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ABSTRACT

Factors affecting electrical conductivity in thin platelets of
cadmium sulphide grown by the vapour phase trén8port method have been
studied using the analysis of thermally stimulated current results.
Indium electrodes evaporated onto the two large faces of the cfystal
were generally used, though some experiments involved more complex

electrode configurations or employed silver contacts,

Oxygen desorption from the surface was found to enhance the TEC
spectrum between 120K and about 200K and was attributed to the reléase
~of carriers from intrinsic surface traps of depth 0.2 - O.4 eV. This
value is consistent with that calculated for surface traps formed by

the termination of the CdS lattice.

A large TSC peak with a maximum above 300K Qas observed on most
crystals and found to be dependent on the nature of the bias applied to
the specimen during cooling. A model involving the slow migration of
cadmium vacancies is used to explain the creation of a trap responsible
for the peak. The model is consistent with the contact forming process
for indium electrodes, involving the diffusion ©of indium through surface
contamination and into the bulk via cadmium vacancies at the positive
electrode. The results indicate that a slow change takes place at the
anode, and that the bias dependent peak may be attributed to a region very

‘near to the electrode rather than in the bulk,
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PRINCIPAL SYMBOLS

area
density of absorbed photons - - .
Poole-Frenkel trap lowering constant

volume

heating rate

diffusion coefficient

lattice distance or thickness

energy of conduction and valence band edges

energy of traps and recombination centres

Fermi level energy and equilibrium Fermi level energy

quasi Fermi energy for free electrons and holes

quasi Fermi energy for trapped electrons and holes
electronie charge e

permittivify of free space

dielectric constant

electric field strength

electric fielq strength at cathode and across the insulator
probability of occupation of trapping and recombination level
gain factor

high temperature peak

hole

electric current

instantaneous photocurrent and TSC

electric current density

degrees Kelvin

Boltzman's constant

natural logarithm

logarithm, base ten
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m mass of electron

Nc, Nv density of states in conduction and valence band
Nt’ NR density of traps and recombination centres

ne P equilibrium density of free electrons and holes
n, p density of free electrons and holes

PE' PT’ PR probability of escape, trapping and recombinatién
st surface charge concentration

ST’ SR trap or recombination centre cross section

T absolute temperature

T temperature at which a pesk attains maximum current
TSC, TSD thermally stimulated current, desorption

t time |

tn, tp electron and hole transit times

T carrier lifetime

T rp electr?n éndgﬁole lifet%mg§_

u atomic-diSplacement in the ¢ direétion

pe, uh elecfron and hole mobilities

um micrometer

v | voltage

Vcd’ VS cadmium and sulphur vacancies

v . thermal velocity

Yy frequency factor

Z impedence

g barrier height

% work function

s electron affinity

An excess carrier concentration

AO total potential across barrier

A contribution to barrier potential from surface charge



CHAPTER I

INTRODUCTICN

1.1. II - VI Compounds

ITI - VI compounds in their widest sense include materials formed by
the elements of group II and group VI of the periodic table., Such a
definition encompasses the oxides, sulphides, selenides and tellurides of
beryllium, magnesium, zinc, cadmium and mercury. In terms of practical
efforts, research has been directed towards comparatively{few of these;
the sulphides, selenides and tellurides of cadmium, zinc and mercury.
These materials have been, and are continuing to be, the subject of much

intensive investigation.

A s,

. N e

In spite of the vast literature, many of the properties of II - VI
compounds are, as.yet, poorly understood, Topics such as the exact nature
of the band structure, the mechanism of déep and shallow cenffes, the
transport properties and the properties of surfaces require more wérk to

develop a clearer understanding.

In recent years, advances made in the growth of ultra high purity single
crystals has:given particular emphasis to measurements of the electrical
properties of II ~ VI compounds,,whereas previowswork concentrated more on
the study of photoconductivity in CdS, and photoluminescence from deep

centres in ZnS,

One would expect that the bonding in II - VI compounds would have
a character intermediate between the covaleéency of group IV semiconductors

and the ionic solids of group I « VII compounds. Indeed, the bonds are
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iono~-covalent exhibiting, according to Suchet (1965), about a 75% ionic

15+ ypteo,

character. This ionicity corresponds to a formula II However,

calculations of this type are necessarily inaccurate because they depend -

upon some estimation of the effective charge and in the following work, the "= =

compound will be treated in the main as if it were ionic,

IT - VI compounds generally exist in one of two basic crystallographic
forms; zinc blende (sphalerite) and wurtzite. Sphalerite is related to
the close packed face centred cubic structure, with a bias of two atoms per
lattice point, whereas wurtzite is derived from the close packed hexagonal

lattice with a bias of two atoms on each lattice point.

The lattice positions for atoms of the same species in a sphalerite
structure are shown in figure 1l.1(a) and for those having a wurtzite
structure in figure 1,1(b). .The atomic.positions in thé unit cell are
indicated by shaded circles. Inclusion of the second species into the
lattice in both cases gives rise to tetrahedral bonding with the four nearest
neighbouring atoms (all of the other chemical species). Figﬁres 1.1(c) and
1.1(d) show the position of the second species with respect to the four
nearest neighbours translated directly from figures 1.1(a) and 1.1(b)
respectively. The lattice structure for group II atoms is identical to
that of the group VI atoms in both cases; the displacement for sphalerite
being along %he body diagonal by one quarter of its length, and for the
wurtzite being a displacement by OOu, where u == %- for the figures shown,

The co-ordinates of each species in the unit cell of the two structures are

given below

lst. Species Other Species
. 1 e 111 133 31 1
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A
(a) One species in the . (b) One species in the
sphalerite structure . wurtzite- structure

(¢) Tetrahedral bonding with (d) Tetrahedral bonding with
the second species in the the second species in the
sphalerite structure : wurtzite structure

FIGURE 1.1 SPHALERITE AND WURTZITE STRUCTURES
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Growth of II - VI compounds from: the vapour phase requires the
simultaneous presence of both constituent elements in the gaseous form.

Dynamic methods involve continuous use of a carrier gas to tramsport

vapour along the growth tube, Frerichs (1947) used hydrogen to tramsport

vapour of the metallic element which was mixed with hydrogen sulphide or
selenide. At high temperatures, decomposition of the hydride leads to
combination of sulphur or selenium with the metal giving rise to the

growth of single crystals on the furnace wall,

Fochs and Iunn (1963) modified the method by using an inert gas to

transport the vapour of the compound to a cooler region of the growth tube,

giving rise to single crystal platelets, needles or ribbons on the tube walls.

Tﬁ; method has been particularly applied to CdS and is considered in more
defail in section 4,1. Growth of single crystals at lower temperatures has
been reported using iodine as a transporf gas, however.traces of iodine
influence properties éf the ;ééulting crystals. Boule crystals grown from
the melt or by vapour phase transport in a closed tube are extensively used;
particularly for the preparation of specimens for industrial work. Nuﬁerous

me thods reporting the growth of single crystals have been published, and

excellent summaries are available, for example Aven and Prengler (1967).

With regard to the principle energy bands of II ~ VI compounds, it
appears that. for both sphalerite and wurtzite lattices the band gap in the
majority, if not all cowmpounds, is direct with the extrema of the conduction
and valence bands at k = O in k space. This has been verified )
experimentally by observations of direct exciton production. The conduction
band of most II -~ VI compounds is genersally thought to be singular and
parabolic in shape, but due to the effects of spin -orbit splitting (which
can give rise to lifting of the degeneracy of the levels) the nature of the

15
valence bands a#e more complex. The band structure of CdS is typical

e ssow w
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of IT - VI compnunds of the wurtzite form, and is shown in figure 1.2. The
non symmetry of the uppermost valence band results from the strong mass

anisotropy with crystallographic direction.

l.2. Cadmium Sulphide

Iiterature on CdS dates back to the end of the last century when
Lorenz (1891) first produced synthetic crystals. Comparative ease of
growth and exceptional photoconductive qualities have ensured continued
interest in CdS, particularly following development of the growth of high

purity single crystals.

Values of resistivity varying by over twelve orders of magnitude;
from 1012 Qcm down to 10f; Qcm have been measured for CdS. The variation
depends on sample purity and/or deviation from stoichiometry., CdS

crystals as grown always exhibit n type conductivity.

With a direct band gap material like CdS, preparation of p type samples
would be highly desirable for applications such as lasers and photovoltaic
cells. Several attempts have been made to prepare p type CdS (Woods and
Champion, 1959, Aven and Woodbury, 1962 and Bube et al, 1962) by heavily
doping with copper (1 - 2%). Woods and Champion concluded from X-ray and
thermoelectric power measurements that impurity band conduction was most
likely, though more recent reports (Sturner and Bleil, 1964) suggestnthe
conductivity mechaniem is most probably along filaments of cuprous sulphide,
which is known to be a p type semiconductor. Observation of filaments by
optical microscopy leads to the rejection of an impurity band conduction
theory. The concentration of copper atoms exceeded the measured value

of hole concentration by over three orders of meagnitude, suggesting that
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k/c gxis | k. Lc axis

FIGURE 1.2 THE BANK STRUCTURE OF CdS AFTER
BLAKEMORE (1969)
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compensation or copper precipitation occurs,

Several independent estimates of the band gap indicate a value of
2.4eV at room temperature, Variation with temperature, taking into R
account volume changes is given by Piper et al (1958) in the form

-1

EG(T) = EG - 5»2 X 10 T _ '0‘.0...‘0.(101)

The study of transport phenomena in II - VI compounds (CdS in parti-
cular) has progressed in a haphazard manner due possibly to the pressure
to market commercial devices. In addition to the more usual carrier
scattering processes, namely acoustic mode phonon and impurity scattering, two
other mechanisms are of importance in CdS, The first is polar optical mode
scattering, resulting from the polar interaction hetween charged carriers
and optical phonons, and the second is piezoelectric scattering, resulting
from polarisation fields caused by mechanicgl stress, usually in the form of

acoustic lattice vibrations. Such fields modify the transport properties

of carriers particularly at lower temperatures.

As technological advances produce methods of increasing purity,
higher values of carrier mobility are being quoted. The measurements of
Piper and Halsted (1961) on the temperature dependence of electron
mobility confirm thet optical and piezoelectric scattering mechanisms are
the most propably process in CdS.., These gave values of electron mobility
ranging from about 200 cm® V1 sec™t at 300K to about L00Oem® V™t secml at
77K. Estimates of hole mobility vary considerably. Spear and Mort (1963)
obtained consistent values of 150m2 v sect by measuring drift mobility
using a modified Haynes - Shockley photoinjection method, whereas Onuki
and Hase (1965), measuring the AC photo Hall mobility in CdS under DC
illumination as a function of wavelength calculated Hall mobility to be

38cm2 vt sec-lo
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For the effective mass of carriers in CdS, a generally accepted
value for electrons is 0.2 my and was obtained from Hall mobility work
by Piper and Halsted (1961) and analysis of exciton spectra by Hopfield'and
Thomas (1961)., Estimates of the effective mass of holes are scarce and
less consistent., Hopfield and Thomas (1961) indicate that m, ~ 0,7 m s

whereas Sawamoto (1963) suggested an average hole mass of 0,81 mo;

In the previous section, the partially covalent nature of II - VI
compounds has been discussed. An estimate of 7L% ionicity is given by
Suchet (1965), and a value of between 70% and 100% was calculated from ‘
Fourier analysis of X-fay diffraction structure factors by Weber (1961),
though the accuracy of such an estimate is low due to the difficulty in
assessing electron distributions at large distances from the nucleus, A
detailed survey of chemical bonding in different forms of CdS structure is

given by Fass (1969). Further ideas relating to the 1120 surface of CdS

hY h \‘ ° -
are discussed in section 3.2,

1.%. Applications of C4S

CdS is extensively employed in photoconducting cells to detect
radiation in a spectral region extending from visual to gamma radiation, and,
under special conditions involving a two stage excitation procesé, to
detect infra red radiation. The disadvantage of a relétively slow
response time (particularly for shorter wavelengths) compared with materials
like silicon is compensated by the advantage of exhibiting extremely high
photosensitivity and being able to handle power levels of several watté.

CdS is widely used on the domestic market for applications including
automatic headlamp dippers for cars, automatic garage doors, burglar alarms
and measurement of illumination intensity for photeographic light meters.

Exceedingly small detector probes implanted into the body have been useful
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in medical research as a means of continually monitoring radicactivity
levels emitted from body organs. It is the long term, possibily
photochemical changes which occur in CdS that limit its overall reliability

as a photodetecting material.

CdS has featured prominently in the development of ultrasonic
amplifiers and transducers. Amplification of ultrasonic waves was first
observed by Hutson et al (1961) and occurs when the drift velocity of
optically excited electrons, under the influence of a large applied electric
field, exceeds the velocity of sound in the crystal. Losses in the amplifier
are minimised by highly polishing the crystal surfaces and using a thin
layer of indium to bond the transducer (usually quartz) to the crystal
surface. An integrated CdS amplifier consisting of an initial conducting
layer formed by cadmium diffusion followed by application of a transducing
layer created by copper diffusion has been reported Churbachi et al (1964),
A gain of 35 dB at SiMHz was obtained. Golinnaya et al (1959) observed
current oscillations in CdS at high fields associated.with the
piezoelectric properties. As the device current increases, carrier
interaction with the piezoelectric fields eventually causes current
saturation, and the energy of the applied field is converted into
ultrasonic energy. The motion of high field domains which travel through
the crystal have been studied by Fass (1969) using thin CdS platelets, and
more recentl& observed by Das and Steckl (1970) in samples having optically

polished parallel surfaces.

Single crystal platelets and thin films of CdS have been used
successfully to fabricate space charge limited devices. Both diodes and
triodes have been constructed and operations at sub millimetre frequencies
are possible, Input impedances of between 1012@ and 10159 Lave been

obtained using insulated gate CdS triodes. Economic production of thin
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film CdS transistors is however unlikely, due mainly to hysteresis effects

and non reproducible electrical properties from sample to samples

Green electroluminescence from Cd4S sugges£ewthat the material could— "7
be used to produce lasers in this region of the spectrum. Unfortunately,
the complex defect nature producing states throughout the band gap of CdS
makes it difficult to obtain population inversion, and hence laser action.
However, CdS lasers have been produced by Hurwitz (1966) using cadmium
rich samples and cathode ray excitation. These emit at L9OOA (in the blue)
and have a power output of 350 watts operating at 110K with an overall

efficiency of 26.,5%.

Silicon and CdS were the original materials used for solar cells
over ten years ago. Recent research has been directed towards thin films
CdS and CdTe devices where a large surfépa,area and the low cost of
fabrication more than compensate for the reduced efficiency compared with
bulk single crystal photovoltaic devices. A review of the use of CdS for
 solar cells has been published by Shirland (1966). Efficiencies up to
| 6% for a 500m2 area have been obtained by Hill and Keramidas (1966) using

the p - n junction formed by evaporating CdS onto p type Cuas.

The comparative ease of crystal gfowth and device fabrication coupled
with high photosensitivity have resulted in CdS being used in many device
applications, for example, image intensificatién and even electrophotography.
The poor long term reliability of the devices is mainly responsible fér
the limited use of CdS devices, Reasons for this unrelisbility must be
sought as much in the nature of surface effects and the mechanisms
governing electrical contacts to crystals as with the anomalous bulk

phenomena.,
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l.4. "An Outline of the Present Study

The complex bulk nature of CdS single crystals has, in the past,
promoted extensive research into understandiné the mechanisms responsible - -~
for electrical carrier trapping within the forbidden emergy gap. Trapped
carriers do not participate in current flow, but instead form a space
charge which causes band bending and influences transport processes. A
vast literature relating to work on trapping models has accumulated and
numerous surveys are available, for example, Nicholas and Woods (1964).
In section 2.4, a summary of the present understanding of trapping
phenomena is given, but the exact nature of bulk trapping in CdS remains

a matter of some conjecture.

The method of thermally stimulated conductivity,‘as discussed in
chapter 2, has been egten§ive;y employed. to investigate CdS traps, and
provides the basis for most results in the present work. Single crystal
platelets grown by the vapour phase transport technique, measuring typically
several millimetres square by thirty microns thick have been used
throughout the study. They provide a means of fabricéting simple
devices which have been used to investigate (a) the contribution due to
surface effects, (b) phenomena due to the metal-crystal interface at the
contacts and (¢) the redistribution of crystal defects near the electrical
contacts. Two and three electrode configuraticns have been used employing,
in the main, indium electrodes, however some results for silver contacts are

included. -

The work is mainly concerned with thermally stimulated currents'
between 77K and LOOK using a constant heating rate of about half a degree per
second. In the low temperature region (77K to 12CK), peaks attributed to

traps generally seen in bulk crystals were exhibited by these platelets,



- 20 =

The effect of oxygen was also studied and seen to contribute to peaks

observed in the mid-temperature region; these were characterised to surface

traps. The high temperature region (above 300K) however was related to

using a theory involving trap creation by the formation of complex

cadmium vacancies,
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CHAPTER II

A REVIEW OF CARRIER TRAPPING IN CdS

2.1. Carrier Trapping

2+1.1. Conceptual Basis

Structural defects and impurities in a semi-insulator give rise to
carrier traps, the existence of which is thermodynamically inevitable in
all practical materials., Electrical carrier recombination processes may
be analysed by considering the trapping of electrons or holes by localised

energy levels lying deep within the forbidden energy gap.

Differentiation between donor and acceptor levels and electron and

-~ N .
N > -

hole traps is simple. A trap lying energeticallybabove the equilibrium

fermi level is neutral when ewply, whereas a donor or acceptor centre is charged
when ionised. The creation of traps by doner and acceptor centres is |

possible by agglomeration of equal numbers of oppositely charged centres.

The distribution of photochemically created traps in CdS has been calculated

by Tscholl (1968), though the exact nature of defects responsible for

such centres is open to conjecture.

A detailed understanding of conduction mechanisms in semi-insulators
requires some quantitative knowledge about trappingAcentres in the mate;ial.
In addition to the trap depth, it is necessary to know the capture
probability of a centre in order to assess the density of traps and to
establish the kinetics of the trapping processes. The capture
probability depends on the capture cross section of the centre and is

determined by the potential variation in the neighbourhood of the centre.
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For N recombination sites per unit volume, the lifetime of a charge

carrier, T is given by
-1 | .
T = (VSN) o-ocooooto(aul)

where v is the thermal velocity of the carrier, ngg)% and S is the
captiyre cross section., A simple representation of potential distribution

for specific centres is given in figure 2,1(a),

It must be remembered that centres can act as either electron of
hole traps and it is the state of charge of the centre that determines its

capture cross section, and hence its propemsity to capture charge carriers.

Recombination processes in materials were first investigated by
Shockley and Read (1952) by considering the statistics of occupation of
trap levels. The four basic processes involving electiron-hole recombination

through trapping centres are as shown in figure 2.1(b).

2.1.2. Methods of Analysis

The following measurements can be used to supply trapping data:

(i) Growth and decay characteristics

Application or removal of radiation generally invclves a non-equilibrium
situation during which trap kinetics dominate the conduction mechanism.
Careful evaluation of the area under decay curves measured under given

conditions may be used to evaluate the trapping parameters.,

(ii) Photoconductivity measurements made during the change in behaviour

of a centre
A change in light intensity or temperature is often sufficient to

raise or lower the electron fermi level in a material which may change
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(b) The four fundamental processes involved in recombination

through traps;

(i) the capture of a conduction electron by an empty trap,

(ii) the emission of an electron from the trap to the
conduction bangd,

(iii) the capture of a hole from the valence band by a trap

containing an electron,

(iv) the promotion of a valence electron into an initially

empty trape.
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electron trapping levels into recombination levels, and vice versa. From the
change in photocurrent, calculation of fermi level position then indicates
the depth of the centres contributing to this current,

(iii) I - V characteristics

The variation of space charge limited current for carriers injected
into the solid from an ohmic contact, measured as a function ofrapplied
electric field may be used to assess trapping parameters. The onset of the
trap filled limit can yield the density and energetic location of traps,
together with a crude estimate of cross section (see, for example,

Lampert, 1964).

(iv) Photodielectric effect

An increase in magnitude of dielectric constant in the presehce of
radiation has been shown to occur in some materials, and this is potentially
a useful method for investigating trapped carriers located in orbitals
around trapping centres. ~Thq effect isngportedﬂpredominantly in powder
structures, indeed Gafiick (1955) found very littie photodielectric
change in single crystals of CdS and ZnS, and concluded that the effect
was peculiar to powders, and attributable to space charge formation at
grain boundaries. A comprehensive discussion is given by Bube (1960).

(v) Photogenerated noise

Trapping transitions in photoconducting semi-insulators cause
fluctuations in the number of photogenerated current carriers which can be
observed as electric currenf—h;ise. Brop#y and Robinson (1960) show that
trap depths and trapping transition probabilities may be determined frog the
noise current against frequency spectrum under strong monochromatic )
irradiation conditions.

(vi) Thermally and optically stimulated trap emptying

If traps are filled by excitation at low temperatures, they may be
emptied by rapidly increasing the temperature (usually at a constant rate).

The resulting curve of conductivity against temperature is used to determine
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trap depth, estimate capture cross section and trap density, and indicates

the kinetic process associated with a trap.

Filled traps may be emptied also by the absorption of optical energy- - "~
rather than thermal energy. Trap depths may be determined from the

stimulation spectrum of either photoconductivity or luminescence.

The thermally stimulated conductivity (TSC) measurement is undoubtedly
the best single method for obtaining the maximum amount of trapping data.

Its advantages include:

(i) Experimental simplicity.
(ii) Each discrete trap is represented by a singular current peak.
(iii) A simple method for estimating trap depths.

(iv) The method can be varied considerably, e.g. additional
illumination at high temperatures and/or variation of
heating rate.

(v) The shape of the TSC curve can, in certain cases, indicate
the dominant kinetic_process.

(vi) Several methods for evaluating trapping parameters from a

TSC curve provide a self checking mechanism for data.

2e20 TSC Theorz

2¢2s1e Introduction to Non Eguilibrium Conditions

Before embarking on formal analysis of theory relating to the thermal
stimulation of carriers out of trapping centres, it is important to consider

the conceptual basis of the method,
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Under equilibrium conditions at room temperature, the thermal energy,
kT is about 0.025eV, In the present system however, TSC peaks appearing
at about room temperature correspond to trap depths over 0,5eV., It is fhis
ability to release trapped electrons from depths corresponding to twenty times -
their thermal energy (kT) that establishes TSC as a very useful tool for

carrier trapping analysis.

Thermal equilibrium conditions are not maintained during TSC heating.
This provides the essential difference between the energy attributed to a
TSC pezk at a particular temperature, and the corresponding value of kT.
By rapidly increasing the temperature of a semi-insulator, non equilibrium
conditions are maintained, and the resulting current? namely the rate of
flow of carriers--éf-l is then related directly to the temperature in

dt

The system can thus be visualised as a form of thermal "acceleration" of carriers

an
ar *
out of their traps, due to the rapid heating.

The concept of the quasi fermi level provides an alternative means
of analysis to explain the non equilibrium conditions involved with TSC,

and is outlined in section 2.2.3.

20202« Basic theory

At least two different methods have been used in the past to interpret
TSC results. Here we shall show by means of a simple model that both are
valid and indeed are essentially identical., Figure 2.2(a) shows the most
elementary system (for electrons) involving one discrete trapping level, and

one carrier recombination level,

The rate of capture (or escape) of carriers depends on the density of



- 28 -

" EC‘
- - “: - e Nle Trapping level
E, -
- o~ % e = = = e e~ IN P, Recombination level
{ N
v

(a) Simple energy diagram for TSC theory

;"'
~1 .

T T
?\\\Lﬂéxp6<7}d7
T _ (b) Generation of TSC peak
from the two parts of
equation 2.13
|-
(%)
InI

v XP;%)C!T (¢) The resultant TSC peak

FIGURE 2.2



- 29 -

carriers in the conduction band (or traps), the demsity of traps (or
states in the conduction band) and the probability of capture (or escape)

of the carrier from the centre.

The rate of release of electrons from a trap into the conduction:

band is

Ny Ty

NC PE ooe.o..vt.(zvza)

The rate of capture of conduction band electrons by the trapping level

is

nNt(l‘- ft)PC 00000.000.(202b)

And the rate of removal by recombination of conduction band electrons is
nNR(l“ fR)PR ’ o..a.....-(E.EC)

Where n is the density of free electrons in the c¢onduction band, Nt and

NR are densities of trapping and recombination centres, Nc the effective

density of states located at the bottom of the conduction band, ft and

fR the occupation probability of the respective centres, and PE’ Pt and

PR the probabilities of escape, trapping and recombination of carriers,

From equations 2.2(a), (b) and (c), the rate of change of

concentration of electrons in the conduction band at any time is

dn
'&’E' = Nt ft NC PE - n Nt(l had ft)PC - n NR(l b fR)PR ..0'0(203)

and the rate of change of concentration of trapped electrons at any time is

dn
t
ER Nt f

" Nc P.+n Nt(l - ft)Pt S -2 1Y)

t E
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where n, 1s the density of trapped electrons.

Combining equations 2.3 and 2.4 for a steady state

dn an,
E = '-d'-{;—" - n NR(l - fR)PR .’.."’7.'.,.’.(2'5)

The probahility of recombination, PR' depends only on the thermal.

velocity v, and the capture cross section ST such that

Equation 2.5 then becomes

dn dnt
;1—1? = —a—%—- - HNR(l-‘fR)V ST

Remembering that NR(l - fR) represents the total density of available

s

. - N N i _
recombination centres, and using equation 2.1, equation 2.5 becomes

L T (2.6)
dt - dt 'c e oD 0000 .

BEquation 2.6 is frequently used as a starting point for TSC analysis,

and can be intuitively deduced from figure 2.2(a).

Analysis usually proceeds by dividing the possible TSC kinetics into

three categories:

(i) Monomolecular recombination (no retrapping)
(ii) Bimolecular recombination (an equal probability of retrapping
or recombination)
(iii) Fast retrapping (equilibrium between trapped and conduction

band electrons)



For the purpose of the present study, only mohomolecular recombination is
considered in detail as the complex and often intractable equations evolved by
(ii) and (iii) are developed from comparatively simple extensions to thé
theory outlined, as well as documented in the.literature (see, for example, -~

Nicholas and Woods, 1964).

The effect of negligible retrapping eliminates the term n Nt(l - ft)Pt
in equations 2.3 and 2.4, and means that the number of free electrons, n,
in the conduction band results only from the thermal release of carriers

from traps (see equation 2.8 below).

It is generally assumed that the effective lifetime is sufficiently

small to neglect the g—% term in equations 2.3, 2.4 and 2.6 (i,e, .:_ > -g—:—).
From equation 2.5
d_n N . “\ o B ‘
t dn
- E‘E— - n NR(l = fR)PR = .a-t- = 0 oooo.oeo.-(ZU’?)

t

R and using o = N

below the bottom of the conduction band

Substituting for P exp (- %%) where B is the trap depth

c

_ AE,
= e NC exp(- kT}NR(l - fR)ST v 00'9000090(208)

The term NR(i - fR) represents the total density of available centres for

—

recombination which, due to charge neutrality, must equal the total

trapped carrier density, n_, so equaticn 2.8 becomes

t

dn
t o - AR
e = =N 8y v ong expl- 1)
or
dnt :
t AE
dt - - nt V exp(- T{T) oeooeaoooa(zog)
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where
Vo= NC st V,

the frequency factor discussed in section 2,2.4.

For TSC measurements, a constant rate of heating, P is used

|
I}

T0+Bt

and differentiating

dT Bdt .D.....O.B(ZQIO)

Rearranging equation 2.9 and substituting equation 2,10

Eao@ OB
ny (B) exp (- kT)dsr.' secesssase(2411)
Integrating . s T e
n T
dn
—t -2 AE
n =B exp(~ i—T-)dT
t
n T
0 o

where n, and To are initial trap density and starting temperature

respectively.

T
e v AE
ln('ﬁ'j') = - -ET exp(- 'k-f)dT
° T
J7o
T
n; = no exyp ('é") - e:’cp(" ék—?-)df[‘ .....(2.12)
T
o]

Equation 2.12 gives the number of electrons in the conduction band (due

to TSC) at any time and the instantaneous current I a g—%—f may be cal culated,
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T
dne _ %o (- OE Y AE
Ia ol n v exp (- kT) exp (B) — exp(~ kT)dT cesos(2.13)
B T
)

Equation 2.13 describes the simplest- form of TSC curve, and was first -

developed for luminescence spectra by Randal and Wilkins (1945).

Figure 2.2(b) is a schematic diagram of 1n I against 7L for
equation 2.13 to show development of the resulting TSC curve, shown in

figure 2.2(c).

Further development of equation 2.13 correlates the temperature of
the TSC pesk maximum, T* with the trap activation energy, E. Writing
equation 2.13 as

DE

NE )
InI = const -~ = ~ (EJ exp(- ETDdT
T

o)

differentiation with respect to temperature and equating to zero gives

d B V. E
'Ef(ln I) = ;;:E - (‘B') exp(- ‘E’T‘?) = 0
Yielding
E = kT* ln(""E“B—"') ..........(2.14)

|

2e2e3. Quasi férmi levels ‘

The concept of a fermi level applies strictly to conditions of thermal
equilibrium., Under these circumstances the local electron and hole

densities n and p, are specified by non degenerate statistics:



(B, -E)
ng o= Noexp —pm— ceressenea(2.152)
and |
(EV - Ep ). |
p, = N exp g cosnessean(2.150) T

Where EF is the equilibrium fermi level and other parameters have théir
o
usual meaning.

For situations involving carrier densities in excess of those in
thermal equilibrium, Shockley (1950) introduced the concept of "quasi
fermi levels" as an aid to analysis of processes in semiconductors. Under
the influence of, for example, irradiation or thermal transients, the
electron population is in quasi equilibrium with itself, all carriers
adopting their lowest possible energy level. The hole population behaves
similarly. Electron concentrations need ‘not, of course, be in equilibrium

with hole concentrations under such circumstances.

Considering initially the case for electrons only, with An being the

excess carrier concentration:

n = no “+ An .ooooo...o(2016a)
E - B
n o= (1+2BN e ( : ¢ | (2.16b)
o = ﬁo c Xp KT *ee300 000 .
Suppose equation 2.,16(b) mey be replaced by -
(EFn - Ec) .
n = NC exp —"""ﬁ“’—_ 0000-0.0.0(231‘7)

where EF is the quasi fermi level for electrons., Equating equations
n

2.16(b) and 2,17, and assuming a largd excess current, i.e. An > n



n - N e
- (MFO E) \? (EFn E)
) N : = T e
(no . &P o Nc eXp R
Yielding
n
EF = EF + kT ln(‘r"l—") ooccfoooeo(2ol8)
n (o} o}
or from equation 2.17
NC
EF = EC - kT ln('ﬁ-“') . cnoooocooo(2019a)
n
- similarly for holes
NV
EF = EV + kT ln('i)—') 00‘..'00'.(2!19b)

b

From equations 2,19(a) and 2.19(b) it is clear that by increasing the excess
carrier concentrations, fheu&uasi fermi’Eéﬁels are driven nearer to the
band edges. In figure 2.3(a), the energy band diagrams are shown as a |
function of distance into the bulk for photoexcited carriers under different

illumination intensities, The statistical probability of occupancy cof a

state is shown graphically in figure 2,3(b).

Under conditions of non equilibrium steady state, Siwmmons and Taylor
(1971a) have shown that the distribution of trapped electrons can be
represented in the form of a modulated Firmi-Dirac form about an energy
E; (or E; ) which acts as a quasi fermi level for trapped electroms (or
hoges). Thg trapping densities before and after illumination are shown

in figure 2.4 for two temperatures T, > T, (the distributions for T

1 1
being exaggerated), For conditions of uniform illumination in which the

free excess carrier demsity is far less than the trapped carrier density,

the number of trapped electrons above EF is identical to the number of
o
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trapped holes below EF y and is indicated by equal shadad areas on each curve
o

in figure 2.4(b), It will be noted that the effect of increased

illumination or decreased temperature shifts the quasi fermi level for

trapped carriers nearer to their respective band edges.

The quasi fermi level for trapped carriers is of utmost importance
in TSC. 1Initial intense irradiation at 77K forces each quasi fermi level
close to its respective band edge. If the temperature is sufficiently low
so that there is insufficient thermal energy to release carriers, the
position of the quasi fermi level for trapped electrons will remain
essentially unchanged after the removal of the irradiation., Subsequent
rapid heating will produce a non equilibrium state in which the quasi

fermi levels start to move towards the equilibrium fermi level, EF . As
the quasi fermi level passes through a trapping level, carriers wiil be
released and produce a TSC peak, Equation 2.14 shows that the trap depth
is proportional to TSC temperature (and therefore to TSC time), so with a
linear heating rate, the quasi fermi levels must move at a constant rate

away Irom their respective band edges.

2.2.4. The frequency factor

The freﬁuency factor (or 'attempt to escape frequency'), Vv , occqung
in equation 2.9 is used to provide a link between the Maxwellian
distribution for thermal energies, E and the escape probability per unit
time, P, expressed as follows:

P = v exple =) sescesenees(2.20)
kT
where

Yy = N v 8§

for simple energy band surfaces. Y has the dimensions t‘l.
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If the trap is regarded as a potential box, 'V expresses the product
of the freguency with which an electron strikes the sides of the box and of

the reflection coefficient, It is therefore reasonable to suppose the order

of V  to be somewhat less than that of the lattice vibrational frequency ~ ™

of the crystal, %2 ~s lO12 sec_l.

A survey of estimated magnitudes of ¥ for TSC measurements on Ca&S

is given in table 2.1, and a value of VY = 3 x 10t secfl is used
henceforth.
REFERENCE FREQUENCY FACTOR
Mark (1965) v ~ 10" sec™t
Bube et al (1966) v ~ 3 x 100 gec™t
,. B 11 -1
Tscholl (1968) v = exP(O.OBEeV) % x 10 " sec
(for traps at depth 0.9eV)
. 10 -1
Brophy and Robinson (1960) VY~ 5x 107 sec

Table 2.1, A Survey of ¥reguency Factors for CdS

2.2+5. Photoconductivily gain

Photocurrents exist in one'of two forms; primary photocurrent,
created as a direct result of photon energy absorption, and secondary
photocurrent, resulting from the passage of a primary photocurrent, In
IT - VI compounds particularly, the lifetime of carriers produces by one

photon may greatly exceed the carrier transit time between electrodes. To
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maintain charge neutrality (assuming ohmic contacts) electrons are then
injected into the conduction band many times throughout their effective

lifetime. The photoconductivity gain factor, G is defined as
T } . e e
G = ("_E') o.-ooco-a-(Z.Zl)

where T is the carrier lifetime and t the transit time., For priﬁary
photocurrent, where the excited carrier may recombine before reaching

an electrode, the gain is smaller than unity, but for secondary

photocurrent, values in excess of ]_Ol+ can exist, The gain factor may also be’
expressed as:

i h
G = (;%) coooo-oto.(zczz)

where iph is the photocurrent produced by a, the density of absorbed
photons and b, the volume of the specimen, Due to the difficulty in

estimating the absorbed photon density,evaluation of G is difficult,

Release of electrons from traps during TSC measurements will similarly
produce currents dependent on the gain factor, and it is generally assumed
that the photoconductivity gain factor may be used in TSC experiments. For

a particular TSC peak, the trap density, N_ is given by

t

-1 . . .
Nt = (Geb) S. ipge dt = a j; (1TSC/1ph)dt
TSC TSC

-.........(2.25)

where iTSC is the thermally stimulated current (which must be integrated
over a certain pesk). As the carrier lifetime varies with excitation
density and while the photocurrent is decaying, only an approximate value
aof Nt is possible. Value of G as low as 5.5 have been reported by

Levine and Mark (1966) for TSC analysis, whereas Ballentyne (1971) found



- ] -
. 6 o C .
values of G as high as 10° for photoconductivity experiments.

Evaluation of trap densities from TSC curves is therefore difficult and
requires absorption measurements on each sample and for each temperature
range., In view of the large number of samples tested, the complexity of
additional measurements and the uncertainty in the final results, analysis

of trap densities has not been considered further herein,

2.2.6. Estimation of trap depth

For fixed values of initial filling and energy depth, the TSC
maximum moves to higher temperatures as B increases and as VvV decreases,
In figure 2.5, a comparison of trap depth for TSC peak temperature is given

'using the following referencesg: e

(i) From equation 2.14, a linear dependence corresponding to
E ~ 29kT is obtained for v = 3 x lOll sec™t and B = 0,56 K sec—l.
This compares favourably with the generally accepted value between 22kT
and 30kT given, for example, by Randall and Wilkins (19L45) and Bube et al

(1966) for cds.,

(ii) Detailed analysis of TSC based on Shockley—Read statistics has
been developed by Simmons and Tayloxr (1971b), yielding the relationship .

between temperature of the maximum and trap depth of:

E = T* 1,92 x 10'“(%5 + 0.32 x 1077 - 0.0155eV  ,.e.o(2.24)

where E is the trap depth and T* the temperature of the TSC maximum, From
figure 2.5, the graphical representation of equation 2.25 shows similarity

to (i) above, and corresponds to E ~ 31kT,
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(iii) In section 2.4 the work of Tscholl (1968) is discussed.
From a survey of the capture cross sections of traps in CdS, an

empirical formula was developed relating the frequency factor, ¥V , with

the trap depth, E, measured in eV : - - T
E .
\) = VoeXp(’o—'O_BS) 0019090000(20;25)

The resulting non linear relationship between T* and E is shown in figure 2.5

using the value of ‘Vo = 1.
An independent and reliable assessment of trap depth is also given by

the slope of 1ln I versus T'l for the initial rise of a TSC pezk, as shown

in figure 2.2(b).

2.3. Extensions To The Simple Approach . .

2e3ele Trap kinetics

Recombination of an electron thermally excited from a trap into the
conduction band may be via recombination centres qr.by retrapping one or
more times, Equations to describe TSC curves have been obtained for three

conditions:

(i) Electrons spend a time T in the conduction band before
recombining. This is the case of monomolecular kinetics (no retrapping)

and is considered in section 2.2,

(ii) The electron has an equal chance of being retrapped or reCOmbining.-

The condition is described by bimolecular kinetics,
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(iii) Electrons are retrapped several times before returning to
the valence band, This case also involves bimolecular kinetics, but

is generally termed fast retrapping to avoid confusion.

Many methods have been proposed for solving such equations, but as
these solutions depend upon different approximations, large discrepancies
are found between the results so obtained, From published work on TSC
analysis, Nicholas and Woods (1964) have surveyed important contributions
relating to trapping kinetics, and only a brief outline is included in this

section. The relevant equations are listed in table 2.2.

Garlick and Gibson (1948) were first to consider the bimolecular case
showing the shape of the TSC curve depended on the extent of initial trap

filling, n For fast retrapping, where conduction band electrons are

£ e
essentiallyoin equiliprium with trapped electrons at the TSC peak temperature,’
Haering and Adams (1960) and Bube et al (1966) obtained expressions to describe
the TSC curve. It is not possible to assess the capture cross section of a
trap obeying fast retrapping kinetics, however Boer et al (1958) showed

that an estimate of recombination capture cross section was possible at the

TSC peak temperature,

The theoretical shapes of TSC curves resulting from retrapping kinetics
are plotted by Garlick (1949) for several trap depths and initial occupancy

conditions, The effect of retrapping is twofold:

(1) The TSC peak temperature depends on the extent of initial
trap filling.

(ii) Reduction in magnitude and increase in width of the TSC pesk
invalidates the initial rise method for evaluation of trap

depth (as described in section 2.2.6).



2 ) -5 BIMOLECULAR KINETICS
n, "y eV exp (ﬁ)
2 O hanm ,"i o 'C = 9] .
ik cnd Glbson (1948)16° n, T '(nt is the density of traps initially
o V¥ -I 2 o .
1 b i v=amnead moana S——— 8
N, [- 2 2| epEhar | £illed)
v T
: o
. T
I\;Cep _E e i -F i
Docring rnd Adems (1960) {67 = —f— n, expEH - ya7 N exp()dl FAST RETRAPPING
i Fa - I
t o} t T
o
I\Tc m EXTREMELY FAST RETRAFPING
ube et al (1966) E = k1 la = S ‘
T e T ¢ is the fraction of tzaps occupied at
T* when the density of free electrons is
n_*)
c
- - ey B B An estimate of recombination cross section
Boer et a1l (1958) S by WK ; : it
R kT z T during fast retrapping conditions
TABLE 2,2,  TSC EQUATIONS FOR BINMCLECULAR AND FAST RETRAPPING KINETICS

-g.f-[..
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2e3+2+ Other TSC methods

Various attempts have been made to minimise the shortcomings in thé
basic TSC measurements, such as lack of peak resolution and the assumption . . . ..
that mobility and carrier lifetime are temperature independent. In this
section we shall give a general outline of these processes and‘the reasons for

these modifications,

The method of thermally stimulated capacitor discharge was introduced
by Zhdan et al (1968), One electrode of a simple parallel plate capacitor
consisted of a thin film of CdS to which ohmic contacts were attached. The
capacitor was cooled from a high temperature under equilibrium conditions with
a field applied., At sufficiently low temperature, the capacitor was short
circuited, and after partially discharging, contained only charge from
trapped carriers, Subsequenﬁ heating ofwthe semiconductor released trapped
electrons giving rise‘to~current peaks in'the extérnal circuit. The motion
of these carriers to the metal electrode, acting as a recombination channel was
independent of carrier mobility. In a later publication, Zhdan et al <l970)

show that an additional parallel capacitor can be used to enhance resolution

of current peaks.

The influence of an electric field on trap filling has been considered
by many workers, and can be used as an alternative to optical irradiation.
Bordovskii and Izvozchikov (1970) combine SCIC and TSC methods to obtain
field filling rather than field ionisé£ion of traps. Deep traps can be
filled without cooling the specimen, so the method is advantageous for -
systems in which excessive cooling promotes contact failure. It is also
suggested ﬁhat trap paremeters could be deduced from .thermal depolarisation
of the quasiphotoelectret state, formed during the flow of SCIC, It appears

however that Semek et al (1967) used essentially the same method by combining



- 47 -

both electric field effect and optical irradication methods for trap

filling. A sample was illuminated at low temperature while an electric
field was applied, Carriers excited by light were separated by the field
and captured by levels, giving rise to an internal electric field, i.es a =~
photoelectret state. Removal of the field and subsequent heating gave a

TSC spectrum shown to be dependent on the square (not the first power as

for normal TSC) of carrier density in the conduction band. Narrower and

therefore better resolved peaks were produced,

The provision of energy from thermal stimulation produced by a rapid
increase in heating is universally applicable to systems requiring energy in
excess of kT but less than one or two electron volts. Trapping parameters
for ionic conductivity in alkalig halides were considered in an analogous
way to TSC hy Bucci and Fieschi (1964). Polarisation of the c¢rystal during
cooling followed by measurement of the relaxation current whilst heating, a
process called '"ionic thermoconductivity' showed current peaks similar to TSC
peaks from which ionic trapping parameters can be deduéed. A similar method
has been used by Servini and Jonscher (1969) to detect deep ionic traps

in thin films of SiO.

Thermal stimulation by rapid heating has been used by Schubert and
Boer (1971) to desorb oxygen from the surface of CdS platelets. From the
dependence o% oxygen partial pressure (measured by a mass spectrometer)
.with temperature, oxygen chemisorption energies were estimated fo; peaks

in the spectrum,

A T2 heating rate, often thought advantageous for TSC analysis, was
shown to be of little use by Manchanda and Mathur (1971): The temperature
dependence of the free electron concentration eliminated TSC peaks under

charge neutrality conditions,
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Several attempts have been made to improve analysis of TSC curves.
Haine ‘and Carley-Read (1968) derived expressions describing the slope,
position of maximum and area under a TSC curve, and proposed the constaﬁt
temperature method of TSC, If heating is,quickly stopped during the initial . —
rise of a TSC peak, the subsequent decay curve can be analysed to provide
data independent of relative rates of retrapping and recombination., Both
methods involve complex equations and require well formed TSC peaks.

Though they used CdS as an example, such analyses would hot be generally
applicable to the complex TSC spectra usually found for CdS. Wright and
Allen (1966) investigated conditions of optical stimulation and trap
emptying processes, extending their method to explain the appearance and
disappearance of specific pesks, and Cowell and Woods (1967) reported

a method for accurate trap analysis using curve fitting technigues. Though
each method has advantages under particular conditions for specific TSC

results, it appears that no definite improvement has been made to the

~ »

general TSC theory, implying that TSC analyses of this kind must be used

only with extreme care.

2e3%e3. Dielectric relaxation

Simmons and Taylor (1971b) have recently reported interesting
thermal electric characteristics resulting from dielectric relaxation in
Metal-Insulator-Metal systems having blocking contacts., In figure 2.6(§)
the energy band diagram of the unbiassed system is shown (metal—semi;
insulator interfaces are considered in section 3.3). Application of a
voltage V causes an immediate change in the band diagram shown in figure

2.6(b) which relaxes to a (quasi) steady state situation, figure 2.6(c).

Consider now the effect of a bias Vl applied at a high temperature,



(a) M~I.M structure zero bias

AP and q% are heights of contact barriers due to blocking contacts
[ -

M 1 M

M

(c) (quasi) Steady state condition V applied

.FIGURE 2.6
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figure 2.7(a)., The system is in steady state and will be maintained as

such during slow cooling to say 77K. Here, by reducing the bias from Vl

to V2 and heating up rapidly, two relaxation processes will be promoted.
Initially, the conduction will be controlled by a non steady stafe bulk
limited process, and relaxation to a quasi steady state results, as shown

in figure 2.7(b). At higher temperatures, a steady state condition develops
involving charge transfer from one electrode depletion region to the other

(i.e. a redistribution of space charge brought about by the initial bias, Vl).

Figure 2.7(c) shows the final steady state condition for V2'

Although relaxation processes in thin film systems are of little
immediate relevance to the present work, the results pertaining to contact
region relaxation are of considerable importance for high temperature
peak analysis.

Blocking contacts prevent the injection of carriers into thesgystem
at all but high temperatures. Current will however flow in the external
circuit as charge is transferred from one side of the insulator to the
other., Current peaks in the low and mid temperature regions result only
if traps are initially filled, but the higher temperature peaks due to
electrode depletion regions will occur 1f bias during cooling differs

from the heating bias,

It is also interesting to note that under certain circumstances_(e;ga
cooling with a larger voltage than that used during subsequent heating)
the relaxation current flow is in the opposite direction to that expecfed
for the bias applied. Figure 2.8 shows the TSC spectrum for a simple
system consisting of one trap, depth ¥, having blocking contacts and plotted

as 1ln J versus Tmla



M 1 M

(a) Steady state condition for V, applied (dashed)
and immediately following reduction from V, to V,
in M~I-M system

~M 1 M

S —>

M 1 M

. (¢) Relaxation to final steady state for V,

FIGURE 2.7
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1
In figure 2.8 the effective Poole-Frenkel trap lowering factor (BE?)
has been included. €c is the field at the relevant cathode and 51 the

field across the insulator ¢i is theé height of the lower contact barrier
andB:e%(EEOR)-%. | - :

To summarise, the high temperature peak will not appear ifrthe same
bias is used for both cooling and TSC heating. For thicker crystals,
optical stimulation would be necessary to observe the bulk (low temperature)
TSC peaks, and the effect of a bulk electric field, é;i could be neglected.,
Blocking contacts onto any dielectric (thin film or thin crystal) should
therefore produce an "electrode dependent" TSC peak under correct biassing

conditions,

2.4, Evaluation of TSC Data For CdS .,

2e4,1s. Introduction

The transformation from theoretical TSC curves to actual results
obtained from CdS crystels is difficult and it is not surprising therefore
that many of the published results are contradictory, particularly as
TSC curves are frequently not reproducible from one run to the next even
on the same épecimen, Qualitative rather than quantitative results are
obtained from TSC curves for CdS. Detailed analys®s using more

sophisticated techniques do not generally improve the situation.

A survey of traps created by impurities or specific post growth
@
treatments a;% omitted because the platelets used inithe present work were
tested in "as grown" conditions. Theories relating stoichiometric

variations with intrinsic bulk traps will be considered only to the extent
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of direct relevance to the bulk phenomena observed in platelets, and
discussions will be directed towards formation and annihilation of high

temperature TSC pehks,

2 l.fo 2e Bulk trapping

Many attempts have been made to review bulk trapping in CdS crystals.
Ditfield and Voigt (1963) studied eleven ways of analysing TSC data
without particular success, however Nicholas and Woods (196L4) found definite
correlations in their study of nine TSC methods. The existence or not of
discrete or continuous distributions of traps has not been conclusively
established. Bube et al (1966) and Tscholl (1968) favour the latter, whilst
Nicholas and Woods (1964) together with thé majority of other workers at

present prefer the concept of discrete traps.

Discrete trapping levels in CdS are characterised by either trap
depth, E or the temperature T* at which the TSC maximum occurs. No simple
relationship exists between T* and E because of the different kinetic
emptying mechanisms. The data shown in table 2.3 gives éstimated dépths
of major traps in CdS and the approximate temperature range in which their

corresponding maxima occur, following the survey of Nicholas and Woods

(1964h),

E (eV) 7* (K)
0.05 90 -~ 150
Q0.1 135 « 190
0.25 | 170 - 295
0. 41 270 - 300 Table 2.3.
0.63 320 - 350
0.83 ~ 290
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No single TSC run exhibits all traps. The first peak, occuqz;g at
about 90 - 100 K is usually observed, and is characteristic of bulk
trapping in CdS, The detection of the next three traps in table 2.3 vafies
from sample to sample, and generally dependsoﬁ specimen stoichicmetry,
Traps at 0.63eV and 0.83eV never occur together on the same TSC run, and
the controversy regarding models to explain both creation and annihilation

of these traps is critically reviewed in the following five sections.

2.4.,3, The Nicholas and Woods model

Continuing from the initial work by Woods and Wright (1958) on
identifying traps due to chlorine, gallium and copper impurities in CdS,
Nicholas and Woods (1964) proposed the following model for undoped CdS.
The three traps with the lowest energy (see table 2.3) all have very

small cross sections ( f\—'lo"20

cm2) and are attributable to sulphur
vacencies, Cadmium vacancies were thought responsible for the traps at
0.83 eV and 0,63 eV, and in a later publication, Woods and Nicholas (1964)
reported photochemical creation of the 0,41 eV and 0,83 eV traps (which
always occur together) by irradiating the crystal with the temperature
maintained between 220 X and 300 K. The 0.83 eV trap exhibited a very

"lqcmz) but emptied monomolecularly due to

large cross section ( ~ 10
dissociation of the trap following electron emission., The 0,63 eV trap
was created only at high temperatures ( ~~ 250 K) during irradiation, and
exhibited fast retrapping kinetics during emptying with an estimateé'
recombination cross section of 10"16 to 10~18cm2. Association of

cadmium vacancies which give rise to a '"colloidal' sulphur complex having
a large capture cross section could form such a trap, and would dissociate

when heated to higher ( ~v 350 K) temperatures. Association of charged

cadmium and sulphur vacancies were suggested for the 0,83 eV trap following
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the work of Van Gool and Diemer (1962). Apple and Williams (1959) showed
that dipolar association of such pairs of defects can lead to sets of
energy levels which permit radiative recombination., The thoery of donor
and acceptor pair agglomeration was extended by Tscholl (1968) for Cds,

and is summarised in section 2. 4.6,

2.4.4. The Trofimenko model

Trofimenko et al (1964) investigated the éffect of temperature, the
duration of white light irradiation and the illumination proceedure prior to
a TSC run on crystals of CdS treated with sulphur vapour. The redistribution
of traps producing pesks at 263 K, 301 K snd 338 K (corresponding to
Nicholas and Woods traps at 0.4l eV, 0,83 eV and 0,63 eV respectively)

wewe explained by assuming the three trapping levels were very close in

~ ~
~ - me

space (neighbouring lattice sites) and surrounded by a common coulombic
repulsion barrier, as shown in figure 2.9(a). The barrier exists when all three
trapping levels are empty, and increases as an electron becomes trapped;

The energy levels, E , E2 and E3 correspond to the TSC peaks at 338 K, 301 K

and 263 K respectively. At low temperatures ( < 190 K) it is assumed that

Sl is far smaller than 82 and Sz’ the corresponding capture cross sections of

the trap, whilst at higher temperatures the inequality changes sign.

I1llumination at low temperatures fills E2 and E,, whilst illumination at

3

higher temperatures filis E, preferentially., The magnitude of the barrier

1
& is determined by the state of charge within the trap, and when calculated
from the dependence of TSC pesk msgnitude with illumination temperature.
appears to be 0,7 eV to 1 eV, The concept of hold capture by the centre

without hold-electron recombination is necessary to reduce the barrier

height, @ to a practical value.
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(a) The model of Trofimenko et al

o - A==
$=03eV (1\_ (i)
\I/ , | | r ~ Il

E=O-73¢V Ez 043¢V

—Y_

(b) Double acceptor trap of Bube

Process (i) excitation over the barrier (higher temperature)
' (ii) tunnelling through the barrier (low temperature)

FIGURE 2,9
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2.4.5, The double acceptor model of Bube

On the basis of a quasi continuous trap distribution, Bube et al (i966)
calculated.the density of traps in CdS over tﬁe trapping spectrum between - - -~
0,1 eV and 0,7 eV using an analysis based on quasi fermi levels. A
discrete trap of depth 0.75 eV with a cross section of v lO-ll*'cm2 was
responsible for a peak at 289 K, produced by continuous illumination whilst
cooling. The illumination dependence and emptying kinetics of the latter

were explained using a similar model to Trofimenko et al (1964) but

invelving a non photochemical approach.

A trap ER of depth 0,43 eV surrounded by a potential barrier @, of
height 0.3 eV is shown in figure 2.9(b). At low temperatures, Bube
postulated electron release by excitation to the conduction band, followed
by tunnelling through the barrier (process (ii) in figure 2.9(b)), whereas
at higher temperatures, excitation is over the bafrier (process (1)),
requiring a total activation energy, ET of 0,73 eV, fhrough the emission
cross section was ~~v 10~lh'cm2 for the 289 K peak, the magnitude of the
capture cross section of the centre, a parameter that reduces exponentially
with decreasing temperature, was < lO"EOcm2 at low temperature, and
the trap was not filled for excitation below 210 K. The 289 K peak
corresponded to the 0.83 eV trap of Nicholas and Woods (1964), having
comparable dépth, cross section and trapping kinetics., Bube made no mention
of the 0.63 eV trap. In a later paper (Im et al, (1970)), following the
work of Tscholl (1968), Bube finally acceptea the existence of

photochemical effects in CdS, and postulated an illumination dependence

on trap filling involving both temperature and wavelength of the excitation,
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2.4.6, The photochemical model of Tscholl

An excellent summary of photochemical interpretations of phenomena
in CdS crystals has been given by Tscholl (1968). The TSC spectrum rather
than isolated traps is considered, and the proposed model is based on one
kind of trap formed by the interaction of donor and acceptor defect paifrs.
Trapping depths and capture cross sections are modified by the separation
of the pairs; long distance separations corresponding to shallow traps and
shorte¥ distance pairs to deeper traps. The gcceptor is assumed to be the
trap, and the close proximity of a positively charged donor effectively
increases the trapping depth. Photoinduced phenomena are attributed to
illumination promoting a change in distribution of pair distances at
temperatures above 240 K. Analysis is based on the individual constituents
retaining their effective charge and energy level within the band gap.

Tscholl used isovalent impurity atoms (nickel) to increase defect

. ~ Y -

densities but maintain charge neutrality in the dark to verify the model.

It is possible that Tscholls photochemical hypothesis could be liﬁked
with Bube's double acceptor model via a two stage internal transition,
Trensferring an electron from one defect to the other before release
involves an effective tunnelling mechanism and may be compared with Bube's
tunnelling model for low temperatures. Direct escape of the trapped electron
from the pair to the conduction band would then be analogous to Bube's

explanation of higher temperature extetation over the barrier.

In view of Bube's recent publication (Im et al, (1970)) favouring.
photochemical creation of trapping centres, it should now be possible to
substantially develop the present models used for bulk trapping phenomene

in CdS crystals.
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2e4.7. Cowell and Woods' interpretation of deep traps in CdS

Following their successful work on the evaluation of TSC peaks using
successive approximations and curve fitting technigues, Cowell and Woods
(1969) developed further the model éroposed by Nicholas and Woods (1964) to
explain the behaviour of deep traps in CdS. The 0,63 eV and 0.84 eV traps were
attributed to charged cadmium vacancies. The former trap results from an
asgociation of two cadmium vacancies that dissociate under illumination above
270 K to form two 0.84 eV traps. The 0.84 eV.centre is also surrounded
by a potential barrier 0.35 eV high that does not allow it to be filled
below 200 K. Cowell and Woods'suggested that the potential barrier could be
due to a cadmium vacancy having already one electron associated with it,
and the 0.84 eV trap arises from its ability to trap a second electron, released
by a photochemical reaction. The 0.63 eV trapping centre is created from
the association of two cadmium vacancies_formed by baking in the dark.

Cowell and Woods were first to attribute the deeper trapping levels to
particular associated defects, and in the discussion of results, recenf

work on cadmium vacancies in CadS is shown to substankiate their model,

2.4.,8., Summary

The wealth of literature reporting trapping phenomena in CdS is
reduced for ﬁresent requirements to three importantvtraps; the generall&
observed low temperature TSC peak at ~ 90 K, characteristic of bulk -
trapping, and the 0,83 eV and 0.63 eV centres exhibiting TSC peaks at
about 290 K and between 320 K and 350 K respectively. FPhotochemical
creation of the 0.83% eV trap is now widely accepted, and general agreement

exists for both the conditions necessary for formation and amnihilation of



the centre., Fast retrapping kinetics apply to the 0.63 eV trap, causing

a spread in both temperature of the TSC maximum and shape o the TSC pesk,

depending on initial filling conditions, as outlined in section 2.3.1l.

Recent models suggest that agglomerations of cadmium vacancies yield the - - - -

complex defect responsible for the deep traps,
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CHAPTER III

SURFACE EFFECTS INFLUENCING ELECTRICAL CONDUCTION IN CdS

%+1., The Role of the Surface

The properties of crystals in the form of thin platelets are consid-
erably influenced by surface effects, In this chapter, surface effects
contributing to electrical conduction are considered. The nature of the
surface itself, i.e., the termination of a crystal lattice, gives rise to
“"dangling' bonds which cause surface traps, enabling a high density of

holes and electrons to be trapped simultaneously on the surface.

Two major factors which influence the surface are considered in some
detail, (i) the behavior of oxygen molecules on II - VI surfaces and
(ii) the effect of a metal contact used to form ah electrode, The second

concept is developed in the last section which reviews specifically indium

contacts to CdS,

3.2, Carrier Trapping on the Surface of CdS

3.2.1es - Intrinsic surface states

Detailéd studies of intrinsic surface states have been reported féf
metallic and covalent crystals, but surprisingly few consider ionic
crystals., Levine and Mark (1966) developed a comprehensive theory for
estimating the surface parameters of ionic crystals and applied it to numerous:
halides, oxides and sulphides. The model used is based on simple

electrostatics, and surface ions are considered equivalent to bulk ions
’ q
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except for their reduced Madelung constant, Here, emphasis will be

placed on results relating to the 1120 surface of CdS crystals.

Modification of their purely ionic modellis necessary to account S e
for the iono-~covalent nature of the bonds in CdS. Calculations aan be
made in the same way but using values of reduced effective ionic charge
which allow for the degree of covalency. These yield trap depths within

the range 0.2 to O.4 eV,

Optical filling of the surface traps depends critically on the minority
carrier lifetime. During optical irradiation the electron cencentration
in the conduction band of n type CdS exceeds the hole concentration in the
valence band by several orders of magnitude because of the inequality in
carrier lifetimes, Tn » Tp. If the hole transit time, tp exceeds Tp,
holes will never reach thg sufface, and_phe accumulation of electrons will
be limited only by eléctric fiela strength in the-potential barrier at
the surface which results from bulk compensation of the surface trapped
electrons, Figures 3.1(a) and 3.1(b) show respectively the energy band
structures for darkness and just after illumination commences. An
increase in optical irradiation intensity decreases tp, and hole capture by the
sﬁrface begins when tp = Tp, as shown in figure 3.1(c). In figure 3.1(d)
the photocurrent and response time measured by Levine and Mark are shown
for CdS platelets as a function of the intensity of illumination., A
sharp rise in response time is exhibited (corresponding to 10'-6 A
photocurrent) due to the“sudden penetration of holes to the surface thch
begin to compensate the trapped surface electrons., With og;y electrons .

trapped on the surface, trap filling is limited to IO—A of the total

1h

number of available traps (10 cm"a) whereas compensating surface holes
and electrons enable almost all traps to be filled. From results using

adsorption of various gases, an experimental estimate of surface trap
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FIGURE 3e1 THE ENERGY RBAND STRUCTURE ¥OR A CAS SURFACK
AND CORRESPONDING ILLUMINATION CHARACTERISTICS
(after Levine and Mark, 1966) |
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depth of between 0,2 and 0.7 eV was obtained,

Reed and Scott (1965) proposed the existence of surface states above
the Fermi level that behaved as electron traps in oxygen free conditions. o
Measurements of the field effect mobility on the surface of photosensitive
CdS by Shirshov et al (1969) suggested surface traps lying within the
energy interval O.,1 to 0.3 eV pelow the conduction band and an investigation bé
Bugatti (1969) on the absorption edge of CdS indicated surface trap
depths of about 0.3 eV with an estimated density of lOl3 cm—a. These

results appear reasonably consistent with the model of Levine and Mark,

2,202 Liciton creation

Coulombic attraction-between a photogenerated hole and electron in close
physical proximity can produce an exciton., The bound configuration can be
visualised as the two carriers revolving about their common centre of mass
with quantitized angular momentum. Until scattering processes dissociate
the complex into a hole-electron pair, the effectively neutral exciton can
either migrate through the lattice or be associated with a charged or
neutral donor or acceptor, or a donor-acceptor pair. In either case, the

exciton carries with it aqusnatity of energy.

The existence of excitons was first demonstrated using Cds, oS
Absorption lines of complex fine structure that are observed on the
absorption edge were attributed to excitons. An experiment has been
reported by Balkanski (1957) in which two electrodes were placed at one
end of a crystal, and the crystal was irradiated in a narrow region at the
other end, A field independent current flow between the electrodes

indicates that energy is transported (several millimetres) along the crystal
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without the transport of individual charges, A diffusion constant of

100 cmzsec“l with a lifetime of ZLO"3 sec and diffusion length of 0.3 cm were
deduced for the exciton., The activation energy for dissociation of excitons in
CdS was calculated by Seitz (1949) to be < 0;17 e¥ whilst Diemer and R

Hoogenstraaten (1957) found it to be 0,1 eV,

Creation of an exciton complex during optical. irradiation followed
by migration to the surface (during a lifetime of lO“3 sec) could be important
in‘'the present work. Dissociation of the exciton at the surface would
produce a high surface carrier density and intrinsic surface traps would

rapidly fill. There are two objections to this idea:

(a)  The energy of the irradiation (Xenon tube) is far in excess of
the CdS energy band gap, and exciton creation is most likely when

irradiation energies very close to the intrinsic band gap are used,

(b) An exciton model cannot be used to explain the sudden rise in

response time observed by Levine and Mark.

During the course of surface T'SC investigations the emptying kinetics
of surface trapping dates are important whereas the exact nature of
optical filling is of little consequence. Even if excitons were responsible
for surface trap filling, no simplé method exists for confi;ming this by
TSC measurements. The binding energies of excitons ( ~ 0.1 eV) are too
low to account for the surface phenomena reported in section 5.5.3. énd
indeed the likelihood of excitons being themsélves trapped on the surface
for a period of several minutes {between irradiation and TSC heating) is
very small., The role of excitons in the present study of CdS platelets

is probably minimal and it will be ignored.
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3.2, The Effect of Oxygen

3.3.1s Introduction

The mechanisms governing the effects of oxygen, on electronegative gas,
on the surface of CdS single crystals still remain a subject of conjecture
inspite of the considerable attention paid to them in recent years. In

this section, a brief resume of the proposed models will be presented,

34362+ Mechanisms for oxygen adsorption and desorption

"Annihilation of TSC peaks attributed to sulphur vacancies following
oxygen admission led Woods (1958) to conclude that oxygen molecules were
adsorbed onto sulphur vacancy sites., This simple adsorption model was
later rejected by Mark (%965? on the basis of chemisorption and desorption
measurements, The enérgy levels due to oxygen ioﬁs are located 0,9 eV
below the conduction band. In the dark, these deep lying electron traps
are full and are compensated by ionised shallow bulk donors. A depletion
barrier is created which extends ~ 10 pm into the platelet. In thin
platelets ( < 20um thick) the entire band structure of the crystal is
raised, making it more insulating. In the absence of oxygen, surface band
bending is minimal, but after oxygen uptake, a barrier of height 0,37 eV
resulted, as shown later in figure 3.2(d). The rate limiting step
during photoinduced absorption or desorption is the transfer of charge from

the bulk to the'surface across the depletion layer.

In oxygen free conditions, Mark postulates a very high density of
trappéd carriers located on the surface and situated in energetic troughs,
separated by energy maxima. This theory has been substantiated by Levine

and Mark (1966) as described in section 3,2, Recombination of carriers
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trapped on the surface is promoted by exposure to oxygen. The energy
band structure proposed by Mark is shown in the discussion, section 3.3.3.

(figure 3.2).

The basic model of Mark has been extended by Weber (1970). He
suggested that oxygen is first physically adsorbed as molecules, then
captured by active surface centres (defects, vacancies etc.) before being

chemisarbed as charged molecules, 02.

Photodesorption of the molecules
initially involves hole capture by the oxygen followed by a thermally
activated step to free the oxygen from the active surface centre. It is
interesting that the maximum value of the activation energy measured by
Weber for photodesorption (0.34 eV) is very near the depletion barrier

height (0,37 eV) calculated by Mark, so a rate limiting step requiring

an electron to surmount the depletion barrier may be involved,

- . ES
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Further evidence that oxygen occupies a sulphur vacancy was reported
by Novikov and Cherednicherko (1970). An emission line characteristic of
an exé¢iton plus sulphur vacancy defect was quenched after oxygen admission,

but reappeared following electron bombardment in vacuum to remove the

oxXygen.

In contradiction to the above models, Schubert and Boer (19?1)
published some results indicating the desorption of oxygen as anaatomic
'species rather than as a molecule, Thermal}y,stimulated desorption (TSP)
of oxygen from the surface of CdS platelets was measured using a parfial

|
pressure analyser. The TSD spectrum resembled a TSC peak, and indicated

- . an activation energy of 0,9 eV in agreement with the results of Mark.

Species of monatomic oxygen were observed with negligible participation
of oxygen molecules, The species of oxygen takiné part in adSOrption

and chemisorption was not discussed, and the study was mainly concerned with
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oxygen desorption and the electronic sensitization of the Cd rich near-

5

surface region ( < 10 “cm thick) of Cd3 platelets, It was shown that

3 x 1015 atoms cm"2 could be accodgdated on the surface of CdS, and an
increase in both photo and dark current up to 106 times resulted from
successive oxygen desorption. The random walk time of photoexcited
minority carriers determined both oxygen desoxrption and the recombination
of holes end electrons on the surface in the presence of oxygen. Centres

-1k

with large capture cross sections (A~ 10 cm‘z) in the bulk were attributed

to defect agglomerates, most probably in the form of Cd vacancies.

The role played by oxygen in the metal contact evaporation process
has been considered recently by several authors, and this will be

briefly discussed in section 3. b.

3.3e3. Discussion

It is apparent from section 3,3.2. that considerable agreement has
been reached regarding the mechanisms involved for the adsorption and
desorption of oxygen on CdS surfaces. Oxygen would appear to give rise to
an energetic level 0.9 eV below the conduction band and, within certain
limits, the way in which chemicorption proceeds is well understood, It
is, thereforé, surprising to find the discrepancy invoived as to the
nature of oxygen species which is absorbed, The hypothesis of Weber
renders Schubert and Boer's mass spectrometer work more convincing, but
further studies are necessary to be certain about the nature of oxygenl
participating in adsorption and chemisorption. For the present study it

is not important whether oxygen exists as O or O  on the surface of CdS.

2

The chemisopption mechanisms are summarised in figure 3.2. The
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diagram is a schematic representation of an active surface centre which in

physical terms could be a sulphur vacancy, and the corresponding energy

. band diagrams. Plus and minus signs represent holes and electrons

respectively, trapped on the surface. The symbol @ has been used to
represent oxygen (atom or molecule) because of the uncertainty 9f particip-
ating species. Refe%gng to figure 3.2., on oxygen uptake, (a), the oxygen
impinges upon the centre and subsequently forms an association with it,
(b). Recombination of the electron and hole trapped on the surface
results, (c¢), followed by capture of an electron from an ionised bulk

donor, (d), i.e. chemisorption.

Desorption can proceed by one of two ways, (e); release of the captured
electron to the conduction band or by capture of a bulk (possibly
photogenerated) hole. Following the work of Weber (1970), a thermal
activation energy, Eth? is required to finally release the oxygen from

the surface, (f).

3.4, Electrical Contacts to Semi-Insulators

Z.4,1. Basic considerations

[

When a metal is brought into intimate contact with an extrinsic
semi-insulator, the system will energetically balance by means og a charge
flow between the metal and the semi-insulator. - In the absence of dee§
surface states, thé relationship between the conduction and valen;e bands
in the semi~insulator and the metal fermi level is determined by the
relative work functions of the materials. In figure 3.3 the eneréy

diagrams before and after contact are shown for various work function

conditions, If the semi-insulater Qork function exceeds that of the metal
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FI GURE 3.% METAL SEMITNSULATOR CONTACTS

before contact after contact

N X G /_— —E.
& ' ; E E ot sl et + wosn gt o v+ s ¢ e . — E

" Fgi

(a) Onmic contact

Fom S oo ool

(b) Blocking contact

Symbols used: (b work function

X electron affinity
P barrier height



- 7l -

(figure 3.3(a)) electrons flow from the metal into the semi-insulator,

forming a space charge region and bending down the conduction and

valence bands to ensure alignment of fermi levels at the interface, The

degree of band bending is calculated by solving Poisson's equation in the . . ...
semi~insulator. When the bending is sufficient for the conduction band

edge to coincide with, or go below the metal fermi level the contact is

termed ohmic, Similarly, a blocking contact is formed when the work

function of the metal exceeds that of the semi-insulator, as shown in

figure 3.3(b), exhibiting the well known Schottky barrier.

It would appear that the barrier height, ﬂé for a given semi-insulator
should denend only on the work functionof the metal electrode. This
relation is observed for many contacts, but not for a1l systems. The
existence of surface states can explain this comparative independence of

barrier height from the value of the metal work function,

~ .
< A

34,2, The effect of surface states

Termination of the crystal lattice gives rise to unavoidable energetic
states at the surface of a semi-insulator, It is the position of such
states within the energy gap that determines the role that surface states
will play following application of a metal contact to a semi~-insulator.
When a balance results from charge flow between the metal and surface
states of a semi-insulator, the role of the bulk semi-insulator is
unimportant, and the band bending is less dependent on the difference between

work functions.

With reference to the classic paper on surface states by Shockley (1939),

Mead (1966) was able to deduce the energetic position of surface states
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and assess their influence on the formation of surface barriers.

Figure %.4(a) shows the essential features of the Shockley model for
splitting of atomic energy levels as the wave functions of atoms

overlap, together with the energy of surface étates as a function of
lattice spacing. At small separations the wave functions overlap and
surface states are situated near the mid gap position. Intrinsic surface
states on the CdS lattice, assumed to be essentially ionic with little
overlap, are located near the band edges, as described in section 3.2. and
shown in figure 3.4({b)., It is interesting to note that in materials with
2 high density of surface states, the majority of states are located two

thirds of the way down the energy gap, as shown in figure 3.U4(c).

An elegant experiment reported by Mead (1965) unequivocally
.demonstrated the behaviour of surface states, CdS and CdSe have totally
different surface progertiesi CdSe has a high density of surface states,
whereas CdS is effectively free from mid energy gap surface states. By
measuring the barrier heights produced by four different metals using
photoresponse techniques on samples of Cd(S -~ Se) mixed crystals, it was
found that ¢B varied directly with the metal work functions for 100% CdS.
As the proportion of Se increased, so ﬁé became less dependent on the metal
and stabilised to a constant value towards 100% CdSe. This experiment
demenstrated the influence of surface states on the relationship between

work functidh and barrier height,

3.4s%., An interfacial layer

By considering the thermodynamics of the following reactions at the
crystal growth temperature, the likelghood of formation of oxide, sulphate

or sulphur vacancies on the surface may be assessed,
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Cds(s) + %Oz(g) === Cd0(s) + 8(s)

Cas(s) + 202(g) T CdSOu(s)

CdasS(s) + Oz(g) T CdCd + SOz(g) (+Vs)

Release of sulphur and the corresponding formation of cadmium oxide is
the least probable reaction. Creation of sulphur vacanci;s and cadmium
sulphate are both likely to occur, however the probability of vacancy,
creation increases at higher temperatures, whereas the probability of
cadmium sulphate formation decreases with increasing temperature.

It is therefore reasonable to assume that both sulphur vacancies and
some cadmium sulphate will be present on the surface of CdS platelets

after growth.

~ v

The existence of\an insulating inéérfacial léyer on the surface of
a semiconductor can considerably modify the electrical properties measured
by conventional methods. Weber (1969) has reported that the surface of
CdS platelets can be contaminated by the formation of CdSOu, and Williams
(1962) suggested that a layer of Cd0 of thickness exceceding 10A could
exist on the surface of CdS crystals. Goodman (1963) considered the
influence of an insulating interfacial material on the measurement of metal-
semiconductor barrier heights with particular reference to a CdO layer on
Ca3S etched surfaces. Assuming the continuation of a space charge region
into the insulating layer, as shown in figure 3.5(a). Goodman evaluatéd>
the potentials due to the insulating layer for an assumed initial barrier
height, VO of 1 volt, and a surface charge st of 10ll cmw2 (the latter
being a reasonable estimate in the light of more recent studies, as

discussed in section 3%.2.)., The table shown in figure 3.5(b) indicates

the additional barrier height (A) due to the Cd0 layer of thickness d.
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FIGURE 3.5
(after Goodman, 1963)
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Ao is the total potential across-the CdO barrier and AS the contribution

to Ao from surface charge st only., The formation of thick oxide layers on the
surface of CdS vapour phase grown platelets is less likely compared with

the etched surfaces used by Williams (1962), so one may assume the R
smaller value of layer thickness. Recent publications (Weber 1969)
regarding the formation of CdSOq rather than Cd0 on platelet surfaces
indicate the need for recalculation of Ao. Goodman however assumed
similar values of dielectric constant for CdS and Cd0, so if one assumes
éz(kkiﬁ“ E;CdSOA’ the additional barrier heights for CdSOA would not be

very different from those tabulated in figure 2.5(b).

A discussion of how a metal electrode is expected to modify the
surface of a semiconductor has been published by Heine (1965) but refers
mainly to materials having a high density of mid band gap surface states,
and is therefore of litt{e rg}evance toﬂgdS.

Okazaki et al (1970) found the potential barrier due to oxygen on the
surface of CdS did not change when a gold electrode was deposited on it,
from which they deduced that surface state charges on a free surface
remain unchanged after being brought into contact with golds On the other
hand, Karpovich and Kalinin (1970), in their study of surface doping of
CdSe thin films, postulated a neutralisation of the chemisorbed oxygen by
impinging metal ions, and a corresponding change in work function of the

crystal caused by impurities forming a layer at the surface.

In the next section, it will be seen that indium can diffuse
through the surface layer, and the apparent contradiction about the effect
of evaporated metal on an oxygen covered semi-insulator surface is not

applicable,
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3+5. Indium Contacts

2,.5.,1. The work function of indium

Inspite of the considerable use made of indium and gallium for
semiconductor contact materials, there is a pauéity of data on their
work functions., From the periodicity of data presented in his survey
of elemental work functions, Michaelson (1950) estimated a vilue of 4,0 eV
for indium. Smith (1955), discussing ohmic contacts to CdS, arrived
at a value of work function for indium between 3 and 4 eV. Consideration
of the relationship between work function of the elements and their
ionisation potential yields a value of ¢ ~ % eV for indium., A work
function for indium not exceeding L4 eV is implied from measurcment of
‘the surface barrier height by Aven and Mead (1965).

. ey

~ N -

3,5.2. Penetration of indium into CdS

By measuring the concentration of species below the crystal surface,
O'Tuama and Richter (1970) were able to show that indium diffiased
preferentially into cadmium vacancies. This process was deemed to be
important in a study of contacts on ZnS by Blount et al (1966). Ohmic
contacts were produced by indium electrodes evaporated'onto ZnS single
crystals inspite of the apparent mismatch of work functions, 4s the -
temperature increased, indium ions penetrated the exhaustion region near
the ZnS surface, .and then the indium diffuses through zinc vacancies.

The subsequent formation of a donor region near the electrode provided
a substantial improvement in contact quality, but at higher annealing
temperatures, the thermal creation of zinc vacancies produced a deterioration

in the quality of the contact,
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3.5:3, Ohmic contacts to CaS

Indium electrodes are mainly used to provide ohmic contacts to CdS.

Firstly, the electron affinity of €4S is 4,2 eV (Bugatti, 1968), and with "~~~ ™

the work function of indium lying approximately between 3 and L4 eV, the
basic requirement for an abrupt ochmic contact may well be satisfied,
Secondly, however, the penetration of indium into the CdS lattice via
cadmium vacancies may create a graded metal - highly n type - n type
structure giving rise to a good ohmic contact in the manner discussed

above with respect to ZnS,

Indeed, the fact that ohmic indium contacts have usually to be formed
by passing a large current for a small time rather supports the second
hypothesis, The diffusion of indium will be facilitated by the Joule

heating at the contact. . - . Ve
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CHAPTER IV

EXPERTMENTAL WORK

4,1, Crystal Growth

4y1.1. A review of growth technigues

Synthetically grown single crystals of cadmium sulphide were first
prepared before the turn of the century by Lorenz (1891) as part of a
study of synthetic materials., In 1912, Allen and Crenshaw reported CQS
single crystal growth from a solution, but it was not until 1947 that Frerichs
prepared thin ribbon crystals by a vapour phase transport technique,
Cadmium vapour, carried by hydrogen gas reacted with a stream of hydrogen
sulphide to form single qrys@als of CdS. Improvements to the Frerichs
technique were made by Kroger in 1954 by using CdS as an initial charge to
give more control over evaporation rates. Better crystals were prepared
by Fochs and Lunn (1963) using a two element furnace (with argon transport)
to control the position of nucleation. The dynamic (gas flow) system gives
rapid crystal growth.and enables the removal, via the carrier gas, of

impurities that are evolved during charge evaporation.

i
I
The method of Fochs and Lunn has been adopted for platelet growth in
|
4
the present work, and is reported in detail by Fass (1969). The1following

section is a brief outline of the crystal growth technique. i
\

4,1.,2, Experimental .details

The furnace consisted of a Kanfhal Al wire element wound around an
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open ended alumina tube. The desired temperature profile was achieved by
I

a graded main winding in conjyection with an independent end winding. The

stable temperature profile, as shown in figure 4,1. was maintained by

an Ether 991 anticipatory controller.

A non symmetxical U.shaped silica tube, shown in figure 4,2, was used
for crystal growth. For convenience, a flat glass disc was attached
to the outlet end of the B-34 socket to allow observation of crystal
growth during a run. The shape of the growth tube allowed rapid remcval from

the furnace after a run, without disrupting the argon flow,

Preparation of the growth tube was of upmost importance. Following
the removal of superficial deposits of CdS from any previous runs using aqua
regia, the tube was thoroughly washed with deionised water, and etch polished
with a solution containing 5% hydrofluoric acid; 35% nitric acid; 60%
deionised water. Aftér fhrtg;r washingywith deionised water, the tube
was dried and flamed to white heat with an oxyhydrogen torch., Volatile
impurities were removed from the silica surface and local melting of the
tube formed a smooth surface, reducing the density of nucleation sites on
the walls,

.-

S .
- Following flaming, the tube was quickly positioned in the furnace and
!

allowved several hours (with argon flowing) to reach thermal

‘ équilibrium before charge was transferred to the hot zone. Polyérystaﬂine

lumps of CdS (5N purity) were used as charge. Sintering (in argon at
1180K) appeared to produce slightly inferior crystal yields. As runs varied

greatly in perfection of crystals, this fact is of little significance.

The charge, placed near the outlet socket was transferred to the

hot region by rotating the furnace into the vertical position for several



Temp.(K)

11400

FIGURE 4.1 - TEMPERATURE PROFILE IN FURNACE

charge __
region -
growth

region _\

=

I

i
{
1
i
]

20 30 40
distance {cm) into furnace tube

..ggm



overall
length
=~ 75 cn

N

i

- 86 -

FIGURE 4,2

P diE s re e nia et d

GROWTH TUBE CONSTRUCTION

overall diameter =~«35 mm

< 5 mm bore

*”/’,’,w gas inlet

¢ Bo34 silica socket

1«——flat glass to allow

observation into tube

gas outlet




- 87 -

seconds allowing the charge to fall to the bottom of the growth tube.
During growth an argon flow rate of about 250 ml. per minute was used.
After several minutes the charge commenced to evaporate, and platelet
crystals started to grow in a cooler region, as shown in figure kL.l.
Typical runs lasted one and a half hours;and platelets generally grew on
tube walls between 1130 K and 1200 K (at a gradient of 14 K cm-l) as shown

in figure h.1.

Some thirty seven runs were made, all of which yielded at least
several good crystals. Platelet thickness could be controlled using the
tecﬁnique of Fass (1969) who obtained thinner crystals by terminating the
‘ run'after a shprt'time (abqut thirty to forty five minutes). Thicker
'.eryéfals weré grodﬁéeé>by reducing the flow rate to as iow‘és 100 mi; p§r '

minute as suggested (for ZnS platelets) by Cusdin (1970).

The majority of platelets were of the order 4 mm square by 30 um
thick, however crystals as thin as 5 ym and as thick as 200 ym were also
grown, The fortuitous growth in one particular run of several rod shaped’
crystals (typically 1 mm square by 8 mm long) along with the platelets
provided specimens for investigatian of bulk effects in crystals grown

from a common charge.

4,1.3. Thickness measurement.

Several methods for measuring platelet thickness were investigated:

(1) A thin film interferometer was tried, but with platelets,
the closeness of the interference lines made fringe counting very

difficult, It was not possible to see whether an end ridge (see figure k4 3.)
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was present at the crystal edge.

(ii) An interference wedge, using two optically flat glass plates
(8 cm long) showed wider spaced fringes but again would not distinguish
an end ridge. Large errors could be produced by dust particles

between the glass plates and the thin end of the wedge.

(iii) Calculation of thickness from weight, density and surface area
produced inaccurate values for wedge shaped crystals or platelets with end

ridges, and involved intricate dimensional measurements.

(iv) Inspectlon of a crystal edge under an Olympus metallurgical

: mlcfoscope, equlpped w1th a mlcrometer eyeplece produced the best results.»
-Crystal thlcknesses ‘were asseSSed approx1matéy before dev1ce fabficatloﬁ'”
and then accurately (to w1th1n + 2 pm) after mounting, when all edges could |
be easily inspected. Over half the crystals used had parallel faces and
were free from end ridges. Figure 4.3, shows tﬁe cross section of a typical
poor crystal; Electrodes were deposited on the parallel portion of

such crystals,

Crystals used for the present study were divided into four

categories:

(1) Crystal platelets ~- 30 pm thick (used for the majority of devices).
(ii) Thin platelets, approximately: < 10 um thick.

(iii) Thick platelets, over ~~ 80 ym thickness.

(iv)  Rod crystals, obtained during platelet growth ~ 1 mm square

by 8 mm long.
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4.2, Device Fabrication

4,2,1. Electrode configurations

Electrode configurations became more complex as the work progressed.
Three basic electrode patterns were used:

(i)  Two electrode devices In the initial stages of the work,

a simple circular electrode on each large face of a platelet was used.
Effects due to illumination between contacts was studied using interdigital -
electrodes, as shown in figure L. L4(a).

(ii) Three electrode devices A study of surface mechanisms required

two contacts hav1ng the figure L,L4(a) configuration on the same surface,
'fbut for comparlson of” these with prev1ous dev1ces, a thlrd electrode was
placed on the other face, ds shown in figure h.h(b)

(iii) Guard r;gg,electrodes Experiments designed to dlstlngulsh4'

between bulk and surface conduction were performed using the guard ring
electrode configuration in which the electrode on the upper surface was
replaced by a ring electrode and a concentric inner electrode, as shown

in figure h.L(c).

L,2,2. Mask preparation

For the simple circular electrodes, masks made by drilling a hole
in thin aluminium plate proved satisfactory. The interdigital electrodes

were made using masks ﬁrepared by the photoetching technique,

In a recent publication Oliver (1970) suggests a method for producing
continuous guard rings. A tapered hollow cylinder suspended by soldering

to a mesh of thin silver wire was accurately located in a larger hole cut
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FIGURE. 4.4
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in a thin metal plate. Figure 4.5 depicts the essential features of

the mask. Oliver's mask.-has the obvious advantage of producing a
continuous ring, but the system has two drawbacks; extreme difficulty to
manufacture and the inability to keep the tapered cone in contact with the

crystal during upward evaporations (i.e. source below the mask).

For the present work, a simple system involving a two stage process
was used which seemed to produce satisfactory results. The end of a
length of 0.25 mm diameter silver wire was bent into a 1.5 mm diameter ciréle
and pressed between two glass slides until slight flattening was observed.
ThisAstep ensured overall flatness of the ring. Figure 4.6(a) shows

. a dlagram and cross sectlon of the ring. A shallow channel was cut

'  - radlally outwards from a 2.5 mm dlameter hole drllled 1n a thln alumlnlum

'plate, as shown in flgure 4, 6(b). The ring was p051t10ned in the groove and'
secured by DAG915 silver conducting paint, as shown in figure 4.6(c).
Excess dag was removed from the mask (after hardening for several hours).by
scraping with a glass slide to ensure that the top surface of the mask was
flat. The evaporated ring produced by the mask was not continuous and

required a spot of silver dag to complete the circle,

Le2,3. Evaporation

Contacts of high purity (S5N) indium or silver were evaporated from
a molybdenum boat at 2 x :LO"5 torr pressure in an Edwards 12E vacuum plant.
Typical electrode thicknesses measured by a Talysurf machine were of the

order O.,1 um.
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4,2.h4, Surface treatmert

Although the majority of crystals tested were not deliberafely
treated before evaporation, several samples were washed in deionised water,
acetone or alcohol before contact evaporation., The effect of ion bombardment
(for 30 seconds) prior to evaporation was investigated for both direct
bombardment (using the mask as a discharge electrode) and indirect
bombardment (an argon ion discharge in the vicinity of the crystal).
Neither washing nor Eombardment appeared to affect noticeably measurements

compared with those on non treated crystals.

Rapid thermal cycling from 77 K to LOO K caused deterioration of
connections to the evaporated metal contacts. A significant portion of
the practical work involved daevelopment of the mounting techniques
necessary for such conditions, ensuring accurate monitoring of the crystal

temperature,

Crystals were mounted on a 7 mm diameter glass filled metal transistor
header having three 0.5 mm diameter lead through wires. The centre wire
was cut off flush with the top surface and used for temperature monitoring

(see section L.2.6).

Connection to the evaporated metal electrodes by‘ultraSOnic bonding
_proved totally unsuccessful. Although 0,025 mm diameter aluminium wire could
be bonded to indium or silver, the minimal strength and extremely bfittle
nature of the thin platelets would not allow an adequate welding tip

pressure,
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Satisfactory electrical connections were made to the contaqts using
0.04 mm or 0,05 mm diameter pure gold wire fixed to the evapofated contact
with DAG915 colloidal silver conducting paint. Thin wire was necessary to
minimise thermal stresses between thé contact and header connections,
and gold was chosen for its physical softness and high electrical™

conductivity.

The following procedure, whose steps were somewhat critical, was
adopted (a ten times magnification binocular mic;oécope being used
throughout the mounting process):

- (1) The end of a length of gold wire was bent into a flat ring
shape, approximately O.2 mm diameter.
) .(ii) The wire was bent into the shape shown in figure k.7, and -
’ﬁoﬁﬁféd iﬁvéjmicramanibﬁlgtor. To further reduce thermal stfe%szﬁetw§en7-':~'
contact and héader during rapid thermal cycling, several édaitionai-béqu'in ‘
the middle of the wire were included.

(iii) The crystal was placed directly beneath the end ring of the
wire and aligned such that the ring could quickly be moved vertically
downwards onto the centre electrode.

(iv) Silver dag was repeatedly applied to the ring, each time building
up a larger diameter bead at the end of the gold wire. The process required
considerable speed in order to keep the dag wet.,

(v) With the diameter of the bead approximately O.l4 mﬁ, the wire
was rapidly lowered onto the crystal until the wet bead touched the
evaporated contact, whereupon the dag flowed §utwards, wetting a larger
area of contact.

(vi) The.connection was allowed to harden for several minutes before
the crystal, still mounted in the micromanipulator-was aligned with a
trapsistor headér (mounted on a suitable clamp). Two conditions were

required:
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FIGURE 4.7 CONFIGURATION OF CONNECTING WIRE



- 98 -

(a) The lower electrode was put in the centre of the
header top.

(b) The other end of the gold wire was arranged to be
touching (or very near to) the header pin, as shown
in figure 4.8(a).

(vii) With the crystal raised above the header, a very small bead of
wet dag was placed in the middle of the header top, and the crystal rapidly
lowered, forcing the dag between header top and lower electrode.

(viii) Silver dag was immediately used to fix the gold wire to the
header pin, the gold wire being quickly unclamped from the micromanipulator.
This was an important part of the mounting process. Rigid clamping tended
to restrict the slight movement of the wire during hardening of the 'Dag!',
'céusiné:g'émall-étréés'in.fhe Qireroftgn résuifing in failurev§f the )

) ;oﬁnectibﬁ'af£éf.seﬁérél.thermal cycles; |
| (ix) Af£erréllowing to harden for an hour or more, excéss wire
was trimmed off and silver dag used to connect the remaining pin to the

header. Figure 4.8(b) shows a section through a typical device.

A similar method was employed for mounting three electrode crystals,
The reduced area of the lower contact (particularly in guard ring devices)
necessitated a different mounting process. To ensure connections to the
evaporated contact only, and to minimise the risk of 'dag' running onto
the surrounding crystal surface, the lower electrode was connected to the
header top by a short (2 mm to 3mm) length of gold wire. The method
outlined in (iii) to (v) above was used initially to connect the straight

gold wire to the lower electrode.

Connection to the upper electrodes utilised the same wire configuration
(figure 4.7) connecting each electrode to its corresponding header pin,

as shown in figure 49. Residual stresses in the gold wire were again
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minimised by unclamping the wire as soon as possible after the application
of the 'dag'. The various forms of completed device are shown in

figure 4,10,

4,2.6, Temperature monitoring

A number of methods for measuring the crystal temperature were tried
but the best results were obtained by soldering a chromel-alumel
thermocouple onto the centre lead of the tramsistor header, which had
preﬁiously been cut flush with the top surface ofthe header. The lower
end of the lead protruded several millimetres below the bottom of the

7header allow1ng the thermoconple to be .soldered in place. .

Monitoring a rapid temperature increaee.(fv'O.E K sec;l) requiréd.gobd
thermal conduction between the crystal and a thermocouple in the header.
" The temperature during heating was checked initially by soldering indium-
gallium electrodes on to a crystal, having determined independently the
melting point of the contact material., Melting of the electrodes was
indicated by a small flat region on the dark current curve (the crystal
temperature briéfly remained constant as the eiectrode material melted, but
thé thermocouple output céntinued to rise). Occasionally a sudden increase
in current resulted as the melting electrode flowed onto the crystal to
form an improvea eléctrical contact, Temperatures ind;cated were within
+ 3 K of the melting point. A further check was made by recording the dark
current for rapid heating and cooling. The difference in curves was

again + 3 K.

It was interesting to observe that only a small ( < + 2 K) additional

error was introduced in guard ring experiments by connecting the lower



=~

(a) A simple two electrode systems

(b) A three electrode system.

(c) A guard ring device.

FIGURE 4,10 TYPICAL DEVICES FABRICATED FROM CdS PLATELETS
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electrode to the header base by a short length of gold wire. . Thermal
conduction between the header end crystal was due to helium gas, rather

than conduction through the 'dag' and wire.

4,3, Experimental Apparatus and Its Evaluation

4.3.,1. Basic apparatus

- Figure L.11 is a block diagram of the eeﬁplete system, The cryostat
was evacuated using a Speedivac EOZ2 vapour diffusion system capable of
: pumplng to pressures below 10 - torr, Facilities for admlttlng controlled
- quantltles of hellum or- oxygen were 1ncluded. Radlatlon from a Mazda
xenon tube, type XE/D 250W AC (ref. no. 98-0351), was transmitted to the ‘

crystal via a one centimetre diameter silica light pipe.

Figure L4.12 shows schematically the system devised for TSC measurements.
The specimen holder, heating apparatus and electrical measuring system are

described separately.

4,3.2. Specimen holder

The design of the specimen holder depended on two conflicting factors;
the need for a large metal mass to minimise temperature fluctuations,
compered with the need for a small mass to obtain rapid heating rates. In
the system used, the body of the brass holder measured 2.5 cm diameter by
L cm long. TFigures 4.13(a) and 4.13(b) are photographs of the
complete unit inside the cryostat, and the device holder (with cover removed)

respectively. A detailed drawing of the system is shown in figure L4.1h4. The
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{b) The device holder (with cover removed).
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.specimen was enclosed by a tight fitting brass cover which in turn was
secured to the brass block by a small bolt. Thin fibreglass éheet insulation
was used for the ni-chrome heater. Two discs of paxolin 1 mm thick were

used to insulate electrically the;spé&imen which was clamped directly onto

the two mounting terminals.

4,3,3, Electrical measuring apparatus

As the current varied over eight decades, for some TSC rums, a current
measuring circuit was designed to record the logarithm of current flow. The

reverse bias characteristics of a simple diode are given,-as a first

': approx1mat10n, as I o exp V; By monitoring'thé ﬁotential across a revefse'

'blassed dlode, a. voltage proportlonal ‘to the logarlthm of the dlode current h
is given dlrectly. In the present study, the base emltter junction of a
2N93%0 transistor was used. Tscholl (1968) reported that these tramsistors
functioned logarithmically over ten decades; from below lO-laA to almost
10"“A. The diode characteristics and measuring circuit are shown in

figure %4.15. The circuit was not sensitive to changes in ambient

temperature, the maximum change in diode voltage being only a few percent.

The straight line of figure 4.15 is represented by the equation

<.
n

0.81-!- + 0,06 log I .o'non'onoo(l‘l'ol)

or v 0.84 + 0,026 1n' I cecesessee(Bhe2)

From which the impedance Zo of the diode is deduced

av- ‘ -1 :
ZO = -d-f = 000261 ooooooococ("‘l‘oB)

vhere V and I are diode voltage and current respectively.
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Compared with a perfect (zero impedence) zmmeter a measuring error of
under 3% for 1 V across the crystal, or under 0,3% for 10 V across the
crystal was introduced by the log. ammeter. The diode voltage was

measured using a Vibron model 33 B electrometer (input impedence > 10159)-

In view of the contribution to TSC due to surface conductivity {(which
will be considered in section 6.3) it was necessary to include in the
system facilities for simultaneously measuring two.logarithmic currents
from a device with three electrodes, on¢electrode being common to both
currents. The circuit used is shown in Ffigure 4,16, The potential of the
cenfre electrode and guard ring electrode was always positive with respect

~ to the lower face (common) electrode. The c1rcu1t necessitated a
.ZAnegatlve collectlng voltage E w1th respect to earth and allowed thermally
stimulated currents from each of the two upper electrodes to be measured

similtaneously with reSpect to the common lower electrode.

4.3, 4, Heating rate

Analysis of TSC spectra is greatly simplified by adopting a linear
heating rate. By carefully adjusting the heater current provided by
Wareham model C190 10A current controlled power supply, a linear warming -
rate of 0.56 K sec™~ was obtained between 77 K and 430 K, The high
-thermal capacity of the device holder prevented transient temperature

fluctuations as the current was adjusted).

*

4,3.5, Overheating protection

Accidental overheating of the delicate device holder was prevented
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using a simple control unit monitoring the signal from a separate

thermocouple mounted on the holder. If the temperature of the holder

exceeded a specific value (predetermined by adjustment of the controller)

the heater current was automatically disconnected. The system was

extended to provide continuous high temperature control within a limited

range by cutting out the heater current at a high temperature and switching

back on at a somewhat lower temperature (typically 20 K lower than the cut

out temperature)., A complete circuit of the control unit is shown in

figure Ll'o 170
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CHAPTER V

RESULTS"

S.1. Introduction

In section 2.2 the experimental mgthod and elementary theory of TSC
was outlined., The following standard procedure'was adopted in each experiment:

(i) For each run, the mode of connection to the electrodes together
with the magnitude and polarity of the colleéting bias were noted.

(ii) An independent plot of log. current against time from the moment
- of application of the constant bias voltage was made for each TSG TUle
) ,I‘[rz.'adiai';ion. from the xenon light source at 77 K fiiléd_ all':the.'.-
fraﬁs within a very short:ﬁme (certainly less than one second). Nof@ally:

a period of one minute of irradiation, followed by one minute in total
darkness before heating, was adopted to ensure maximum trap filling and
constant initial conditions for each run, In section 2.4.3. it was shown
that irradiation above 240 K during cooling changed the spectrum of traps,
possibly by photochemical reactions. These resulted in the development

of TSC peaks above room temperature. In the present work, peaks with maxima
occur;J:.ng at temperatures above 300 K which did not arise from photochemical
effects were of importance. To be able to differentiate between these two
types of traps, it was ;ssential to maintain the crystal in total darkness
at all times except during irradiation at 77 K, and it may be assumed that
this technique has been used for all results unless otherwise stated.

(iv) The termination temperature of each run was recorded, 40O K
(corre5ponding'to at least 1,1 eV energy depth) was generally sufficient to
ensure the emptying of all known traps in CdS. However, because of diffusion
of céntact material into the crystal appeared to be possible at higher

temperatures, some runs were terminated at or below room temperature.
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(v) To eliminate any slow build up of gaseous impurity within the
sealed cryostat, it was re-evacuated and refilled with helium gas when the
devices were tested continually over -a long period (several days). No

measurable changes due to such re-evacuations were ever observed.

The sequence of operations for each TSC run was:
(1) Cooling to 77 K with no bias applied (unless otherwise stated.
(ii) Optical irradiation for oné minute using a Xenon light source.
(iii) One minute in total darkness (to allow for photocarrier decay).
(iv)  Application of a bias iroltage.
(v) Heating at a constant rate (0.56 K s™1) recording current
i ,agginét(temperature.
‘:(vi§ .:fefminatioﬁ at a predetermined tempefature by remqvéii¢f_‘
‘ heating current and biaé voltage{

(vii) Cooling to 77 K and repetition.

5.2. Bulk Characteristics From Rod Shaped Crystals

Curve 1 of figure 5.1. shows the TSC spectra obtained for a rod shaped
crystal having soldered indium contacts. For comparison, the development
of photochemically created bulk traps was shown by irradiating the crystal
(with a Xenon source) ffom 273 K to 233 K during cooling as well as at
77 K (figure 5.1, curve 2). It is interesting to compare curve 2 with curve
3 the results of Tscholl (1968) using a similar crystal subjected to
illumination at 233 K as well as at 77 K. The two curves show traps at
similar temperatures and since.Tscholl showed his results to be due to
photochemical effects, it is clear that avoidance of illumination during

cooling prevents the development of peaks due to this effect.
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5.3, Two Electrode Devices

5+3.1s The TSC spectrum for CdS platelets

No measurements on a single device gave a TSC spectrum which produced
all the peaks observed iﬁ CdS platelets, Careful discrimination between
factors such as contact formation, appearance of the characteristic peak
at 100 K, development of pesks above 300 K or the shape of the intermediate
(150 K to 250 K) region was necessary before the effect of a particular
parameter (e.g. bias potential and polarity or ambient atmosphere) could
be iinked with specific features of the TSC spectrum. A typical result
A ig‘shown in.figure 5.2. Results for simple two electrode devices are

| presented in_ the rest of this section.

5¢3.2s Initial results

The first results obtained from two electrode devices showed no
similarity to the bulk characteristics of rod shaped crystals under the
samé conditions. After the initial run, all subsequent results for a
particular crystél resembled each other; but differed considerably from
the first run., It was also noticed that successive runs exhibited a
small increase in magnitude of TSC compared to the previous run, as shown
in figure 5.3. Curve 1 shows the initial spectrum and curves 2 to 8 the sub-

‘sequent runs.

An interesting result was obtained after the removal of the specimen
from the cryostat for inspection at the end of run 8., When it was re-
inserted into the cryostat, curve 9 was obtained which exhibited similar
characteristics to curve 1. All subsequent runs (not shown) were similar

to curves 2 +to 8.
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The TSC spectra shown in figure 5.3. were typical of the first devices
used. It was suspected that surface conduction played an important role

in the gradual increase in magnitude of the TISC spectra, so a series of

guard ring experiments was undertaken. Results are given in section 5.5.

_593.3. Peaks above 300 K

The first runs on a virgin crystal rarely exhibited peaek maxima above .
300 K, but the majority of devices tested developed such peaks after a
number of runs. Several aspects of the high temperature peaks (HTP) became
apparent at an early stage:

" (i)  ‘Formation of an HTP ocpuJ;d.aftér numerous TSC runs had been

'ﬁerfofméd;- . : o

(ii) fﬁe HTP did not require previous optical irradiéfion of'tﬁe
specimen at low temperature,

(iii) The HTP was completely quenched if a bias was applied to the
crystal during cooling and maintained with unchanged polarity and
magnitude during the TSC heating run,

(iv) The HIP magnitude could be enhanced hy cooling the specimén
with a bias aéplied having opposite polarity to that used during TSC

heating.

The remainder of the TSC spectrum was essentially unaltered by the
cooling bias (the appearance of peaks at 100 k will be discussed later).
Figure S5.4., curve 1 shows these TSC spectra for device IN19 obtained by
varying the bias conditions during cooling. These were no bias, reverse
bias and same polarity bias (compared wiph the collector potential during

heating) for curves 1, 2 and 3 respectively.
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Below 300 K one effect of cooling the specimen applying the same
bias as that used for warming was to produce a small decrease in current
magnitude of the TSC spectrum up to about 280 K. However, the peak at
240 K decreased in size by one and a half orders of magnitude. In other
results (to be described later) a reduction of current by up to six orders

of magnitude was obtained on similar application of bias during cooling.

S5¢3%. 4. Formation of the HTP

Figure 5.5 shows the results for device IN26 as the HTP deﬁeloped.

- Slnce earller results had shown that 1rradlat10n at low temperature was

- not. necessary to’ the development of thls peak these experlments were conflned f
‘to-thermal cycling between 200 K and a maximum temperature of 400 K, with '

and without applied bias.

The slowly increasing magnitﬁde of the peak at 340 K is seen in curves
1 to 5, using a collecting bias of 15 V during heating (and no bias during
cooiing); The high temperature limit for run 5 was increased, resulting in
a "run away" of current, limited only by a protective resistor. The
specimen was cooled without bias, and a further run (curve 6) was made, At
340 K, the peak current was found to have increased by four orders of

 magnitude, and the run was terminated at 360 K,

Two subsequent rune using only 5V bias during heating are shown in
figure 5.5, curves 7 and 8. No apparent damage was caused by the comparatively -
high currents of runs 5 and 6. Development'of the HTP appeared dependent on
the temperature at which the TSC heating was terminated, and the magnitude of

collecting bias during heating.
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FIGURE 5,5 THR DEVELOPMENT OF A PEAK AT
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503.5. Polarity dependence of HTP formation

To investigate the role of collgctor bias polarity, a virgin specimen
(device IN2L) was subjected to numerous TSC runs with the same polarity*
of collecting bias (starting with fifteen runs at + 10 V to 'form' the
device then fourteen runs at + 2V). Curve 1 of figure 5.6 shows the
resultant reproducible curve for + 2V collecting bias. Curves 2, 3 and
L (in that sequence) were obtained when a - 2 V.collecting bias was used
(the first time a negative polarity had been used on device IN24). The
effect of using a higher collecting bias during a TSC run is shown in
cur%e 5 for - 7 V. Reverting back to - 2 V collecting bias, curves 6 and 7
~ were obtained. Finally, in the absence of illumination, curve 8, show;ng ,

& 'pesk- at 370 K was produced.

The results for this device can be summarised as follows:-

(1) Using only positive polarity collecting biasses, a stable TSC
spectrum is obtained for a given bias voltage (+ 2 V) as in curve 1 of
figure 5.6.~

(ii)  Reversal of the bias to - 2 V substantially reduces the
magnitude of the TSC curve, especially for the HTPs.

(iii) Increasing the negative bias to - 7 V for one run produces
increased TSC magnitude for subsequent runs at - 2V, An increase of over
half an order of magnitude was observed below 300 K, and by over one order
-of magnitude above 300 K, Therefore, one could assume that below 300 K,

TSC curves for collecting biasses of + 2V and - 2 V are almost identical,

* To avoid unnecessary confusion, the polarity of the collecting bias
is referred to the top electrode, so positive polarity means top
electrode positive.
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(iv) In the case of no low temperature irradiation, a peak appears

at 370 K.

Bias polarity and the temperature to which previous runs were taken
to appear to be important factors in development of HIPs. The repeated
cycling of a specimen from 77 K to high temperatures may be expected to
affect both electrodes similarly. However, the polarity of the bias would
determine the type of charge received at each electrode. The fact thet
after the application.of large biasses, both + 2V and - 2 V curves gave
similar TSC curves after the first run suggesﬁb some sort of forming
process takesAplace, possibiy of similar nature to the well kann method
-of formipg contac@s’using high fields. -This process would appear, frmq
 £heé¢;resuit§,:to~réguife both thermal cycling}mﬁvthe.appliéaﬁib# of iargé

bias voltages.

5¢3.6. Polarity effect on following runs

In view of the results of section 5.3.5. indicating a change in
magnitude of TSC currents over the entire spectrum depending upon the
initial polarity of the applied fields, the effect of the direction of
bias dufing cooling and of polarity of the previous runs were investigated.
Figure 5.7 shows the resﬁlts obtained for device IN19 (a1l with a negative
- polarity collecting bias). Here curve 1 exhibits a normal TSC spectrum whiist
curve 2 was obtained with the same negative bias immediately after a run with
positive polarity applied to the crystal. Below 300 K the magnitude of the
spectrum was approximatdy twice that of curvé 1l, and for the HTP almost one
order of magnitude larger, The effect of bias during cooling is shown in
curves 3 and 4 (dotted) for negative and positiVe polarities respectively.

Negative bias during cooling produced a decrease in magnitude of about three
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times compared to curve 1, and completely quenched the 340 K peak.
Positive bias during cooling produced a very similar HTP to that of curve

2« The results were repeated many times and are completely reproducible,

S 5.3.7. Appearance of the peek at 100 K
' i~

The appearance of a peak at 100 K often occu#ed suddenly. In several
runs, a definite link was found to exist between HIP development and the
occufgnce of this pesk. Figure 5.8. shows such a transformation. Initial
runs {curves 1 to 6 inclusive) show the formation of an HTP ( ~ 350 K)
exhibiting only a very small peak if not irradiated at 77 X (curve 5).
Curve 7 showed a sudden transformation to a characteristic reminiscent of
the bulk specimen and curve & is the resultant HTP produced in the absence

of low temperature irradiation.
Thin crystals ( < 10 ym) rarely exhibited TSC peaks at 100 K. Further

insight into this process follows results obtained on guard ring devices in

section 5.5.2.

5.3%.8., Silver contacts

T
Evaporated silver electrodes were initially noisy, but changed to
good, possibly ohmic contacts after several runs., Characteristics Qere

similar to those with indium contacts. The decay of HIPs after attaining

their maximum appeared to occur more rapidly than with indium electrodes.

Device AG20 exhibited what appeared to be two HTPs; at 340 K and 370 K,

Optical irradiation at low temperature was not required for formation of
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thése peaks. Curve 1 of figure 5.9 shows the reproducible TSC spectrum
obtained for - 4.4 V collecting bias. Curves 2 and 3 sho& respectively the
results taken for - 6.4 V and -~ 7.4 V collecting biasses, each run follbwing
a previous run at ~ 4,4 V. An increase in both the temperature of the
maximum and the magnitude of the peak feéulted from an increase in collecting
bias. CorreSpondingiy for a decrease in collecting bias magnitude
compared to the previous run, a reduction in peak height was observed.
Curve L shows the result for a - L., 4 V collecting biés taken immediately
after a run with - 6,4 V, |
P

' The effect of reversing collecting polarity of the bias produced the
same two peaks (340 K and 370 K) followed by a very sharp risé in current,
3é$.éhownfin70urve 6. The run was terminated at 400 K with the-qurréht.still_‘V"
i&éing. VSubéequgnt rﬁns were'however unaffected by the:léfge.inbréagé’in' o

current, indicating no measurable damage to fhe crystal.

It must be remembered that the HTP results were all taken in the
absence of irradiation at lower temperatures. Curve 5 shows a normal TSC
run with a collecting bias of - 2.4 V. Two points were of interest, firstly
the magnitude of the peak at 370 K was increased inspite of the lower
collecting bias, and secondly the relative magnitude of the HTP region
coﬁpared with the rest of the spectrum was smaller compared with other
devices, The possibilities of the HTPs being independent of bulk CdS effects

must be considered.

A resume of the HIPs recorded for CdS platelets with silver contacts,
together with conditions neqesSary‘for observation is presented in

table 5.1,



FIGURE 5.9

RESULTS FOR A PLATELET WITH SILVER ELECTRODES. DEVICE AG20 (31um)
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_ Curve 1  Reproducible run, VC = =L 4V
-8
Curve 2 VC = -6, 4V after a previous run with Vc = L 4V
Curve 3 Vc = -7.4V after a previous run with v, = Y
Curve 4 v, = -4,V after a previous run with VC = -6, 4V
~9- Curve 5 TSC run with Vc = =24V
Curve 6 No irradiation run with Vc = +6,4V
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T PEAK I PEAK CONDITIONS NECESSARY

-5 Large -ve bias after zero or +ve bias
395 K > 107 A during cooling

370 K < 5x 10-8 A ObsezzegT;f the previous run exhibited

=10 Generally observed for all collecting
340 K ~ 2x10 A biosses

TABLE S.l. HTPs FYor Devices With Silver Electrodes.

<

- 5.3.9.: Thin crystals

Crysfals ha§iné a.thickness not exceeding 10 pm were'sélected.fof use
_in high field investigations. Rapid development of HIPs ( ~ 360 K) wifh
magnitude in excess of 10'5 A occufzd in thin crystals. The collecting
voltages necessary to produce HIPs ;:gtlower than with normal (30 ym) crystals.

This implied an electric field dependence for pesk formation., Here, a 2 V

bias was sufficient to produce an HTP for a 6 pm thick platelet.

Figure 5.10 shows the TSC spectrum produced by cooling a 9 pm thick
crystal with a small bias applied, and heating with a collecfing_bias of
opposite polarity, but without irradiation at 7?7 K. The result was therefore
‘due to the effect of electric field only. Using the same collecting bias
curve 2 shows the TSC spectrum produced by illumination at 77 K in the

absence of bias during cooling.
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5. 3. 10. Summa; 2

The results obtained using crystals of different thickness with two
simple, opposite face electrodes indicate the effect of bias potential
on the TSC spectra. In section 5.3.7 it was reported that the pesk at
100 K was rarely observed in thin crystals. The effect of oxygen adsorption
and desorption complicated results by modifying surface current contribution,
and the appearance of bias dependent peasks above 300 K, possibly coupled with
the peak at 100 K possibly implied contact effects.

In order to obtain more information to gain insight into these complex
results recorded for two électrode devices, surface currents were
-investigated using. a guarﬁiréng electrode configuration and contact effects

) ﬁsing_threé electrpdé 5p¢cimens.n _

5.4. Three Electrode Devices

5ekel, Initial observations

Simultaneous TSC results from a three electrode specimen, device INL6
were recorded for several runs, each c¢cycle being taken to 300 K. Figure'
5«11 shows the electrode configuration and initial results recorded for
opposite face (curve A12) and same face (curve A13) electrodes respectively
51 and B23 of

figure 5.11) were recorded after evacuating the cryostat whilst maintaining

(electrode 1 was common}. The results (shown as curves B

the specimen temperature at 4OO K for several minutes following the previous
TSC run., A substantial increase in magnitude of the curve above 150 K
resulted for both electrode connections, TSC spectra reverted to curves

A21 and A23 following air admission into the cryestat during cooling.
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These observations suggest that the non-reproducibility of earlier
results (figure 5.3. for example) may have been due to ambient atmosPheric
effects on the surface, They also indicated that the TSC spectrum above
150 K could be related to surface behav;our. It was therefore decided to
use the guard ring electrodes as a means of investigating surface effects

separately.

5.4.2. Properties of HTPs from "'same surface' electrodes

«

Figure 5,12 curve 1 shows the TSC spectrum recorded for a device with
. €lectrodes on the same crystallographic face. The effects of the same and *
‘~.opp§Sité ﬁbiarity bias dﬁring cooling are shown in cﬁrves ZAéQGJBl_,, .
.repSectiéély. The similarity between HTPs in figure 5,12 and correépogdiﬁg.
results from simple two electrode devices (figure 5.4) sugéest that fhis‘
peak is not associated with surface effects, This interpretation is further

supported by the fact that this pesk was unaffected by the admission of

oxygen.

S5el4e3. Association of HIPs with a particular electrode

In light of the results reported in 5.L4.2. further runs were recorded
for a three electrode device using a different common electrode for each run.
Figure 5.13 shows the electrode configuration for the results shown in

figure 5.1k.

The HTP is seen to be dependent on the particular electrode which is
posifive rather than path length or surface effects. Few TSC runs were

performed with positive voltage on electrode 2, so the corresponding HTP
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TSC CURVES FOR SAME SURFACE ELECTRODES.

DEVICE IN46 (72um)
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Curve 2

Curve 3

Run after cooling with same polarity bias to heating.
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development was small (see figure 5.14). Similar dependences were
exhibited for all three electrode devices tested, namely a particular

HTP could be attributed to the action of a certain electrode,

Results for electrode 3 having positive polarity with respect to
electrodes 1 or 2 exhibited similar properties in the high temperature region,
but were omitted from figure 5.14 to avoid confusion. It would in any case
be unwise to attach too much importance to similarities between such
results as both bulk and surface path lengths between electrode 3 and

either 1 or 2 were comparable.

 5.5;:‘Guérd Ring Electrodes

5.5.1. Obsgervations of bulk characteristics

The results from a guard ring’électrode structure on a very. thick
(160 pm) crystal presented conclusive evidence of bulk trapping in Cds
platelets. The TSC results farboth centre and guard ring electrodes are
shown in figure 5.15 curves 1c and 1GR respectively. Qualitatively
similar curves were produced. To change the distribution of bulk traps
in.the platelet, the crystal was subjected to irradiation (by Xenon
illumination) during copling from 300 K to 77 K. Curves 2, and 2, show
the corresponding TSC results obtained. Here again, the similarity of

both top electrode current spectra can only be due to Bulk trapping, since

the guard ring and centre electrodes have no potential difference between

themn.,

5¢5.2s Decay of current due to collecting bias field

The guard ring electrode configuration provideéd a direct means of

L4
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assessing the mechanism causing decay of current following irradiation at
77 Ko The rapid decay of photoexcited carriers following reméval of the
irradiation was generally comparable to the response time of the
mechanical X - Y plotter ( ~ 0.3 s). A secondary decay was often noticed
however, particularly for two electrode devices. This decrease appeared
to be associated with crystal thickness (faster decay for thinner crystals).
To differentiate between thermal emptying and electric field emptying of
traps, the decay of currents through the guard ring and centre dot
electrodes was recorded under twoAdifferent conditions:

(1) When the collecting bias was applied to the device

directly after irradiation at 77 K.

(ii) When the collecting bias was applied after a period -

o _:of severél mlnutes in the dark after 1rrad1at10n at 7? K
-The reéults for both’ condltlons were 1dentlcal, and are shown in flgure 5.16(&).
Allowing several minutes to elapse before connecting the blas would have
permitted thermal emppying to take place. By applying the same voltages
between the Bottom electrode and both the guard ring and‘centre electrodes,
only appreciable decay was observed for the latter., Here the decay could

be attributed to emptying the traps with the electric field.

5¢5¢3. Surface conductivity

With the circuit connected as shown in figure 5.16(b), in which the
-two ammeters were of equal impedances, there would be no electric field
across the surface between the centre and guard ring electrodes. Therefore
the current flowing to the centre electrode contained no surface contribution

and was bulk current only.

. Shork
The measurements were extended to include surface currents by stsségag

the ammeter AGR which had the effect.of producing a small potential
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4 T.5.C. commenced

GR

FIGURE 5.16(a): DECAY OF CURRENT
AFTER IRRADIATION AT 77K FOR GUARD
RING DEVICE - DEVICE INL5 (27um)

GR = Guard ring
C = Centre electrode
50 100 time (sec)
Loa I.

FIGURE 5,16(b)

CONNECTION OF GUARD RING CIRCUIT
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difference between the centre and guard ring. A current was.recofded

giving a decrease of reading of ammeter Ac. For comparison only the

guard ring ammeter was disconnected completely, and the surface contribution
between centre and guard ring was recorded as an increasing reading of
ammeter Ac° Device InhS.exhibited‘widely differing, but reproducible
results for currents to guard ring and centre electrodes, as seen in

figure 5,17, curves 1, and lc' Also the effect of shorting the guard

GR
ring ammeter is shown in curve Zc’ and that of disconnecting the guard ring
electrode in curve 3c. Detailed interpretation of these results is given

in section 6.3, -

5.6s I = V Measurements

After the reproducible TSC results were obtained from device iN19;-the
room temperature current-voltage characteristics were also measured for both
directions of current, and are shown in figure 5.18(a), curves A and B, The
similarity ;f these characteristics for the two directions indicate the device
is‘symmetrical, and the results are consistent with those taken under similar
conditions by other workers, for example Bube (;962), Lampert (1954) and

Marloy and Woods (1963).

When the voltage was slowly reduced after reaching a maximum of 4O V,
‘the current correspondingly decreased and eventually reversed in direction when
the applied voltage 11 below about 1 V, as shown in figure 5.18(a), curve 3.
A current just in excess of 10_12A initially flowed when the device was
short circuited. This effect has also been observed by Gershun and Timan
(1968) and can be attributed to the relaxation of a dipolar layer in the

contact region., The results are discussed further in section 6,4 during

the development of a model to explain the TSC curves.
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Considering curve A of figure 5.18(a), the initial portion below about
1 V appears to be approximately V o I, which could suggest ohmic conduction,
followed by a square law region, possibly indicating space charge limited
conduction., For higher voltages ( > 10 V), the current increases very
steeply with voltage. These results are difficult to interpret and the
gradients involved are, in any case, unreliable because their range corresponds
to less than two orders of magnitude of current., Curves A and B could also
be approximately fitted to an exponential curve,. through plotting in the
form of log I vs V, log I vs V% or log(I/V) vs V or V% show straight line
dependences over a limited range; again less than two orders of magnitude

of current,

A room tempé¥atu¥e”11near plot of I-V characterlstlcs for hlgh'
‘flelds was obtalned usmng a Tetronlx tran51stor tester for a dev1ce thét>_
had previously been tested using only one bias polarity. Results shown
in figure 5.18(b) show that negative resistance occurs at about 107 a

This indicates a double injection phenomenon, and is discussed further in

section 6.lL.

With the exception of specific measurements on very thin crystals,
collecting voltages used for TSC experiments produced fields of the order
lO3 \' cm-1 or less (assuming the voltage to be uniformly distributed across
the crystal). This is foo low to invoke Poole-Frenkel or other high field
mechanisms, and little error will be involved on TSC plots by operating

with collecting voltages of this magnitude.
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CHAPTER VI

DISCUSSION

6.1, Contacts to CdS

6.1s1s Assessment of indium electrodes

Let us discount for a moment the electrical properties of indium -
CdS interfaces, and investigate the nature of the physical contact formed.
The results indicate the need for several initial runs befpre_good ohmic
A gontgcfs_are fprméd. _Furthermore, it appears that contact»formation‘occurs-
:Eppgiérentialiy'gt the,éﬁqde, although the effect of fhefmal-cydiihg‘ ,‘ |

undoubtedly assists the forming process.

inSpection and selection of crystals after growth was carried out at
room temperature and preseure; hence adsorption of oxygen onto the crystal
is inevitable, and the formation of a sulphate layer or oxygen occupying
sulphur- vacancies is possible (as discussed in section 3.4,3), Indium
contacts evaporated at room temperature onto this layerlcannot initially
penetrate the surface region, and such electrodes act as poor contacts.
The influence of an electric field at relatively high temperatures ( > 300 K)
assists diffusion of In'3+ ions into the crystal surface, initially

penetrating the interfacial layer, and then diffusing into the CdS lattice.

The mechanisms governing indium electrode diffusion via cadmium
vacancies into the CdS lattice.were described in section 3.5.2, The model
used for the present high temperature results (discussed in more detail
in section 6.4) involves the formation of a high concentration of

cadmium vacancies near the anode which explains the observed characteristics
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of the devices.. Indium ions will "see' a comparatively high density of
cadmium vacancies into which they can diffuse under the influence of an
electric field.
o ‘
Confirmation that indiumﬁoccurs during the forming process was
provided by the results of a microprobe analysis. After the crystal had
been subjected to numerous TSC runs, a total concentration of 0.07% by

weight of indium was found in the €dS surface after removal of the electrode.

The existence of an insulating interfacial layer on CdS platelets

has been considered in section 3.4.3. Formaiion of a layer of CdSOh has

been postulated by Weber (1969) but present guard ring results (Sections 5.5
LY.aﬁd.§.3)iinaicate'iptriﬁsic surface trapping oﬁ,dds, and ‘are uglikeiyifo bé'ui
;cbmééfiﬁle.wﬁth a su?faée.coverage of'CdSOA. Adsorptioﬁ of:;x&gén:féqm 4
the air duriné storage or inspection under irradiation from the micfoscopé-
illumination is probably the cause of the interfacial layer. In section
3.3, mechanisms for oxygen adsorption and desorption are discussed, and
it is the 5péce charge region resulting from oxygen surface ddsorption,
as‘proposed by Mark (1965) that acts as the insulating barrier. Okazaki et
a1-(1970) havg shown that the height of the barrier due to oxygen adsorption
remains essentially unchanged after indium evaporation, resulting in a
blocking contact. Under.such circum;tances, the forming process is simply
the field assisted diffusion of ionised indium into the contact -~ near region
(via cadmium vacancies) to compensate the existing apace charge region, thus

reducing the effect of oxygen.

Bombardment by argon ions prior to evaporation produced surprisingly
little improvement to contact quality. Removal of oxygen and replacement
by argon, or impurities in the argon gas may have been responsible, but in

any case these results indicate that the contact forming process involves the
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field assisted diffusion of ionised indium via vacant cadmium sites.

Contact quality was assessed as follows. Initial TSC runs exhibited
noisy, non reproducible results, particularly for the characteristié low
temperature pesk (see section 6.2) as shown in figure 5.9, After several
runs, a sudden change'in the characteristic usually appeared giving a
steady TSC spectrum, which was reproducible for all subsequent runs taken
under similar conditions. It is , therefore, proposed that the step from
poor contacts to ohmic contact formation had occured when gbod, reproducible
TSC curves were observed, especially the appearance of the peak at 90 K.

It will be seen later that the observation of the high tempefature peak

is also consistent with this model for the contact region.

':,Penéi;ra't_iog. de'pi';hs are difficult to assess, O'Tuamé"a'rlx'd- Richtéii_(lé?O) o
estimated less than 1 pm after the diffusion of indium at 860 K for 60
minutes using a measured diffusion coefficient of the order 10-14 cm2 sec .,
In the present work, temperatures not exceeding LOO K for several minutes were
uwsed, Assuming that indium diffuses substitutionally into cadmium sites,
both thermal and field assisted diffusion at 400 K would be negligible.
Diffusion via the increasing density of cadmium vacancies (see section 6.4)
near the anode is, therefore, proposed as the dominant mechanism.

Insufficient data relating to the diffusion coefficient of indium under
such circumstances prevents quantitatiye calculation.

Refurning finally to the electrical properties, estimates of the
difference in work fupgtions between indium and CdS were shown in section 3.5

to lead to ohmic contacts. The éffect of indium diffusion then/;eads to

an intermediate, highly n type layer, also conducive to good contacts.
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6.1.2., Silver electrodes

It-is a little difficult to understand why silver produces ohmic
contacts as holes cannot carry current in CdS., The magnitude of barrier
heights measured for silver electrodes on CdS varies considerably;
Spitzer and Meaa (1963) reported values of between O.4 and 0,58 eV,
whereas Goodman (1964) estimated 0.37 + 0.03 eV, giving the work function
of silver as 4,31 eV. Realising the better correlation between barrier
height and metal electromegativity than with metal work functions, Spitzer
and Mead (1963) suggest a possible role played by the partial covalent

nature of the CdS - metal bond in determining the value of barrier height.

Toﬁéer§éfibﬁ§-6f bhmic.confacté using silfer;aré‘pqt_hdw¢vef uﬁiQﬁe;A
'Aﬁ;ihg:curréﬁf'pﬁlse.feehniqueg, Sinhoven and Bo&d (1958) reﬁort.éhﬁic-. |
c0£tacts betweenICds and numerous metals including silver. Such contacts
are only formed when the polarity of the pulse, produced by a O.1 pF
capacitor charged to 300 V and applied to the silver electrode, is positive
with respect to an ohmic contact on the opposite face of the crystal. In
the present work, the same polarity dependence is necessary to form silver
contacts. Sinhoven and Boyd postulate tunnelling from a highly conducting
region just under‘the surface through a very thin surface exhaustion region
to the metal electrode, Application of a current pulse of positive polarity
substantially increases tunnelling and'destroys the atomic structure in the
 vicinity of the silver electrode, giving rise to an ohmic contact.
Penetrafion of the exhaustion region (possibly the same as the surface layers
discussed in section 3.L4.3) by silver diffusion, and the éorresponding
_creation of an ohmic contact for electrons allows interpretation of the

present results in an identical manner to that used for indium contacts.

The appearance of additional high temperature peaks (see figure 5.9



- 152 -

and table 5.1) using silver electrodes is, at present, not understood,
Kroger et al (1954) have shown that silver in CdS can give rise to

acceptor levels between O.4 eV and 0.7 eV above the valence band, not too
dissimilar, energetically, from singly charged cadmium vacancies. It may
be possible that the presence of such centres near the contacts, together
with cadmium vacancies, can give rise to a complex similar in form to that
discussed in section 6.4., but having a slightly different trap depth.

Field assisted diffusion of charged defects durihg .cooling could then be
responsible for the creation of additonal centres, explaining the conditioné

for observation of the various peaks, as listed in table 5,1,

-:;a}G,i.Bw 3Summary of the contact forming proéess

(i) Indium slowly penetrates the insulating layer (possibly the
oxygen depletion region) by means of field assisted diffusion above 300 K
via cadmium vacancies at the anode.

(ii)  Simultaneously, negatively charged cadmium wacancies migrate
towards the anode,

(iii) Contact formation results when the indium has penetrated
the interfacial region and enters the bulk as donor impurities.

(iv) Ohmic contacts can be formed with silver electrodes when the
polarity of the bias apélied to the electrode is positive with respect to
the crystal, and penetration of silver destroys the blocking nature of an
exhaustion layer near the surface,
| (v) The appearance of additional pesks near to the usual high
temperature peak could be due to the association of cadmium vacancies with

silver impurities,



- 153 -

6.2. The Low Temperature Region

6+2.1¢ Bulk characteristics

A peak‘in the TSC having a maximum at about 90 K was observed in most
CdS platelets tested, provided contacts to the crystal were ohmic and that
the crystal thickness exceeded about 10 ym., It has been previously observed
in TSC measurements on CdS single crystals grown by a variety of methods

(see, for example, the references listed in chapter 2).

That the 90 K pesk is due to bulk phenomena can be demonstrated by

. - three independent types of measurement:

(1) :..The use of rod crystals ‘The growth §f.rod,éhabed cfystglé
‘Bimulfaneoﬁsiy ;itﬁ:plafélets providéd'én independenf méans.of invéstigatihgg‘
tulk trapping effects. In section 5.2 results obtained exhibif a prominenf
TSC peak‘at 90 K. Chgrges in bulk trapping induced by irradiation above>250 K
were similar to those;reported by Tscholl (1968) under similar conditions,as
outlined in figure 5.,2. These indicate that the bulk behaviour of CdS used
in the present study is consistent with other bulk measurements on CdS
“attributed to the photochemical creation of traps during a period of
irradiation during cooling (see section 2.4.6.).

(ii) The use of guard ring electrodes The TSC results obtained

simultaneously using centre and guard ring electrodes (with the lower
surface electrode common) on a thick (160 pm) platelet are explained in

section 5.5.1. The results shown in figure 5.15, curves 1, and are

lar
qualitatively similar, and are typical of bulk results (e.g. figure 5.1.).
To confirm that these were bulk characteristics, the bulk trapping

distribution was changed by irradiating the crystal during cooling from

300 K to 77 K. In the subsequent run, curves 2c and 2GR were qualitatively

similar to each other (indicating they were a measure of the same trapping
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level) but were, however, different from curves 1c and 1. because of the

GR
'changes induced in the bulk trapping levels., The 90 K pesk, common to all
bulk results is characteristic of bulk trapping in CdS.

(iii) Appearance of the low temperature peak In section 6.1, the

. formation of contacts results in the sudden appearance of a TSC spectrum,
in particular, the peak at 90 K. With ohmic contacts, bulk trapping
mechanisms would be expected to be dominant, This supposition is supported
by the fact that quenching of surface traps using oxygen had no effect on

the 90 K peszk.

" As the pesk maximum occuyed very near to the minimum temperature of the
system, analysis of the 90 K TSC pesk was difficult. Indeed Cowell and

" Woods. (1967) concluded that detailed analysis of their low temperature peak

:w;s.impossiblé by both initial_rise and'cu?ve f{tting.tééhﬁiéueé..vaaiuéfio#i}‘

of-the temperatﬁfe ét which the maximum occu#ed was also difficﬁlt due to |

the width of the pesk and the reduced sensitivity of the thermocouple at

low temperatures,

6.2.2. Electric field effects

Even after the formation of ohmic contacts on very thin ( ~ 6 um)
platelets, the 90 K peak was rarely observed. Two reasons may be put
" foreward for this:

(iy A depletion layer extending from the surfgce through the entire
platelet could prevent the filling of the shallow traps.

(ii) The magnitude of the TSC‘collecting‘bias could be sufficient

to empty the traps at 77 K.

It is unlikely that a barrier and correspbnding depletion region could
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exist with well formed ohmic contacts, and removal of oxygen from the

surface eliminated the possibility of a depletion region due to oxygen
chemisorption (see section 3.3). If-the collecting bias was applied after
irradiating a thin crystal at 77 K, a rapid decrease in current was

observed. The guard ring experiments discussed in section 5.5.7, figure 5.16,
showed conclusively that the electric field strength (IOl+ v cm—l) was
responsible for annihilation of the 90 K peak: The reduction in magnitude

of the trap depth due to an electrie field, 8 , was calculated using the

Poole~Frenkel factor:

(v =Y

Trap_ lowering, AE = BE oooooooooo(6ola>

. where
= (—€—0——1E)‘ B .V.-.V...'_.‘..l olb
€o is the permittivity of free space and € the dielectric constant.

For € - 10" venrtanda €= 10

DE ~ 0,025 eV

In gectién 2.4 it has been shown that estimates of trap depth for the
characteristic peak at 90 K range from about 0,05 eV to 0,2 eV. The
approximate trap depth relating to a peak at 90 K taken from figure 2,5 is
Q.OE eV for Tscholl's theory and about 0.21 eV for the basic TSC theory,
indicating considerable discrepangy in the evaluation of trap depths,for
such pegks. In both cases, an effective trap lowering of 0.025 eV would
undoubtedly promote thermal emp}ying of the trap at 77 K with a

L

10* V emt field applied.

Consider, with the aid of figure 2.5, a trap of depth 0,21 eV
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(corresponding to the 90 K peak) being reduced by 0,025 eV in depth to
0,185 eV. As a first approximation, -using E o T* (equation 2.1k4), the

temperature at which the pesk due to a trap at 0.185 eV occurs is given by

= 90 |
0.15 = m 0000000000(602)
giving ™ = 79K

This is so near to the minimum temperature of the cryostat that
thermal emptyiﬁg at>77 K undoubtedly occurs. For the case of Tschollls
the&ry, which indicated a depth of 0.05 eV for a 90 K peak, reduction by
. 0.025 eV would result in tqtal tpap emptying at 77 K« For fields approaching
y , S . _ , RO

‘ iOi‘V'cm‘l, Bube (1962) suggested that impact.ionisétion‘qf shallow traps :

could'become:doﬁinant.

6.2+3. Summary

It has been confirmed that the TSC peak attaining a meximum at 90 K
is characteristic of CdS, and is attributed to bulk trapping. The present
results are consistent with those of Tscholl (1968) based on a photochemical
model for trap creation involving donor - acceptor pair agglomeration, as
A outlined in section 2.4;6. A cryostat capable of operating down to
liquid helium temperatures would be necessary for a quantitativé evaluation
of data for the 90 K peék. By simultaneously comparing the field between the
lower and centre‘electrodes (directly across the platelet) and the lower
and ring electrodes (separated by several mg of CdS) of a guard rinngevice;
trap emptying due to an electric field was confirmed. For fields above

4 1

10" V cm ~ the Poole - Frenkel trap léwering factor could account for

decay of the characteristic 90 K peak at 77 K.
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6.3. Surface Effects

6.3.1. The role of the surface in TSC measurements

Changes brought about on the surface of CdS crystals due to the
effect of oxygen have been discussed in section 3.3. A quantitative
inQestigation of surface phgnomena in CdS platelets was not possible using
the results obtained in this work, but a qualitafive discussion of the role
of the surface strucéﬁre in determining the electrical surface conduction of

CdS is possible.

The results are divided into two sections; those relating to the .
'effecf of'pxygen on TSC.meésu}emehts and the interpretation‘pf guard ring
‘electrode results to givé quantitative information about'intrinsic'sufface.

trapping phenomena,

6¢3.2. The effect of adsorbed oxygen

In the early stages of TSC measurements, the magnitude of the mid
temperature TSC region was seen to steadily increase with each run, as shown
in figure 5.3. Reversal of the effect following exposure to oxygen led to a
more detailed investigafion using three terminal devices as described

in section 5.4.

The contribution made by carriers released by surface traps is seen

in figure 5.11, curves B, and B2 Baking the device of 40O K in a

21 3°
vacuum promoted oxygen desorption, enabling intrinsic surface traps to
participate in TSC. This observation is consistent iwth the results outlined

in section 3.3, The enhanced magnitude of the TSC for the mid temperaturé
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region was quenched by oxygen adsorption, as shown in turves A23 and A21
of figure 5.11. |

The gradual increase in magnitude of the TSC curves in figure 5.3 can be
explained by thermally assisted desorption. As more oxygén is desorbed
during the higher temperature interval of TSC heating for each successive
run, the current observed during the following run will include a larger
contribution from uncompensated surfacé traps able to capture photogenerated
carriers. Indeed Schubert and Boer (1971) have shown by mass spectrometer
analysis that a thermally stimulated oxygen desorption peak occurs at 405 K.
This‘is in keeping with the present work in which the effect of a gradual
‘relea§e'of oxygen i§ seen during repeated runs to less than 400 K, but
"fhérméi.éyéliﬁg'to températures in éxcess of LOO K'resulfs infaAﬁignifiéént.f
ihcreasé iﬁ mégnitude of the mid temperature regién. For mostrcrystais,> '
TSC results for that region appeared to reach a saturation after
numerous runs to gbove 400 K, indicating that the meximum surface

contribution correspondéd to maximum oxygen desorption.

Photoassisted desorption was difficult to investigate. Irradiation
with intense illumination at high ( > 300 K) temperatures may promote

photochemical changes (see section 2.4) as well as surface desorption

rendered  all experiments of this nature inconclusive.

Reproducible changes due to adsorption and desorption of oxygen are
seen here for the first time on a TSC curve, indicating enhanced surface
conduction and énabling, in the following section, estimates to be made
of the energy of surface trapbing levels. A guard ring electrode was
necessary to obtain surface data-and to enable quantitative.calculations

from thermally stimulated surface conductivity in the absence of adsorbed

OXygen.
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6.3.3, Surface conductivity

The qualitative ideas relating to the termination of an ionic crystal
lattice are used to explain surface phenomena in CdS, and have been

outlined in section 3%.2.1.

-Guard ring electrode experiments have enabled the separation of surface
contribution from bulk conduction data. In section 5.7, results are shown
for TSC data from both guard ring and centre electrodes under normal
conditions, The TSC reaults for the centre electrode changed considerably
wheﬁ the guard ring electrode was shorted directly to the collecting voltage
~ supply. 'Copfirmation of a change is also obtained if the experiment is
i_?éﬁgat§a ie;Ying the guérd ring éisconnectéd. . The results a;é}ébqwn}égain‘::i‘

‘in figure 6010

A current contribution due to the release of surface trapped carriers
will result when the potentials of the centre and guard ring electrodes
are dissimilar. Figure 6.2(a) shows the circuit of the guard ring device

measuring system.

When the ammeters are identical, and of very low impedance compared
with the device, the potentials at C and GR are equal. However, if the
guard ring electrode is shorted directly to the positive rail, as shown in
figure 6.2{b), the non zero impedance of the centre electrode ammeter will
promote a small potential across the surface. The voltage across the 'ammeter'
is known (from the scale shown in figure 6.1) and the surface current is
simply the difference between curve Ic and curve Ic' on figure 6.1. -From
section 5,6 it is shown that for potentials below about 1 volt, the I - V
characteristics are probably ohmic, so an assessment of surface conductance

mey be made, For example, at 180 K (see figure 6.1)



[

FIGURE 6.1 RESULTS FOR DEVICE INL4S (27um)

250  TIK)

Curves IG“ and I.; normal
guard ring and’ centre
electrode characteristics.,

Curves 1! and I! show TSC
curves for centre electrode
with guard ring shorted to
positive and open circuited
respectively.

Curves Gl and Gg show
estimateé depencences on
surface TSC (conductances).

Collecting biasy; 7V

- 9T -
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FIGURE 6.2

The electrical path between electrodes is graphically represented
by a resistor: .
between GR and centre electrode: Rg

‘between GR and bottom electrode: RGR .

“between centre and bottom electrode: RC

48
: (a) Basic circuit for guasrd ring
E Ct—M—GR
RC $ RGR
B
+ ¢
. (v) Guard ring shorted directly
E éRGR to positive
-9 Ié = IC - Ié
" -} u
6D
E-- 3
¥
Sl o'
E Ic s s (¢) Guard ring open circuited
— "o T .
SR, $RGR Ig=1Ig - I
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12

I' = L6x107°4
I; = 5.2x :v.o":%2 A
1) = 3.6 x 10722 A
and vc; = V= 0132V
80 6' = 27x 10"11‘mho

The method may be extended to give quantitative data from the open

circuited guard ring results, the circuit of which is shown in figure 6.2(c)

I" = I" o I o D eseenenead{6.3) -- o

and - assuming E >> v,

E = IS"(RS" + RGR) oooooooooc(60 Ll')
USing E = IGR RGR rocooovco(6¢5)
the value of RGR may be calculated using data from curve IGR' Then
E = (I'" = IDR" + =5 siveveeen.(6.6)
c ¢’ s I
GR
[ 1 1
R" = E M - o.oooooooo(6.7)
-s ‘ .(Ic‘ - Ic) IGR] -
1 1l ‘ 1 -1
G" = - m " e RS . ooooooooco(6.8)
8 B Ic - Ic IGR J

Taking again, as an example, the values at 180 K

@

I" = 1L9x107a
I, = 5.2x 10712 4
I. = 5S.h4x107 A
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11 9
1 10 10 -1
" - = sy s
Then GS 7 [1&4 G ] mho
GS" = 2 X 10-12 mho

~Curves GS' and/Gs" show variation of the surface contribution of TSC
with temperature. It must be stressed however, that the magnitudes of
conductance calculated include large errors resulting from subtraction

of two close values taken from logarithmic plots,

General trends indicate a substantial rise in surface contribution
above 120 K, in keeping with the measured surface conductances seen from
development of the mid temperature region (flgures 5.3 and 5.11).
B Dlscrepan01es between 130 K and 180 K are probably due to the errors outllned
"'above. "By’ leaV1ng the guard ring electrode dlsconnected the resultlng TSC o
is effectively that of a simple two electrode device., The floatlng .
potential of the guard ring will, however, introduce larger errors than in
the previous experiment in which the guard ring was connected directly

to the collecting bias.

Using the simple dependence between trap depth and TSC peak temperature
as shown in figure 2.5(i), and realising that a small error is involved when
considering a continuum of traps rather than discrete levels, an estimate

of trap depths from surface contributions gave between 0.25 eV and 0.55 eV.

These values correspond to the surface trapping depths calculated
for CdS by Levine and Mark (1966) of about 0.2 eV to O.k4 eV based on the
termination of am iomic lattice; as outlined in section'3.2.1. The present
work therefore appears to support the model of ionic surfaces on CdS

hitherto only considered theoretically.
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6.4 The High Temperature Region

6.L4.1. Assessment of possible mechanisms

The properties of the TSC peak reported by Simmons (1971) due to
dielectric relaxation are similar to those of the high temperature peaks
observed in the present work, and initially Simmons work appeared to offer
a complete explanation for the anomalous high temperature results. Elimination
of the peak by cooling with the same bias applied as that used for subsequeﬁt
TSC heating was predicted by Simmons (section 2.3.3), and was observed in
£he fresent results (section 5.3.6). The position of the peak on the TSC
_:spgqtrgm>g;§o occqud_in the ﬁredicted position. Two factors, héwever,,

) a";.c.-é.“d:l_fj.‘;‘ic\.ﬂ..i‘:, to ‘e,:.:pléir_l_‘. by this mecha‘nilsni:, (i) the maghiﬁudg- of . t}}ye.v :
.TSC-péak waé sevé?alAérderé higher than that of Simmons (i1) for the  _
dielectric relaxation model to apply, blocking contacts are essential.
Results of the present work are in favour of ohmic contacts (section 3.5)

and the dielectric relaxation model must be tentatively excluded,

. The formatibon of an ohmic contact involves electron injection into the
semieinsulator, and implies a corresponding blocking contact for holes.
An extension to Simmons theory is thus possible in this case, namely the
main contribution to the high temperature pesk being a hole current.
The condition of bloékiné contacts is then satisfied, and the flow of
holes across the crystal during dielecfric relaxation could be responsible for
the high temperature peak. It is,however, difficult to visualise how the
flow of holes could lead to a current peak in a system which is n type and
highly compensated. A hole current would undoubtedly result in
considerable recombination of the released holes with the electrons in the
hole traps or in the conduction band. That holes could be responsible for

cuirrent peaks in a material that has never been known to be p type without



. - 165 -
deliberate doping is therefore improbable.

In the next section, it will be seen that an electric field can cause
the anode to become blocking to electrons, If the blocking nature remains
after removal of the bias polarity and after several TSC runs, the
conéitions necessary for Simmons relaxation theory to apply, namely a blocking
cathode, would be fulfilled. The concept is unlikely for two reasons; firstly,
a deterioration of the high temperature peak (as-the contact reverts to an
ohmic nature) was not observed, and secondly, the magnitude of the peak

was greater than that predicted for Simmons model, as outlined above.

Driver and Wright (1963) used a diode fabricated from a CdS platelet
Q}fﬁ;oné éhﬁiq.<iﬁdium) contact ané one'b16§king'(gé1d) cQﬂtact. Awitﬁ a
1fo?ward bias 5ff'30;V apblied during cogling to‘filllthé tréps,;éﬁd a ‘reverse
bias of 30 V during TSC heating, a pesk at 180 K of magnitude 2 x 10712 4
was seen, The peak could still be observed after cooling without bias,
through its magnitude diminished to 1 x 10—12 A, This was attributed to

trap emptying from the depletion layer brought about by the blocking

contact, and bears remarkable similarity to Simmons new theory of dielectric
relaxation (see section 2.3.3). A rapid increase in current above 250 K

was attributed to the reverse current of the diode. Had they continued
heating, a high temperature peak similar to those reported herein should have
been‘produced. Under similar circumstances during the present study, severaI:
samples exhibited a small increase in TSC at about 180 K, but was too wide
for a TSC peak. Non reproducibility from sample to sample and the very small

2 401072 n prevented further investigation.

magnitude (10_1
To explain the high temperature results, a new concept appears to be
necessary. An obvious choice would be the transport of defects through

the lattice, most probably in the form of vacancies. This process could

\ 4
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lead to two possible effec%s:
(i)  the defects could carry sufficient charge to produce the
high temperature peak, which would then be due to ionic migration,
(ii) defect associatinn could produce centres capable of trapping the
charge responsible for high temperature pesks.
The magnitude of the high temperature peak seems to exclude the first
possibility, and in the following sections, the evidence supporting the

idea of trap creation due to vacancy associations will be discussed.

6o 4.2, The role of vacancies in CdS

'j ff ;@'e:séries>éf ﬁubiications_by Geréhﬁh and Timan (1966 -~ 1968),;ﬁon
~ linearities and'ﬁystefesis.effects inI-V characteristicé-for Cas plateiets'-
with indium contacts have been explained by a redistribution of charge
promoted by the diffusion of vacancies through the lattice., Their model
is based on.results from experiments which measured I ~ V curves, the
time dependences of current with electric field strength, luminescence

at the anode and the appearance of a back e.,m.,f. in the system.

They postulate the occurenée of an ionic process at the anode, involving
the migration of charged cadmium vacancies at room temperature, a mechanism
already shown to be possible by Woodbury (1964) from his stud& of diffusion
of cadmium in CdS. The concept of vacancy migration is not new. An electro-
lytic process producing excess cadmium and sulphur under opposite electrodes
was postulated by Woods (1957). Above 470 K, sulphur could reach the
surface and evaporate, but below 470 K, cadmium migrates towards the
cathode, and execess sulphur remains at the anode, promoting a noisy,

blocking contact.



..167...

Under the influence of an applied field, the accumulation of cadmium
vacancies near the anode results in a space charge layer in the anode region
tending to make it blocking to electrons, but capable of injecting holes.

The activation energy of the cadmium vacancy diffusion process was calculated
to be between 0.6 mnd 0.8 eV, and the width of the anodic region to be
0.1 pme. Much of Gershun and Timan's work was concerned with voltage
dependent effects for indium electrodes placed on opposite faces of the
platelet, A critical voltage, VO(’u 10 V) was observed such that for
voltages less than Vo, the I - V characteristics were apparently ohmic and
the current magnitude for a constant voltage decayed with time, For
voltaggs exceeding Vo, non linearities in the I -~ V curve appeared, An
- initial decrease in‘current (for a period of some minutes) was followed by an
uinéféése‘ihreufrent'magpitude-to a satufation,ie&el. Tﬁis-effééf-waé‘.F‘
attributed to the onset of double injection,_the‘inifial decay period
allowing sufficient time for vacancies to diffuse to the anode. Application
of much larger fields promoted green luminescence in the vicinity of the
anode after a short period of time, provided the current had reached
r~ 10"1+ A, In section 5.6 it is seen that the appearance of a negative
resistance regime at one electrode (in I - V measurements taken between

:Lo"5 and :Lo"'+

A) confirmed that double injection occqud in devices used
in the present study, at about the same current as that reported by

Gershun and Timan, -

The application of a field across the system polarised the platelet,
and redistributed a quantity of charge in the anode region. The magnitude
of the charge was essentially independent of applied voltage, and increasing
the bias increased the rate of charge accﬁmulationo Gershun and Timan
calculated the amount of charge to be 2 x 10-9 coulombs, The polarisation
brought with it a reverse e.m.f. in Ehe system that was observed as

hysteresis in I - V plots, and was dependent on the applied voltage and
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time., Identical results were obtained in the present wofk, as deseribed
in section 5.6 where, after removal of the bias, a small current ( 10711
flowed for several minutes, For voltages greater than Vo, vacancy
migration to the anode and the correéponding formation of a space charge
region promoted larger electric fields in the vicinity of the anode. The

17 -3

vacancy density near the anode is calculated to be at least 107" cm ~,

In conclusion, the work reported by Gershun and Timan has been
confirmed in detail during the present study, and their model of cadmium

vacancy migration appears to be responsible for the high temperature results.

A satisfactory explanation of the association of vacancieo to forﬁ

i.ftwo bulk traps in CdS was glven by Cowell and Woods (1969). A fast’ retrapp;ng
‘centre located 0,62 eV below the conductlon band is created at hlgh i

temperatures (baklng at 400 K in darkness) by the association of two -

cadmium vacancies., Photochemical reactions above 270 K are responsible

for dissooiating the centre into two single negatively charged cadmium

vacancies which individually trap a second electron, possibly with the

aid of an additional oulphur vacancy. The 0.84 eV trap dissociates when the

electron is released, and because of its photochemical nature is of little

relevance to the high temperature pesk discussions. It is the 0.62 eV bulk

" trap, giving rise to TSC peaks within the range 320 K to 350 K (depending

on initial filling characteristics etc.) that is the basis of the postulated

model for the high temperature TSC peaks,

In a paper by Kroger et al (1954) the energetic state of vacancies in
CdS was considered, and the trap due to an electron associated with a single
cadmium vacancy was located ébod: two thirds of the way down the energy gap
from the conduction band. Kroger concluded the position of-the trap due to

a second electron captured by a cadmium vacancy is just above the bottom
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of the conduction band. The model proposed by Cowell and Woods (1969) for
the 0,84 eV trap must, therefore, depend on the creation of a more complex
centre involving two megatively charged cadmium vacancies which effectively
trap one electron rather than a cadmium vacancy localising two electrons. .
Indeed in an earlier paper, Woods and Nicholas (1964) postulated that
the association of both sulphur and cadmium vacancies gave rise to the
0.84 eV trap. The creation of the 0.62 eV trap is also difficult to explain,
Association of tﬁo similar defects must involve the stable formation of
a centre effecively bound by at least one trapped electron, and it is
reasonable to assume a splitting of the electron energies to differentiate .
the bair centre from two isolated defects in close'proiimity. Tscholl

) (1968), in his development of the donof—acceptor pair concept for
" photochemlcal trap creatlon, calculates trap energles resultlng from an
1lsolated trap modlfled by a charged defect at a nearby lattlce 51te. Hie_‘
hypothesis follows work concerning the association of oppositely charéed
point defects by Van Gool and Diemer (1962) and bears similarity to the
dipolar association of pair defects that create energy levels within the
band gap, as suggested by Apple and Williams (1959). Tscholl's hypothesis
involves for the first time a distance dependence for trap depth., A
positively charged defect close to the trap encourages the trapped electron
to remain in the trap, thus effectively increasing the trap depth. The
close proximity of a negatively charged defect however repels the trapped
electron, tending to reduce the trap depth. Tscholl (1968) has discussed
the model whereby centres are produced by intrimsic vacancies and impurity
atoms. For this, he concludes that creation of a pair complex involves a
small shift in energetic position of the two isolated défect energy levels,

though both retain their effective individual charges after agglomeration.

To produce a quantitative picture of the trapping levels due to complex

defects is beyond the scope of the present work., However, a qualitative
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picture can be presented. The model to explain the high temperature peaks

is postulated to be due to an energy level created as a result of the

association of two charged cadmium vacancies forming a complex centre.

6. L".3.

The proposed model

It may be helpful, before embarking on the development of a new

model, to list the essential features of the high temperature results

from segtions 5.3 and 5.4 that must be explained by such a model.

(i)
(i)

A (iii)i_

(iv)

(v)

(vi)

(vii)

(viii)
(ix)
(%)
(xi)

An electrode forming process occurs,

The anode characteristics change.

'A‘highltemferétufé péak is attriﬁutgﬁlé.to a éfgéifiq:eiecﬁfédé,
fhe_péék is observed after.the sample ié allowed to cool with -
no bias applied, N |
The peak is quenched when the bias used during heating is thé same
as that used during cooling,

The pesk magnitude is enhanced by cooling with a reverse bias.

A 'run away' current is often observed when plotting a high
temperature pesk using a large collecting bias.

The peask has a rapid rise and decay.

The pezk generally occurs only for a collecting bias exceeding 9V.
The peak is'independent of the nature of tﬁe contact (once formed).

The peak is indepenaent of the gaseous ambient, especially of

oxXygen.

We shall assume the combination of two singly charged cadmium vacancies

and assume that in this situation the electron énergy level due to the single

vacancy splits into an upper and a lower level, There is no specific reason

for this contention, but it will be seen later that an adequate explanation
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of the high temperature results is provided by such a model.

Migration of the cadmium vacancies towards the anodé increases their
density in the anode region and increases their probability of associating
to form trapping centres. Using the symfol [VCd] for the cadmium
vacancy, the singly éharged vacancy will be;represented as EQ&;J y lee.
an electron within the centre. To avoid confusion, the centre resulting from
the association of two cadmium vacancies is repgesented by [de-J [VGdJ-

indicating that one electron is effectively less bound than the other, as

shown in figure 6.3(2).

To explain trap creation and annihilation.under thg influence of a
.7biaé;-se&erallgossiﬁilities may be considered: S .._-ﬂy »
| . (1) . In the vipiﬁity of the éﬁode, the centre . ﬁbé—] [Yéé] will -
still exist after the trapped electron is reieased, as shown in figufe 6.3(b).‘

(ii). The centre will dissociate after its trapped carrier is
released into, possibly, its two consiituent vacancies, as shown in
figure 6.3(c).

(iii) Hole injection from the anode will maintain the trap in an
empty state during cooling and subsequent warming with unchanged bias.,

(iv) The centre may be an agglomeration of a larger number of
defects (e{g. four cadmium vacancies) but such-a postulate does not

clarify the model further.

Gershun and Timan (1968b) reported that the vacancy diffusion process
was extremely slow (the order of minutes). This observation implies that
a rapid association Qf defects into traps followed by rapid diffusion
and migration back into the bulk after dissociation from each TSC run is
less likely to occur than a slow continual build up of traps near the

anode, the state of occupancy of which is controlled by the applied bias.
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FIGURE 6.3
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Further support for the latter is offered by Swalin (1962) who reports
that divacancies rather than single vacancies~are more probable at lower

temperatures in II - VI compounds. !

If, after TSC heating, the collecting biés is not disconnected, the
specimen will be maintained in a polarised state, and trap filling will
not occur. Removal of the bias during cooling from about 350 K will allow
conduction band electrons to be trappéd in the fast retrapping centres,
and, indeed, reversal of the bias would inject electrons into the traps.
The.important difference between fhe presenf model for platelets and the
more conventional bulk trapping theory is the electric field strength and
. its possible foe;t on.carrier trensit time, and hence gain. By invoking
‘ﬂ;afthin sugleieétrodé layer (~ 1077 Qm‘thick)_in.é systém ha&iﬁé-én-éléétri¢:iﬁ
‘field of‘iOi V‘cm-'l (possibly larger across the gub-electrode regioﬂ), _ ‘

different trapping kinetics are likely to prevail,

Using a tentative model such as the one proposed above inevitably
involves a certain dégree of uncertainty, particularly where vacancy
associations are concerned. The model does not lead to an obvious solution
to the observation of a 'run away' current (section 5.3) when the bias
voltage is excessive. Under non equilibrium conditions with high fields,
an electronic breakdown across the entire crystal could lead to a high
run sway current (ofteﬂ > 1077 A). ‘Several of the thinner crystals
exhibited very large high temperature peaks (section 5.3.9) consisting
of what appeared to be a run away current that eventually slowed down and
finally decreased in magnitude, This observation appears to support the
theory that a high field alters trapping kinetics and fhe resultant TSC
curves in a way that cannot easily be analysed, Again, in contradiction
to these results, it was shown in section 2.3.1. that fast retrapping

kinetics should indicate a lower, not a higher effective activation
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energy from the initial rise of the TSC peak,

Whilst it is clear that in conditions of equilibrium a bias of 10 V
across a platelet at room temperature will promote only a very small
current (see figure 5.18), the non equilibrium conditions produced by a
TSC run, with a corresponding release of trapped charge, will significantly
alter the electrical conduction across the platelet, In conventional TSC
experiments, the bias applied duriné heating simply acts as a collecting
potential for carriers that reach the electrode. In the present system,

3

the applied bias produces a field of the order 10° V cm-l. It is

difticult to assess the effect that the release of excess carriers from

i w1th1n the seml-lnsulator will have on the resultlng TSC., It is p0551ble
1fthat thls charge w1ll produce a similar effect on the resultant current

to that caused by 1ncrea51ng ‘the applled voltage by a smell amount.
Operating in the range where current varies steeply with voltage, it is
suggested that excess charge will produce a disproportionate increase in
current, as seen in both the initial rapid increase of the high temperature
peaks and tue run away current. As the traps empty, excess charge in the

crystal is reduced, and correspondingly a rapid decrease in current is

seen after the TSC has reached a maximum.

That the rapidly increasing portion of the I - V curve is attributed
to total trap filling has been questioned by Marlor and Woods (1963)
‘who postulated that trap emptying could occur at higher fields., In a
later paper, Marlor and Woods (1965) showed that by passing very large
currents through platelets (10> to 1072 A), the O.41 eV and 0,61 eV
traps could be filled. This was demonstrated by subjecting the device to
a TSC run with a very low collecting bias (~~ 0,1 V), but the results were
complicated by a contact voltage of the same order of magnitude as the

bias. Inspite of considerable analysis of the contact voltage, Marlor
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and Woods were not able to demonstrate, unequivocally that space charge
limited currents would fill twaps in CdS platelets. From the present work,
it is considered unlikely that the 9.V collecting bias would be responsible
for the filling of deep fraps. This.was indicated by the very low TSC

currents ( < 10"':L2

4) that flowed in the low and mid temperature regions after
cooling without bias in the dark, refraining from irradiation at 77 K,

and heating with a 9 V bias.

A necessary condition for the migration of vacancies and formation of
the layer beneath the anode was a bias in excess of a critical voltage, Vo’
found by Gershun and Timan (1968a) to be between & and 12V, In the present
study, peaks generally occured for collectlng biasses in excess of 9 V.

V .In all but the exceedlngly thln platelets, a blas of about. 4 V or below .

‘ never appeared to produce high temperature peaks.

The present model depends on the movement of intrinsic defects aftep
the formation of good contacts and should be independent of electrode material
as observed. The exact way in which silver, with a work function in excess
of that for CdS, forms an ohmic contact remains difficult to explain. Contact
formation by current pulse techniques has been reported by Sinhoven and
Boyd (1958)}who showed that meany large work function metals (including
silver) made ohmic contacts to CdS, though the exact nature of such contacts

was not discussed.

By introducing a médel invoking the formation of tmeps in a layer
below‘the\electrode, the changes induced by surface contamination, for
example, oxygen adsorption, should be minimel. Indeed, the high temperature

results generally appeared to be independent to an oxygen ambient.

The eleven points listed at the beginning of this section can be
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exXplained by the use of the proposed model. The nature of contacts has

been discussed extensively in section 3.5 and 6.1, and the migration of
charged cadmium vacancies can account for chmnges in anode characteristics

and the appearance of bias dependent, high temperature peaks., Tentative
explanations have been put forward to account for the rapid increase in
current (e.g. figure 5.5) but it is clear that a more detailed study is needed
to correlate the effects of higher fields on TSC measurements, particularly
for the evaluation of trap densities where a non-linear field across the

crystal could considerably affect the magnitude of the gain factor.

6. ll'o Ll'o Summg_x:z

ItAisléufpfisi#g-to note ;hat trap:formation gi#iné riée té é.bias'v,‘
dependent peak ofvcénsiderable magnitude has not been seen before in other
TSC experiments., The exact nature of the process controlling trap creatibn
and emptying kinetics is still uncertain. The model provides a basis
on which the formation of traps, particularly those due to electrode effects,
may be developed, and is shown to be consistent with the present study.
Further work is necessary to be conclusive, especially relating to the

format of the centre after the release of its trapped electron. To avoid
.unnecessary complications, the effect of other traps or defects within the
CdS lattice has been neglected. The role played by such defects could

‘be important at higher electric fields,

6.5. Conclusions and Future Work

A number of factors that influence electrical conduction in thin C4S

platelets have been investigated using the results of TSC measurements,
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The results are mainly concerned with the nature of two welliknown TSC

peeks in CdS, one having a maximum at 90 K attributed to bulk trapping,

and one occqung above 300 K created from'the association of cadmium
vacancies. The sgppearance of the 90 K pesk was used to indicate the onset of

contact formation.

- A model involving the slow, field assisted migration of cadmium
vacancies towards the anode is invoked, and is consistent with both the
mechanism of contact forming and-the-creation of traps near to the anode,
In order to produce good contacts onto the platelets (as grown), indium
ione diffuse through the surface contamination then into the crystal via

' the oadmium vacancies near to, and at, the surface. Ohmic contacts were
'1 ;also produced by Silver electrodes after the bias ‘had been applied a.number :‘:
of times. TSC peaks ‘that are dependent on the direction and’ magnitude
of the bias applied during the TSC cycle were observed in the range 300 Ki ;
to 400 K and are thought to arise from the creation of traps by the
association of cadmium vacancies in the region near to the anode.
Polarisation of the specimen during cooling determines whether the TSC

peek is enhanced or disappears during a subsequent run.

The contribution to electrical conductivity made by the crystal
surface appears to be highly dependent on the chemisorption of oxygen.
The surface resistivity was increased if oiygen was present, however after
-several TSC runs, oxygen was apparently desorbed and the effect of
intrinsic surface»traps increased the TSC between 120 K and about 200 K,
The corresponding valuee of trap depth were consistent with those
calculated using a model based on the electrostatic surface properties
of CdS (in this case, assuming ionic bonding). Further work with a
cryostat capable of attaining higher temperatures and a harder vacuum

would provide facilities for controlled oxygen desorption experiments from
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which a detailed TSC analysis might obtain more quantitative surface
trapping data. At the other end of the temperature range, a
cryostat designed for use down to helium temperatures could be used to

study in more detail the characteristic peak at 90 K.

A theoretical study could be undertaken to assess the effect of
collecting voltage on TSC results and to correlate trap depths found on
the one hand by I - V measurements and, on the othgr by TSC. Marlor and
Woods (1965) have approached this subject filling the traps by passing
high currents, and Simmons (1971) is at present involved in producing

a geheralised model linking I - V and TSC theory.

Addltlonal 1nformat10n could be" obtalned by dellberately 1ntroduclng
'1ﬁpur1t1es 1nto the surface before contact evaporatlon. Controlled .
experiments to vary the stoichiometry of the platelet could test the
present theory, study changes at the anode and investigate the appearance of
several closely spaced peaks associated with silver electrodes. The nature
of trapping eentres may be confirmed by luminescence experiments on non

stoichiometric surfaces,

The model has been used to.explain the results and is consistent
within the limitations of the experiment. The project has provided
conclusive evidence for ‘changes in electrical properties, which are
important when considering device fabrication, consistency and

reliability.
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