise when the crystal changes fromu-type

to P~type conductivity. Such injections of holes may occur from

inhomogeneities and would produce the second step in the current.
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5.%.A Lon-sinusodial oscillations induced with localised illumination
using He-lic loser bez

Vany wresecarch workers”

ot

nave reported numerous obeervaziions
of sinusodial oscillations in CdS, CdSe and CaTe, when specinens are
illumineted with a light spot a2t an experimentally found position along

their length. These have been generally explained in terms of the

regenerative vropagation of awmplified acou

tic flux packets and the

]

associnted acoustoelectric current. In studying the current oscillations
obtained by applying a high voltasce nulse to CdS crystal which has been
loecslly illumineted by EHe-le 1aser'beam, a2 number of features have been
observed which differ from those previously reported. The current
oscillations observed are of high frequency and thelr wave form is non-
sinvsodial. Lpart from low freauency sinusodial oscillations, their
I-V characteristics showing current saturation hehaviour above & certain
critical voltage differ entirely from present reasurements. Field
measurements under oscillating conditions have revezled the existence of
»~

non-uniformity of electric field along the length of the specimen.
Avsorption spectra of these specirmens in the range 2.5-25 micron showed
absorption peaks. The range of frequencies reported here make a simple
interpretation zlong the lines reported earlier unlikely. This
phenomenon cen be explained on the same lines as for a specimen illuminated
uniformly. The only difference is that, here, a fraction of area

0.2mm nesr the centre of the sample has been illuminated by focussing
the He-lleg laser bheam. The specimens chosen for this experiment had the
dimensions and conductivities at illumination intensity as giveh in
Table 2. Experiments were performed mainly with the electric field
applied perpendicular to the c-axis of the crystal.

The dependence of current on voltage for various applied voltages

to specimen TRSg is shown in Pig. 53. It is observed that at low
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voltages, the current voltasce charactzristics fall helow the lirear

ohmic relation, After this, the sub~linear region changes in a stronger
. . 2 o . -
electric field to a2 dersndence of Ie® V . The sut-linesr portion of

I-V curve can be explained on the basis of the charge formed in CdS
when an électric current flows through it. This negative charge
increases with the voltage applied znd means that the cathode injects
into the crystal more electrons then the number lost at the cathode.

If the excess negative charge of the crystal is partly or completely

]

. !/ .
localised (at treps) in the bound state, then these bound states may

act as additional scatterins centres. Thus, when voltage is incrsased,

the number of charzed traps acting

w0
9]

effective scattsring centres

”J
GJ

increnses and the mobility of free carrisrs decreases. This should
gradually saturate the current. But the resulting I-V curve (Fig. 53 )
does not show such a saturation in current. The reason may be that if
the shallow traps (present in material) which act 2s scattering centres
are completely filled with electrons, the reduction in the mobility of
free carricrs is slight compared with an increase in the number of these
carriers per unit velume, which makes a considerable contribution to
the photocurrent. In such a case, the dependence of current saturation
on voltage should be weak. The subsequent rapid rise in the current
can be explained on the assumption that the process leading tc the
multiplication of free carriers by electric field t2kes pluce in CdS.
Such & process way be the emptying of shallow traps by the field or
impact ionization of these traps by fast electrons.

The full curve of I-V characteristics also exhibits the features
of the Lampert theory for a single discrete trapping level. Fig. 53

also shows the Child's law relationship for the crystal, which was



4800 |-

3600

FIELD ( V/Cm)

>~
o

2400

1200

|

0.2
» X{(cm)

FIG. 94

FIELD DISTRIBUTION

151



152

calculated by sssuming dielectric constont 10 arnd cxporinentelly measured
2 -1 -1
drift robility of 300 o V¥ sec 2t room Tenpsrature. The 4trap

voltage in the region considered te the Child's law current at that

13 -3

voltage) for ths curves gave a trap density of 6.34 x 10 cm at =

: . ) 14 -3
level 0.19eV in specimens TR3g, TRSqn and 2 trap density of 1.66 x 10 4Cﬁ -

at 2 level 0.21eV below the tottom of the conduction %and in specimen Tqu.
The traps into which these elecctrons decay may have the sane or different

2

cross~sections. he values of cross-section obtained were 1.5 x 10“14cmL
and 1.4 x 10—15 .2
The electric field rneasurement is shown 1n Pig. 94 and it disclosed
the ron-uniformity of electric field present along the length of the
specimen. There 1s a step up near the cathode and a definite high

glectric field region existing near the positive end of the specimen.

Suckt 2 situation exists in all the specimens given in Table 7. Such

bt

:resence of non-uniformity of electric field can result in current
oscillations.

It is, however, reascnable to mention that since 6328A0 light lies
well khelow the normal absorption edge energy of CdS (. 2.35eV), the
photoconductivity observed must arise from the excitation of deep lying
levels in the energy gap. Such levels hzve heen shown to be associated
with the presence of cu, Az and of defects and vacancies ip CdS;11O
cu, for exauple, can give a pronounced photoconductivity maximum 2t around
60004° .

Fig. 55a shows the current oscillations obtained when 1100 volis
pulse of»100}Lsec duration is applied to specimen TRSq. The results for
this type of illumination have been summarised in Table 7. The wave

form of oscillation is shown in Fig. 550b. It is seen that the application

of the voltage difference from lower ohmic region to the region when



Pig.55 Continuous current oscillations in specimen

TRSg under localised Illumination with red
laser light.

(a) Horizontal scale = 10%sec./div.

Vertical scale 50/1a/div.

(o) Horizontal scale 0. lytlLsec ./div.

Vertical scale

5C*A/div.

i53
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~

Ie0 V7, %o the locally 1lluminated crysisl lead %o a2 discontinuocus
increasc in current followed by a fall-off, which continued for a few
nicroseconds. It clearly shows that the process of electrons capture
by traps is playing an impertant role in the observed phenomena. Thus
the appearance of these oscillations can be explained on the emptying
and filling of these traps in the crystals. Such a localised type of
illumination decreases the resistance of that part of the crystal
making possible a concentration of field near the electrodes. Thus the
increase in the resistance of the contact part of the crystal leads

to a redistribution of potential over the length of the sample. Se

(=N

the occupied traps are in an electric field of increased intensity
which increases the prebability of thelr being emptied. This avalanche
type liberation of electrons from the traps leads to an instantaneous

increase of the current which is flowing through the sample after which

occupation and decrease of the mobility of free carriers recommences.
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Table 7 Tabulation of results when the specimen
is illuminated with laser beam
. Appliéd |Oscillation | Period of | AmPlitude | Illuminated
Specimen . X of area near the
Voltage frequency oscillation . .

Number (volts) (MHz) sec ) oscillation | centre of the
y% ) 91A) specimen (mm)

TRS8 1100 11 0.09 50 0.2

TRS9 1000 3 0.33 20 0.22

TRS 1000 2.5 0.4 20 0.21

10




156

5.4 Cther measurersnts

5.4.1 Current Saturatior

0] . . 3 . 3 \4
Curreat szturation under uniform illuminztion (see Piz. 56, wss

observad in specimens shown in Tahle Yany semnles displa

f—

N
Y

dz=mped oscillstions Lefore the onset of satiration in current. e
threshold field wvaried between 550 volt/cm to 200 volt/cm for specimens
raving their length perpendiculsr to c¢-axils, wheress for specimens hesving

their length parallel %o c-cxis, the variation recorded was from

3

1490 volt/em to 1500 volt/cu.

v
- 1 s - S .
£ By was calculated from the reletion Dy = is

The valuve o

-1
5833 volt/cm for Vg = 1.75 x 105 cm sec and 1470 volt/cm for

5 -1
g = 4.41 x 107 cn sec . The drift mobility AU , measured experimentally

S

v

. -1 -1
is 300 cm2 volt sec at room temperature.

5.4.2 Varistion in the resistance of the specimen using light strip
The resistances of TRS4 for verious valuves of & znd d are shown
as functions of = in PFig. 57(2,b). These measurements were made under

ohmic conditions. It clearly indicates that the resistivity of the
shielded region does effect the average resistance of the sawple. This

averapge resistance is different 2t different positions of the light strip.
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—

Fig.56 I-V characteristics for CdS specimen- TRS,; under
Uniform illumination L = 3%.28mm;

2

& = 0.74 x 0.88mm° V = 200 volts /div (horizontal scale)

2mA/div (vertical scale) and Ll c-axis

.

I
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6. Discussion

6.1 Introduction

The results presented in Chapter 5 show a considerable variation
in the behaviour of different specimens under seemingly identical
circumstances. It was difficult whilst discussing the results to
isolate the effects of each of the numerous factors involved, but an
attempt has been made to give qualitative explanations of the physical
phenomena that may occur. It is worthwhile considering the theoretical
background, the effects of traps and the variability of the CdS material
whilst discussing the phenomena observed.

Current oscillations and current saturation are caused by the
presence of an amplified acoustic flux, which is generated spontaneously
at regions of discontinuity. Three types of discontinuities exist.

At electrodes, the electric field changes repidly. In the material,
field discontinuities result from conductivity gradients caused by the
varying intensity of illumination and because of the difficulties in
the production of single crystals of cadmium sulphide. There are
defects which give rise to changes in the piezoelectric constants.

Despite the variability of the material, it has been possible to
examine a wide range of physical phenomena in small bars of single
cadmium sulphide crysital. The effects observed are:

a) Oscillations in complete darkness

b) Non-sinusodial oscillations with unifqrm illumination

¢) Oscillations with the anode end shielded

d) Oscillations with an intermediate shielded strip

e) Oscillations with one or more major changes in amplitude

f) Oscillations with localised illumination using an He-Ne
laser beam

g) Current saturation
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The effects (c), (d) and (g) have been reported before, but the
remainder appear to be novel, Some explanation of these phenomena was
given in the previous chapter, but it is useful to examine the
applicability of existing theories and develop new explanations where
necessary. The remainder of this chapter is devoted to discussion of
the mode of injection of charge carriers; excitation and amplification
of acoustic waves; acousto-electric instabilities, relaxation effects,
limits of the linear theory; +the role of traps; electrical instabilities

and the material variability.

6.2 Injection of charge carriers

The current voltage characteristics recorded when the specimen is
uniformly illuminated (b) or locally illuminated with a laser beam (£)
showed no current saturation effect, but instead the current increased
with increasing applied voltage. Such I-V characteristics have been
reported previously for semi-insulating CdS platelets and the rise in
the current has been attributed to the injection of charge carriers at the
electrodes.101 Obviously, with an increase of the applied voltage, the
density of injected charge increases and the quasi~-Fermi electron level
at the cathode is displaced into the conduction band. This non-
equilibrium charge is partially captured at traps which thereby change

their charge distribution and become effective scattering centres for

conduction electrons.

6.3 Excitation of acoustic waves

Acoustic waves in solids can be obtained either by injection
from a transducer or by amplifying the thermally generated waves already

present. The latter process depends on the interaction between a mobile
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electron and an acoustic wave, and is possible in semi-conductors
consisting of II-VI compounds such as CdS (or ZnO and III-V compounds

such as GalAs and InSb). The criterion which determines whether or not

a crystal is piezoelectric is the existence of a centre of symmetry.

If a crystal lacks this property, the application of stress can

separate the centres of the positive and negative charges and a dipole

is produced. The converse effect also exists in that an electric field
produces a stress within the crystal. CdS has a wurtzite structure
(point group symmetry 6mm), and consists of two interpenetrating hexagonal
lattices, one of cadmium atoms and the other of sulphur atoms. The
basal plane of sulphur atoms does not lie mid-way between two basal planes
of Cd atoms, and so this crystal has an obvious lack of symmetry, and

the opposite directions of the hexagonal axis are not equivalent. Thus,
the sign of an induced piezoelectric field is reversed by changing the
sign of an applied stress. BEach atom sits at the centre of a tetrahedron
of atoms of the other type under equilibrium conditions, but the charge
centres separate when stress is applied. In the case of hexagonal
crystal the c-axis is the polar axis, and acoustic waves, longitudinal

or transverse to that axis, produce electron displacements in the c-
direction. So an acoustic wave with the appropriate strain propagating
in a piezoelectric solid can affect the free electron not only by
disturbing the periodicity of the lattice but also by producing a
macroscopic electric field.

The coupling between mechanical and electrical stored energy in a
particular crystal can be described in terms of an electromechanical
coupling constant K, where

K2 = ez/gc

@, € and C are piezoelectric, dielectric and elastic constanis respectively
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for the crystal;svz K2 arises in a calculation involving coupling
between mechanical and electrical energy in piezoelectric materials.31
The K2 for II-VI compounds increases as the relative weights of the
atoms increases.

In a semi-conductor, the carriérs are free to move under the
action of a piezoelectric field and if the frequency () of the acoustic
wave is much lower than the dielectric relaxation frequency(ﬁ@(:c;/e
where O’ is the conductivity and € is the permittivity) the carriers will
be able to redistribute themselves quickly enough for their space charge
field to cancel out the piezoelectric field of the acoustic wave. The
crystal then behaves as if it were nbn-piezoelectric, although the
carriers will be oscillating about their mean position with a frequency
(w, and the acoustic wave is attenuated much more rapidly than in an
insulator as joule heating is produced by the space charge field.
However, the condition60>¢Q:is more directly relevant to the present

experiments where the electrons do not move fast enough to cancel out

the piezoelectric field except in effects (b) and (£).

6.4 Ultrasonic wave amplification

Amplification of an acoustic wave has been observed in all the
experiments described (a) to (g). The way in which an acoustic
wave is amplified or attenuated by piezoelectric interaction depends on
the scattering mechanism affecting the electrons. A measure of the
strength of the latter is the collisional mean free path 1, and this
length must be compared with the wave length % of the wave. If Klj$>1
the problem is essentially one of the electron and wave interacting in

isolation. Near to room temperature it is found that K1K3(1 so that

many scattering events occur per wave length, the electric field
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associated with the wave then produces a macroscopic ohmic current which
tends to pile electrons in the potential troughs of the wave and denude the
crest. The resultant space charge tends to screen electrostatically the
wave field and to reduce the electron-acoustic flux interaction. The
characteristic length is the Debye length L = (KB Tﬁ/qzno)% where Kp is
the Boltzmann constant, ny the equilibrium electron density and T is the
temperature. If KIL<L1, the piezoelectric field is largely screened out,
whergas if KL>»1, the field is unscreened but an electron is influenced

by many waves at once and since the fields are oscillatory, the net effect
tends to zero. In both cases, the piezoelectric interaction is weak.
Thus, although the mere interaction is frequency independent, the effect
of screening is to maximise the interaction for waves with KL 27 1. The
electron density in the material examined is of the order of ‘1012-1013¢m"3
giving a Debye length at room temperature of around 10-scm. The
frequency at which the interaction is a maximum is about 109Hz.

A major factor affecting the net transfer of momentum between
electronvand wave is the average drift velocity of the electrons relative
to the velocity of sound. If the drift velocity is less than Vg (velocity
of sound in solid) the wave attempts to drag the electrons along with it
and becomes attenuated as a result. On the other hand, if the drift
velocity is greater than Vg electrons attempt to increase the momentum
of the wave and the wdve is amplified in the absence of lattice loss.

The formal expression for the attenuation is given in Equation (32). The
maximum attenuation (br gain) is realized at the frequency (A)n? = wcwl)

(Appendix II). Fig. 1A shows curves of attenuation plotted against

for various conductivities, at frequencyu%.
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The high mobilities of electrons in III-V compounds appears at
first sight to reduce the threshold field Eine In bulk grown. GaAs,

2

-1 -1 -
/1356,000 cm V sec and Eiy is about 60V/cm L whereas in CdS, where

-1 =1 . - . .
2V sec , Eiy is about 800 V/cm 1. However, this advantage is

/12{300 cm
opposed by the greater lattice loss in GaAs and the drift velocity
required to reach the maximum amplification condition at a given electron
density is about 24 times greater in GaAs than in CdS, since the diffusion
constant D is 24 times as large. With n, the electron density is about
10130m_3, Vo in GaAs must be greater than 1O7cm s-1. At such high
velocities the electrons pick up so much energy from the electric field
in a mean-free path that they are no longer in thermodyﬁamical
equilibrium with the lattice. Then hot-electron effects such as Gunn
effect and impact ionization make the achievement of the resonant
amplification condition impracticable. Despite these effects it is
many times easier to study acousto-electric instabilities in III-V
compounds since the amplification process is less rapid and is more
amenable to detailed study. On the other hand, the large amplification

of thermal waves in C4dS has been found to result very easily in permanent

damage or complete destruction of the specimen.

6.5 Acousto-electric instabilities

In the course of investigation this type of instability has been
observed in all the cases except (b) and (£). It has been seen that by
applying a high voltage pulse to produce an electric field in a CdS
"specimen parallel to the < 110 > direction, the transverse acoustic
waves propagating along the length of the specimen axis produce a

longitudinal electric field by the piezoelectric effect. Below the



166

threshold voltege for acoustic amplification, the current at all times

is proportional to the applied field. Above the threshold voltage the
current remains ohmic¢ for an incubation time of the order of 1/Lsec, but
which often decreases with increasing field. The current then drops to
about its value at the threshold field and remains more or less constant
for a short period before rising to about the ohmic value. This
variation wifh time is then repeated for as long as the voltage pulse is
applied. The period of oscillations has been seen to be the time for
an ultrasonic wa?e to travel from one end of the crystal to another; the
time taken by the acoustic wave to travel from the position of the high
field region to the anode end of the specimen. Probing the electric
field along the crystal while the current is saturated at its low level
shows the electron flow with the velocity of sound. An acousto-electric
domain comparable in size with the specimen, is spontaneously generated
by the acoustic amplification process and is destroyed when it reaches
the anode. Its periodic generatioﬁ and destruction is responsible for
the current oscillation in semi-insulating CdS. During domain
propagation, the current maintains the saturation value and returns to the
ohmic value when the domain arrives at the anode and disappears. It was
seen in the experiments that the domains produced in the samples were so
iﬁtense that the crystal was often permanently damaged near the anode,
where collision with the boundary takes place. One can understand the
mechanical effects which are produced by the intense packets of acoustic
flux, associated with the domain. All waves carry momentum, so it is
not surprising that the anode end is subjecf to an intense '"radiation"
pressure when it reflects the domain. An intense acoustic flux may form

by interaction with drifting electrons in the direction of the acoustic
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drlftlng at the velocity of sound.
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wave, the position of the carrier bunches with respect to net piezoelectric
field is changed, and so the energy transfer is altered. When the
carriers drift at the velocity of sound, they are bunched at the position
of minimum potential energy, and there is no energy transfer. The
situation for a longitudinal piezoelectric field is shown in Fig. 58,
which shows the piezoelectric field, the carriers density modulation it
produces and the space charge field due to the bunched carriers, which
opposes the applied piezoelectric field. The density of carrier varies
about a mean value, and the piezoelectric field is -g—-‘-;, where V is the
potential of the wave. In Fig. 58 the electric field and the space
charge wgve are 90O out of phase, so that no energy dissipation is

taking place. If the phase is not 900, energy and momentum transfer
take place. When the drift velocity of the carriers Vg, is greater
than the acoustic velocity, then the carriers lose momentum to the
acoustic wave and it is amplified.

The forward momentum of the carriers is depleted by an amplification
process.110 This effect produces flow counter to the direction of
drift, and is known as the acousto-electric current. Consequently, the
I-V characteristics of a semi-insulating CdS specimen has a saturation
region74 which develops when the carriers are drifting faster than the
velocity of sound as shown in Fig. 56. .This ié what has happened when
the momentum given up by the electrons drifting faster than the velocity
of sound amplifies the random motion of the lattice, and results in a
high level of acoustic noise. In 1957 Weinreick.l110 first showed that
the momentum given by the electrons fo the waves may be described in

terms of an acousto-electric current Jge, to be added algebraically to
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the ohmic current and of strength Jge = -/%aw, where/u.is the mobility,
a the electronic power gain coefficient and W the energy density of the
yave. Thus, when a is positive, the acousto-electric current is
opposed to the ohmic current. When there is attenuation, a is negative
and the acousto-electric current reinforces the ohmic current. The
measurement of the acousto-electric current provides a measure of the

intensity of the flux, if the mobility and gain coefficient are known.

6.6 Relaxation Effects

In a piezoelectric semi-conductor, the available acoustic gain is
a function of the conductivity modulation. Any type of influence which
tends to debunch the carriers therefore tries to reduce the gain. The
important mechanism involved are the dielectric relaxation and diffusion.
The dielectric relaxation frequencycoc(=‘%: where & is the conductivity
and € is the dielectric constant) defines the rate at which charged
carriers in a solid can move,under the influence of a local electric
field, in an attempt to cancel that field.

Considering an acoustic wave with angular frequency (>, which is
to propagate in a solid, in the absence of a drift field.

I1£ <KWy, the carriers can move fast enough to cancel the
piezoelectric field, and sit exactly in the potential wells, so that
they do not interact with the acoustic wave. On the other hand, if
60§>5°c the distribution of carriers is not disturbed by the wave.  When
the drift field and diffusion effects are absent, the interaction between
the acoustic waves and bunched carriers is maximised when @ = a%.so In
CdS material, at frequencies of 1GHz and above, a suitable resistivity is
1020 cm” ! when a drift field is present, the condition for meximum

Vd

interaction appears to be (1 - 7_)60 =0 .
s

The random motion of the carriers tends to cause the bunches to

decay by outward diffusion. When the frequency increases and the
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acoustic wave length , falls the concentration gradient between carrier
bunches increases and diffusion out of bunches become significant. If
the number of carriers crossing unit area per unit time is Ng, and the
concentration gradient is grad (N), where N-is the particle density then
N¢ = Dp.grad (N), where Dp is the diffusion constant and is defined as
Dn(= ’ gvh_where/u-is the carrier mobility, Ky is Boltzmann's constant,
T is the absolute temperature and q is the charge on an electron).111
There is then the possibility of local non-equilibrium concentration of
carriers to decay with a time constantﬂTéru)e/bn, where,X is the
distance over which a concentration gardient exists and it can be

identified with the acoustic wave length.

Diffusion effects become important iffrD (diffusion time) becomes

2 2,2 A
| A
less than the period of the ultrasonic wave, i.e./:\.T< o or CODn <®,
n

where WA is the order of the acousticwave velocity Vg, and (V;%Dh) has
been defined as the diffusion frequency,cbD. Diffusion becomes
important whenCO>L°D. Deep understanding of the relaxation effects

can be visualised by evaluating,

@b _ o V2 1 A2
032 € "1 ", 2 27y

2y . T4
Iy = (éKBT/qn) is the Debye length.

WhenlArvLD diffusion effects become important and bunching of
carriers on a scale much smaller than Ly (i.e.)«QCLD) will tend to be
smeared out by the thermal motion of the carriers. When‘k<3(LD the
piezoelectric field is not screened by the carrier bunches and momentum

transfer between the carriers and acoustic wave starts to decrease when
1

L, > A i.e. when(o>((*)c‘%)2.
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6.7 Effects of trapping

The linear theory has been derived by assuming that the relaxation
time of the carriers in the trap is much less than the period of the
acoustic wave. If it is not, then the bunched carriers in traps are
out of phase with those in the conduction band. So the trapping factor
ft becomes complex and Ishiguro, Uchida, Sasaki and Suski”e’113 have
applied this condition to the White theory. The imaginary part of Ty
leads to a phase shift between current density J and the net piezoelectric
field Ep, which reduces the magnitude of the interaction. The size of
the out of phase component is proportional to the drift field, so that
the reduction in the electron phonon is more marked in the gaining
region than in the attenuating region.

If only one kind of trap is assumed to exist and nq and no are
the concentrations of the free and trapped bunched electrons respectively,

’Y is taken as the trap relaxation time and the o subscript refers to

)
the parameters when 'T?KZb

ng = nq + ng ng, = ni0 + ngQ
ng = fy . ng n10 = f4o « Ngo
n2 = (1 - ft)ns n20 = (1 - fto)nso
Ong np - nao
ot T
By using EL = jo
Ok
. Tto - jos¥  b.Tto
t 1-j0T 7 1+ ja
fto is real and is defined by Hutson and White5 as the ratio of the change

mobile space charge to the change of total space charge, when the latter
causes a small change of the electron Fermi level.

When WTLL f4o, then £,.00 fyy
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The second statement in the Equation is written for convenience, so that
Y =1+ bf, UEy/Vy and a is the ratio of Re(£4)/1u(24)

Therefore Equation (35) is modified and it can be shown that,

otmax (gain) _ V1 o+ e’ - a
Oindn (loss) ,‘1 + a + a

White suggested that variation in resistivity in the path of the

acoustic wave would tend to reduce the gain more than the loss. But in

practice, both effects are likely to be present. ’

6.8 Limits of the linear theory

White's analysis is valid only if the bunched electrons muét be
only a small fraction of the total free carrier concentration in the
conduction band,so i.e. £y.ng n
Using the equations o = nq (i and

1 _ OJce S
s T q.Vg ~

COC [
+ - — + ——
it can be proved that this condition is equivalent to S LK Véx/ft M.e

In practice this means that the value of strain must be less than 10_5.

The condition for linearity, i.e.|d] & ®/V,, which means that the gain
per unit length must be small. For linear approximation it is essential
to neglect the term g MngE from the current density expression J, given by:i-

bns
J = a(ny + £, ng) LE + q Dy Sx

But, when bunghing of electrons is large, this term cannot be
ignored. Pure harmonic wave is no longer a solution.and each variable
is then determined by a Fourier series. Each frequency component may
interact with the others by virtqe of the nen-linearity and appreciable

harmonic generation may occur.
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6.9 Electrical instabilities

During the course of investigation, relaxation type of high
frequency current oscillations havé been observed when a high voltage is
applied to a specimen and its inter-electrode area as in Case (b) is
uniformly illuminated or in Case (f) with local illumination. It was
seen that below the threshold voltage for current oscillation the current
falls below the linear ohmic relation, but at high voltages the current
becomes above the linear value, with an exponent nearly equal to 2.

Such a current voltage dependence could occur with a non-uniformity in
electric field along the length of the crystal. The existence of this
non-uniformity is indicated by the electric field distribution in the
specimen., The proposed mechanism in Chapter 5 is in agreement with a
whole series of experimental results. The appearance of these current
pulses can be explained by occupation and emptying of trap states in
the crystal.

The avalanche type of increase in the current followed by a fall
off suggests that electron capture by traps plays an important role.
This avalanche type liberation of electron from the traps leads to an
instantaneous increése of the current flowing through the sample,
followed by occupation of traps and a decrease in the mobility of the

free carrier.

6.10 Material variability

In all experiments it was found that the material

inhomogeneity had conductivity influence on the phenomena observed.

‘s “Ta=-1__=1
Semi-insulating CdS material with a dark conductivity about 10 " ‘cm

is commercially available and since such material is generally photo-

; ; =3 =5 =1 =1
conductive, the required conductivity in the range of 10 to 10 O cm

aan be easily achieved with suitable illumination shown in Table 2.
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Two sources of material were used in the present investigation, namely
G.E.C. and Imperial College, London. The photoconductivity in both
materials has been achieved by controlling the stoichiometry of the crystal
during its growth.10a

During the present investigation it has been seen in experiment
type (a) that two specimens, TRSqp and TRS13,cut from a single crystal had
dark conductivities as high as 10-4.O:1cm_1. It seems quite possible to
grow CdS crystals of any required conductivity in order to obtain
oscillations without illumination.

Material used from both sources is soft and data supplied by G.E.C.
shows a dislocation count of about 1014/cm2. Such a value makes the
crystal rather more difficult to cut and polish as it is prone to damage.
The mechanical handling involved such as lapping and polishing can
produce damage to the crystal, involving the regions of structural
disorder very close to the surface and rather deeper regions of high
dislocation density, which tend to introduce a region of low conductivity
which affects both the conductivity and the value of Kz. Above all there

is every possibility that trapping levels are being introduced affecting

Mp and /Qa via a scattering process.
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7. Conclusions

During the course of the present investigation a wide range of
physical phenomena have been produced by different experimental conditions.
Despite the variability of the material, some new phenomena have been
observed and the rest have been compared with the results of other
workers. An attempt has been made to discuss all the major phenomena
observed and to explain the effects observed with various types of
illumination.

One of the contributions of the present investigation is to an
understanding of the phenomenon of current oscillations in a single
semi-insulating CdS crystal when a high voltage pulse is applied in
complete darkness. Measurement of the electric field shows that the
period of oscillation is approximately equal to the time taken for a
sound wave to travel between the position of the observed high field and
the anode end of the specimen. The accompanying current saturation has
been attributed to the formation of a stationary high field domain.

It is suggested that one of the trapping levels observed in Fig. 27(a,b)
plays an important role in the phenomena observed. Such traps ars
produced if, during the growth of crystal, the appropriate impurity

is introduced into the material. The slow ionization rate, accompanying
the slow rise of current with applied voltage, has been attributed to

the majority carriers travelling at the sound velocity and being unable
to take part in the ionization process. The additional carriers created
by fast electrons are also velocity limited and the iouiaatibn rate is
reduced by the ratio of the velocities of fast eleétrons to that of
sound limited electromns. However, the phenomena observed cbnfirm the
possibility of growing CdS crystals of conductivity of ‘IO'-S-‘19“30hmn1c:mm1
in order to dispense with the use of illumination increase the conductivity

of the material to the range where maximum acoustoelectric interaction
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occurs.

The results of investigations on semi-insulating CdS material
obtained from different sources showed considerable variation of behaviour.
Reversing the polarity of the voltage pulse applied produced results which
differed from one specimen to another, indicating that irregularities are
present in the material. Measurements of the resistance of the specimens
using light obscuring strips at different positions showed similar
variations. These irregularities affect the frequency of the current
oscillations. In specimens having the anode end masked, the period of
the current oscillations is simply the one-way transit-time of the acoustic
flux.

When oscillations were produced by obscuring a strip of the
specimen an irregularity in the material near to the negative edge of
the shielded region caused a particular frequency of oscillation. The
frequency debends to some extent on the width of the shielded region.

The oscillation frequency often decreased as the distance of the shielding
strip from the anode increased. The current oscillations often become
damped and disappear eventually when the distance is between % and %.

The field measurements under amplifying conditions revealed the
existence of extremely high electric fields near to the anode end of the
specimen when the positive end was shaded. However, in spegimens where
non-uniform illumination was produced by a ceramic strip, high electric
fields do exist in the shaded region. These high fields produced axcing
in these regions followed by electrical breakdown of the material.

Obscuring & narrow strip perpendicular to the length of the
specimen and applying a high voitage pulse resulted in oscillations with
major changes in current. Low frequency current oscillations were

recorded after the current had fallen to its final steady state value.

£ Y
The measurements of the conductivity of the material made after the
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application of a high voltage pulse and its dependence on the various
illumination intensities also indicate the presence of inhomogeneities
in the material. CdS specimens showed field instabilities when the
applied voltage was high enough to cause the differential resistivity
to become negative, because the carrier mobility decreased with the
electric field. In an experiment to observe the scattering of light
from an He-Ne laser by acoustic wave packets produced in the specimen
the transmitted light showed weak scintillations at a frequency of

a few Hz, consistent with the existence of slowly moving domains. These
are said75 to arise when the crystal changes from n-type to p-type
conductivity. Injection of holes may occur from inhomogeneities
present in the material. The electric field increased suddenly near
the cathode and also at 1mm from the anode.

The best way at present to increase the conductivity of cadmium
sulphide crystal is by introducing shallow donors during its growth.
During the investigation, shallow donors at concentrations of 1010 to
1013/cm_3 have been observed at various levels close to the conduction
band. Apparently the inclusiﬁn of these donors has not increased the

- -1
6 5 3ohm 1cm apart from the

conductivity 107 -10 Cohm 'em | to 107°-10"
few specimens already mentioned. The trapping levels affect /up and
possibly /an via a scattering mechanism.

High frequency non-sinusodial current oscillations were obtained
when the specimens were uniformly illuminated or locally illuminated
with an He~Ne laser beam. The recorded I-V characteristics showed no
current saturation. Instead, the current increased with increasing
applied voltage. The rise of the current is attributed to fhe injection

of charge carriers at the electrodes. With the increase of the applied

voltage, the density of the injected charge increases and the quasi-Fermi
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level at the cathode is displaced into the conduction band. Such non-
equilibrium charge is partially captured at traps which thereby change
their charge distribution and become effective secattering centres for
conduction electrons. The appearance of these high-frequency saw-tooth
current oscillations is attributed to the occupation and emptying of
trap states. The absorption spectra of specimens indicated the presence
of activé trapping centres at levels as low as 0.08eV with a continuous
band between 0.19eV and 0.21eV. The occupation of these states by
charge carriers leads to a decrease of the electrical conductivity of the
material as a result of a change in the mobility of free carriers. A
consequence of the decrease in mobility could be the field liberation
of electrons from traps. The very large increase in the resistance of
the contact region of the specimen leads to a redistribution of the
potential over its length. The occupied traps are in an eléctric field
of increased intensity which increases the probability of their being
emptied. The relaxation type of oscillations in CdS can exist as
long as the traps are filled by injected charge and subsequently emptied
by field ionization or impact ionization. These oscillations are
dependent on temperature, illumination intensity and field intensity.
Numerous investigations have been carried out on the study of the
amplification of ultrasonic waves in single cadmium sulphide crystals
and the process of the interaction between acoustic waves and conduction
electrons. If the electrons in n-type material were given a drift
velocity Vd greater than the velocity of sound Vg by an external electric
field E, the attenuation of the ultrasonic waves became negative and
amplification resulted. This amplification process applies.both to

acoustic waves, which are introduced into the crystal using suitable
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transducers, and to the fundamental lattice vibration or phonons which
exists within the crystal. An effect of this electron-phonon interaction
can be demonstrated very easily by measuring the current/voltage curve
of specimens. In the present work it was seen that an abrupt change
in I/V slope occurred at the critical field Eg corresponding to Vg3 = Vg.
This is current saturation which was first reported by Smith and is due
to the energy being transferred from the drifting electrons to certain of
the lattice vibrations in the crystal under uniform illumination.

Several compounds of II-VI and III-V groups are piezoelectric
and their theoretical behaviour as acoustic amplifiers can be compared.
The significant properties are the electromechanical coupling constants,
available gain and power handling capacity. The drift power consumed

per unit gain for the optimum condition is

3
_Pg_g = ___J.__EV - X w
G 4.34(Uk?) G

The quantity‘/LKz, which occurs in the denominator, is described as

the merit factor and a high merit factor indicates low power consumption
per unit gain. With CdS the value of,LLK2 is 11, whereas for ZnO it is
18. The important advantages of Zn0O in acoustoelectric interaction can
be listed below:

(i) The value of K = 0.3 is higher compared to CdS, whereas K = 0.19,
so has the ability to gain higher power outputs. Alternately thinner
crystals can be used. The higher gain also results in a much shorter
build up time for oscillations (in the range of 1Msec.,).

(ii) The shear velocity of sound is greater which means higher

frequency operation at a given frequency.

(iii) The lattice attenuation is not serious up to frequencies of

about 14GHz.105
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(iv) The material is harder than CdS and therefore easier to
process.
For acoustoelectric interaction ZnO crystals doped with lithium

- -1 =1
3ohm cm

or copper are commerciallym6 available in the range 10—5-10
so that an external light source is no longer required. Recent reports11
have appeared of an acoustoelectric oscillator made from doped Zn0 and
operated in the continuous wave mode at room temperature at frequencies
up to about 5GHz. However, Zn0 is not without material problem since
grown crystals of Zn0O also show a marked non-uniformity in conductivity
up to four orders of magnitude and a careful heating process is required
to reduce the non-uniformity to within one order of magnitude.m7 Also,
Hemphill108 has reported significant K2, variation in insulating ZnO.

It is however concluded that much emphasis on the growth of the material

has to be made in order to achieve the best results from C4dS as

a photoconductor and acoustoelectric oscillator.
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APPENDIX I

Acoustoelectric currents

The current density J, if we neglect the carrier diffusion,

is given by:
J = Q/L[n(z) + f ns(z)] [E(z) + E1(zﬂ (1)

n(z) = carrier density at z

We assume a space time dependence of eJ(Kz-“W). The d.c on steady
state part of J is then given by:
Ja.c = 4Mn(z) Bz + qU} Re(fngEr™) (2)

The second term is the acoustoelectric current Jge;
*
Jge = q/i%ﬁe(fns Eq )

From equation s the amplitude of the time varying part of J is
given by,

K -1
J1 = "Q(Z)) ns = _quns

-1
When weak coupling is assumed, i.e. Vsﬁygi)

then

M *
Joe = '%'V; Re(f J4 Eq ) | (3)

Acoustoelectric current considered here is due to a single acoustic
mode of frequency®. But if there is a whole range of frequencies
as is the case with thermal acoustic noise, then the acoustoeleciric
current would be the sum of all the acoustoelectric currents due to
each frequency mode.

Then we have

Jge = =% $§ Re > £ (J10Eqcs) (4)
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If fe is real and constant over all frequencies then,

poa *
Jae = =5E 7= Re > (310 Eq)
S

By the principle of energy conservation, the average electrical power
absorbed or delivered by the carriers is equal to the rate at which
acoustic power increases or decreases.

This is given by:

4au ~ *
it = -3Re 7 (J10E1W) (5)
w
Where U = acoustic energy intensity
Therefore
M ay

Jae =f Vs d+t (6)
which is the Weinreich's relation.
So,

7= apn(g) E(z) + Jae

au
=afhn(z) E(z) + £ 3= g5 (7)

It follows that when the carrier drift and the acoustic waves are
travelling in the same direction Jgg will oppose J when the acoustic
waves are growing. Jge Will also appose J if the acoustic waves are
being attenuated while travelling in the opposite direction to the

carriers.
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APPENDIX II

. . - i -1
The maximum gain condition for acoustic wave ampllflcat10n5

The maeximum gein which occurs at a frequency can be found by

putting
d
s
and solving it fordo.
k>4 1
v,y W2 w2 |2
s/11+ (1 + )
2 2 w dg
yeo, °
2
. Eﬁ% K20%'731 w o
a [ = 2 Qa—b 2 ' \4 —
NG 2V Do |@ec + 2 2¢C Sy
&) (v +wD) *Gp2
Therefore,
4
VW 2 2 Cy 2 '
20| Wec + (), + ZODD) R +00D2
N TGPy PISY. -
%) Y w wnz
From where we get,
2 ww
W T €D

Fig. 1A shows the Vg curves for various conductivities with this

condition.



| 800

- ol (dB)

| — Y
FG.IA  ATTENUATION AT W= @, W; MAXIMUM
GAIN CONDITION |

184



185

APPENDIX III

High voltage pulse generator

A positive input square pulse of +33V is taken from Pulse
Generator "SOLARTRON" type GO 1101-2 and is amplified by the help
of a conventional pulse amplifier, using an EL34. Its associated.
circuit is shown on the lefthand side of Fig. 2A. A floating D.C
voltage of about +500V for EL34 is supplied from a separate unit, with
its qircuit shown in Fig. 3%A. The H.V. Pulse Generator using =
thyée%ron type FX2505 with its associated circuit is shown in Fig. 2A.
The pulse length has been adjusted to 1OQ/Lsec.’by using the lumped
delay line shown in circuit diagram 2A. The high impedence delay
cable RG-65A/U is used to obtain a 10/lsec. pulse. The characteristics

of this cable are:

Impedence = 950 X

Capacitance = 44/4%1F/ft

Normal delay time = 0.04%/A-sec. per foot
Maximum operating voltage = 2KV

Outer diameter = 0.405"

The H.T. supply for FX2505 is taken from another unit and its

associated circuit is shown in Fig. 4A.
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LIST OF SYMBOLS

Attenuation constant

Cross sectional area of specimen
Negative edge of shielded strip
Elastic constant

Modified elastic constant
Diffusion constant for electrons
Electric displacement

Width of light strip
Piezoelectric constant

Electric field

Applied d.c. field

Amplitude bf a.c. field due to ultrasonic wave
Threshold field

Dielectric permittivity
Frequency of oscillations

Fraction of space charge due to mobile carriers in derivation
of and Jge

Current

Current density

Acoustoelectric current density
Propagation constant

Electromechanical coupling constant
Length of the specimen

Low resistivity region in the specimen

High resistivity region in the specimen

Length of the shielded region from the cathode end of the specimen

194



Lg

Length of the shaded region

Length of specimen from the anode end of the specimen
Distance of irregularity from anode

Length of Iy

Length of L

Incubation distance defined in Fig.9

Distances of z4,z, from the anode

Carrier density

Density of electrons in the conduction band

Equilibrium number of electrons which give electrical neutrality
in the absence of an ultrasonic wave

Number of electrons per unit volume required to produce the
charge Q

Magnitude of charge on an electron
Space charge density

Mass density

Strain

Conductivity

Stress

Time

Period of oscillations

Sonic transit time

Incubation time

Dielectric relaxation time

Time during which domain observed
Duration of shock excitation
Debye length

Drift mobility of electrons
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Z1,22

Lattice displacement

Acoustic power

Applied voltage

Threshold voltage

Drift velocity of carriers

Ratio of the measured current to the Child's Law current at Vigp
Phase velocity

Sonic shear wave velocity

Phase velocity of wave

Trapped filled voltage

Dielectric relaxation frequency
Dielectri¢ relaxation frequency given as
1.25 x 10 for shear waves and

1.2 x 1012 for longitudinal waves as given in reference (31)

Diffusion frequency given as 4.8 x 109 for shear waves and
2.9 x 109 for longitudinal waves (at 300°K) in reference (31)

Acoustic wave frequency
Distance of the light strip from the anode end of the specimen
Direction of propagation, also the distance from the cathode

Regions of irregularities
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