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ABSTRACT 

A study of the phenomenology of switching in zinc 

sulphide platelet crystalS is described. Crystals of 1-100 

microns thickness were grown by vapour transport, contacted 

with evaporated silver or indium and wired into suitable 

holders. 

A series of electrical properties (particularly current- 

voltage behaviour) of these devices was investigated, over 

the temperature range 77-400°K, to improve the phenomenological 

picture of the switching effects. A detailed study of the 

wide range of switched conductivites observed at 100°K 

within each device provides a basis for the proposed model 

of the conduction being governed by an apparently variable 

donor density. It is considered that devices in highly 

resistive states exhibit conduction band conduction and 

Poole Frenkel effects. However, the analysis suggests that 

all conduction is along a filament (ry 10 microns diameter) 

which is formed when a virgin device first switches. At low 

temperatures conduction usually appears to be along a ruptured 

filament of on-state material. When a device is in a highly 

conducting off-state, impurity conduction becomes more 

likely; the on-state itself is seen as a manifestation of 

the Mott semiconductor - metal transition: 

This conduction model is the basis for an overall 

picture of switching cycles in zinc sulphide. The picture 

is supported by the conclusions of the studies of individual 

parts of the cycle, but is speculative in detail. Finally, 

suggestions are made of the possible physical nature of the 

impurity centres governing the switching. 
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PREFACE 

This thesis is concerned with a study of switching effects 

(as defined in 2.1) and the concomitant conduction mechanisms in 

zinc sulphide platelet crystals with evaporated metal contacts. 

The original aim was to extend Cusdin's work (1970) and confirm 

his theory. As many points of difference arose between his 

results and those presented here, none of his results was taken 

for granted. Indeed, the present study repeated several of 

Cusdin's experiments before extending his experimental work. 

The results, and their analysis, do not confirm Cusdin's 

explanation of the switching terms of contact baroier effects. 

Instead, a new interpretation is given. Conduction is considered 

to be bulk rather than contact limited and attributable to a 

filament of material in an enhance conducting state. Indeed, 

often the results have to be explained by the presence of a 

filament of highly conducting material which has ruptured such 

that the less conducting material in the gap limits the overall 

conductivity. 

The central sections of the thesis are those dealing with 

the interpretation of conductivity results on the highly re-

sistive states (7.1) and the postulated models to explain the 

overall behaviour (chapter 8). The models produced are largely 

phenomenological. Although suggestions are made as to the 

physical defects involved, these are speculative and it has been 

necessary to leave the identification of such defects to a further 

study. 

It seems most unlikely that the zinc sulphide switch can 

ever compete with the glass switch as a commercial device. 

However, besides casting some light on the specific problems of 

electrical conduction in zinc sulphide switches, this thesis is 

considered to make a significant contribution to the general 

understanding of conductivity switching. 

The thesis is divided into three sections, each of which 



2. 
deals with a separate area of the study. Part I is concerned 

with reviews of relevant work on conduction mechanisms, switching 

and zinc sulphide. In particular, chapter two is a reasonably 

comprehensive review of work on switching which attempts to relate 

the central problems of the zinc sulphide switch to other systems. 

No good, comprehensive reviews of switching are known to the author. 

Part II describes crystal growth, device fabrication and experi-

mental techniques leaving the experimental results, their analysis 

and conclusions to Part III. 

As far as possible, each section is self contained with 

overlap kept to a minimum. Many of the chapters themselves are 

also self contained to the extent that each chapter, and its cross-

references, can be read without it being necessary to read all 

of the preceding chapters. 



PART I 

REVIEWS OF PREVIOUS WORK AND A GENERAL VIEW OF SWITCHING. 

This first section is solely concerned with background 

material. A brief review of work on relevant electrical con-

duction mechanisms is given to avoid unnecessary detailed 

reference to them in the analysis chapter. The particular 

conduction properties of concern in this thesis, namely switch-

ing effects, are then considered. However, here a general 

review is attempted as no satisfactory general review is known 

to the author. Finally the brief review of zinc sulphide 

properties provides a background to the present results and, in 

particular, mentions Cusdin's work (1970) which the present 

study has advanced. 

3. 



CHAPTER 1 

ELECTRICAL CONDUCTION MECHANISMS  

This is not intended to be a comprehensive review, but a 

brief summary and discussion of those conduction mechanisms which 

are relevant to a discussion of the experimental results. In the 

analysis of the experimental results, reference to conduction 

mechanisms will usually be made to this Chapter. 

1.1 THE ENERGY BAND DESCRIPTION OF A SEMICONDUCTOR 

The energy band theory of the crystalline lattice is derived 

from the periodicity of that lattice (Kittel 1953). The theory 

considers motion of the electrons in the conduction band, under 

an applied electric field, F, to occur at a mean velocity, V. 

Associated with the motion is a mean free path of electrons 

extending over many interatomic distances. 

The conductivity of a semiconductor is given by6=net, when 

n is the free carrier density and his the mobility derived from 

the equation V =/AF-1-  (Kittel 1953). Now if the mobility is 

less than 100cm2V-1sec
-1, calculation shows that the mean free 

path is less than the wavelength associated with the electrons 

(Lamb 1967). This implies that when the mobility is less than 

100cm2v-1sec-1 the concepts of mean velocity and mean free path 

derived from the lattice periodicity are meaningless. In 

addition, Henisch (1962) points out that the uncertainty 

principle imposes a limitation on the precise definition of the 

energy of an electron in a crystal. His calculation shows 

that the uncertainty in energy can be written,5E 	e/2 rrpm* 

This implies that when the mobility is small, the uncertainty in 

energy can become sufficiently large to render the conventional 

band model meaningless (e.g. when y-= 50cm
2/Vsec and m* = m, then 

4. 

Typical symobis are explained in Appendix A. 
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E = 0.023eV). At this stage it is worth noting that zinc sulphid 

exhibits mobilities of the order of 100cm2  /vsec (see table 3.1). 

Despite the apparent limitations of the energy band picture 

to periodic lattices and high mobility materials it is found to 

be much more generally applicable. Indeed, the energy band 

spectrum is now considered to be largely due to the chemical 

bonds between atoms rather than the periodicity (see 2.5.4 

and Cohen et al, 1969, for the band theory of amorphous solids, 

and Lamb, 1967, for further references). 

Band theory and Fermi Dirac statistics will be applied to zinc 

sulphide in chapter 7 to approximately analyse the experimental 

results. As crystalline zinc sulphide is a wide band gap material 

(table 3.1) the free carrier density is dominated by impurities 

i.e. donors and acceptors. Such expressions as are used for the 

free carrier density will be referenced to source as required. 

Some of the conduction mechanisms considered require conduction 

band transport and some transport in an impurity band. Ionic 

conduction will not be considered because activation energies 

observed in the results are always less than 0.1eV and none of 

the other signs of ionic conduction, such as increasing resistance 

with time, were observed (Doremus, 1968, gives a review of ionic 

conduction). 

1.2 SPACE CHARGE LIMITED CONDUCTION 

1.2.1 Single carrier space charge limited conduction 

Space charge limited conduction depends on the injection of, 

say, electrons from the contact into the conduction band to 

produce free carrier densities in excess of thermal equilibrium 

values. The theory of space charge limited conduction between 

parallel plane electrodes was first given by Mott and Gurney (1940). 

It has since been extended by many authors including Lampert (1956). 

More recent reviews include those of Lampert (1965) and Tredgold 

(1966). 

In the absence of trapping effects the current density, J, 

is given by the Mott-Gurney Law, 

J = 9 µ c V2/8L3 
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This neglects diffusion currents and assumes single carrier 

conduction with field independent mobility. When traps are 

present the injected space charge is distributed between the 

transport band and the trapping levels. If the fraction of 

injected charge remaining free is e, the equation becomes, 

J = 9clieV2  /8L
3 
	(Lampert, 1956) 

This is a well established equation. 8 may be field dependent 

and affect the shape of the current voltage characteristic. 

Hence, the best test of space charge limited currents is the 

1/L3  dependence. 

1.2.2 The Ohmic to space charge limited current transition  

For Ohmic currents the current density is given by, 

J = ne µ V/L. 

Space charge limited currents characterised by, 

J = 9cµeV2/8L3  occur for voltages greater 

than V = 8enL2/9ce 

Roberts and Schmidlin (1969): pointed out that the activation 

-energies of ohmic and space charge limited currents may not 

be equal, and that the transition voltage is only temperature 

independent if they are equal. Roberts and Schmidlin considered/ 

the statistics of wide band gap materials to delineate all the 

possibilities of simple (i.e. temperature independent) activation 

energies. To obtain such activation energies, specific energy 

levels must contribute overwhelmingly to the. partition functions 

for holes and electrons. Only two solutions of the equations 

lead to. simple activation energies: 

1. n = Nd  -N a  )(N /N )exp [- (E C  -E M)/KT] 

= (Nc/Nm'exp [-(E0-Em) /KT] 

2. n = N 	/N ) 1/2exp 	[ (Ec-En) + _1/2m  -E q)1 /KT 

0 = ( /N )exp t-CE -E Kr] c 	m - 	c- m 1/  

where the'subscripts, m, q refer to the dominant electron and 

hole levels respectively. 
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The second solution gives different ohmic and space charge 

limited activation energies. If the dominant electron level is 

identified with the conduction band and the dominant hole level 

is a 'donor' level, density Nd, then 

n = (Nec)2exp(-0/2KT) where (13= Ec-Ed  

e = 1 
and the ohmic activation energy is cP/2 whilst the space charge 

limited activation energy is zero. Physically the equation refers 

to a situation in which the Fermi level is above a donor level 

which dominates the free carrier concentration. Single degeneracy 

of the level is assumed. 

1.2.3 Double injection  

Two carrier injected currents normally require the cathode 

to be ohmic for electron flow and the anode ohmic for hole flow. 

The resulting current can then be ohmic or space charge limited 

depending on the relative magnitudes of the two transit times 

and the dielectric relaxation time. If no traps are present, 

diffusion currents and thermal equilibrium carrier densities are 

neglected, and the dielectric relaxation time is greater than 

either carrier transit time an equation for the current density 

is (Lampert 1958), 

J = 9pecV2/80, where peis the effective mobility given 

ye 	(2P[ 2 n ( PrIPPIPO( Pn Pd] 
	

by, 

pais the recombination mobility which can be sufficiently small 

to make poconsiderably greater than either of the carrier 

mobilities. Double injection partially reduces the space charge 

limitations on the current, but introduces the new limitation of 

carrier recombination. Lampert (1962) calculated approximate 

and rigorous solutions for double injection in an insulator 

containing a single set of recombination centres (density Nr) well 

below the thermal equilibrium Fermi level. This approximate 

theory assumed (1) charge neutrality through the insulator 

(2) ohmic contacts (3) field independent mobilities and neglected 

(1) diffusion currents (2) thermal re-emission from recombination 

centres (3) free carrier densities. The theory showed that at 

low injection levels (i.e. low field) the recombination centres 

are mainly filled with electrons and most of the injected holes 

are captured. As injection increases a threshold occurs at which 



S. 

holes can travel through the insulator. The current shows a 

negative differential resistance region before the double injection 

is fully established (fig 1.1). In the double injection region 

the current density is given by, 

J = 9e T 1.1.11
p
N

2 

r
/8L

3
, where •Tfl is 

hn 
the common carrier lifetime. 

At still higher fields space charge again begins to have 

an effect and the current density depends on V3 (Lampert and 

Rose 1961). The .existence of double injection currents is well 

established (e.g. Lamb 1967) even for materials with identical 

anode and cathode contacts. Double injection is further 

discussed by Lampert (1964, 1965) and Rose (1964). 

The negative resistance predicted above can even occur 

without traps provided hole injection does not occur at low 

fields but becomes partial at high fields (in other words the 

anode is a blocking contact at low fields). This suggestion was 

made by Steele et al (1962) to explain negative resistance effects 

in point-contact germanium diodes. 

Ashley and Milnes (.1964) extended the Lampert theory to allow 

for partial compensation of shallow donors and the space 

charge effects associated with the recombination level.. The 

voltage at which the onset of negative resistance occurs is 

greater than that predicted by Lampert- on account of the 

trapped charge (fig 1.1). Their prediction of this voltage 

is
2 	„a 	 1/2 

V = 

	

	 P L niAe Nrirrc)(aP P v /11 pr 
	n

n
r
) 

2 •  
Where the subscripts p, n, r refer to holes, electrons and the 

recombination level respectively. 6%  is the electron capture 

cross section of the recombination level and V the electron 

thermal velocity. Nr  is the density of the recombination level 

and nr 
the thermal equilibrium density of electrons in the level 

(Nr  = nr  + Pr). 

Experimental confirmation of this result was given by 

Wagener and Milnes (1965). However, in later work by Barnett 

and Milnes (1966) such behaviour was observed to occur along 
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filamentary paths in semi-insulating silicon. The filamentary 

currents flowing in the post-breakdown region were directly 

observed by means of their own recombination radiation. An 

interesting feature of the results is that after the onset of 

dohble injection the current increases rapidly with little 

voltage change (corresponding to filament growth) and then 

becomes dependent on vn  where n = 1.6 to 1.9 (see fig. 1.2). 

The filament growth involved in the final region accounts for 

the v1.6 rather than the v2 law expected. 

1.3 CONDUCTION ENHANCED BY THE EFFECT OF FIELD ON POTENTIAL  

BARRIERS 

Electrical conduction may be enhanced by the effect of 

the applied field on the contact potential barrier if the 

contact restricts carrier flow, or on the coulombic potential 

barrier surrounding impurity centres. In each case current 

enhancement occurs because the barrier is effectively lowered 

by the applied field; thus raising the probability of carrier 

emission over the barrier. At high fields the barrier may 

become sufficiently thin to allow quantum mechanical tunnelling 

through it to dominate excitation over it. It is frequently 

difficult to distinguish experimentally between contact and 

bulk effects. Useful reviews are Hill (1967, 1971a). 

1.3.1 The Schottky mechanism 

Consider fig. 1.3 to represent the potential barrier 

at a metal-insulator contact both with and without an applied 

field. The classic Schottky effect (Schottky 1914) is 

analogous to thermionic emission except that the applied field 

lowers the barrier height (or effective work function). To 

calculate the barrier lowering, the barrier potential (-e
2/16 

associated with the attractive coulombic force) is added to the 

potential due to the field (-Fex) and the maximum calculated. 

The lowering of the barrier is (e
3F/47-.TTE) 1/2 =133F 2 . Provided 

the thickness of the insulator is much less than the carrier mean 

free path the current density becomes, 

J = A(1-r)T
2
exP(..-0/KT)exp(U2/KT)... Lamb 1967 

where r is the reflection coefficient and A is the Richardson 



Dushman constant ( = 1.2 x106 A/m
2
/deg). If the insulator is 

thicker than the mean free path the pre-exponential term 

becomes, 

2e (2 nmKT/h2 t4  ) (V/L) 
	

Hill 1967 

. The above equations will be affected by space charge, barrier 

shape, and trapping. Rigorous experimental and theoretical 

correlation is not usually observed (Lamb 1967). 

1.3.2 The Poole - Frenkel effect  

The Poole Frenkel effect (Poole 1917, Frenkel 1938) depends 

on the contacts having no effect on conduction. The bulk 

conduction is then affected by alterations in the thermal emission 

probability from impurity centres caused by the applied field 

see Fig. 1.4). The calculation of barrier lowering is similar 

to the calculation for the Schottky effect. However, as the 

positive charge is fixed in space the barrier lowering is less 
vz. 
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(S4 (e
-3 
 FATE) =NF ) . The field decreases the effective donor 

depth such that its probability of occupancy is lowered i.e. 

the density of free carriers in the conduction band is raised. 

The current density becomes, 

J = e p noF exp (--(1)/rKT) exp (f3pF1/2/rKT) 

where r is 1 for the simplest of Poole Frenkel models (Yeargan 
and Taylor 1968). 

Several sophistications of the simple Poole Frenkel 

treatment have been made. 

(i) Yeargan and Taylor (1968) pointed out that for an n- 

type material, with the concentration of acceptor levels small 

compared to the density of donpr levels and free electrons, the 

free electron density is 

n = no.exp (- (/2KT) where no 
corresponds to the value used 

above. In other words the current desnity can be written, 

J = neAJE.exp(Ry1/2/2KT) 	i.e. r = 2 

aF.exp( '1/2 /2KT) 

The corresponding expressions when much compensation occurs are, 

n = n .exp (-4/KT) 

and J =aF exp(O/KT) 	i.e. r = 1 
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These equations imply that although pz-- 
P

-lps it is not easy to 
separate the Schottky and Poole Frenkel effects simply by the 

slope of a log (J/V) versus F 2  plot. A similar point was made 

by Mark and Hartman (1968). 

(ii) Jonscher (1967) and Hartke (1968) extended the unidirect- 

ional approach which gives an increase in emission probability 

in the forward field direction of exp(OF1/2/KT) by considering 

emission into the hemisphere centred on the forward direction. 

This gives an increase in emission of 

a-2  [1 + .(a-1) expo] + 1/2, where-,a= RFC/KT 

(iii) Hill (1971a) has completely reconsidered the Poole 

Frenkel mechanism as applied to amorphous materials. He extended 

the analysis, considering both the low field and the high field 

case when tunnelling through the barrier becomes significant 

(equivalent to the Fowler Nordheim effect, 1928, in surface 

emission). Hill calculated the current density resulting from 

application of an electric field to a density of coulombic centres 

by integrating the equation J = 4.1)(E).N(E)dE where E is the energy 

of the carrier in the centre, N(E) is the supply function and D(E) 

the probability of emission of the carrier from the centre. In view 

of the amorphous nature of the materials considered, the WKB 

method of calculating the supply function was used. The probability 

of emission, D(E) is given by expressions such as that in 1.3.2 

(ii) above. For the low field case the analysis produced four 

possible equations for the current density: 

J is proportional to Tn  exp (-4/KT) f(a), 

where a=pF2/KT, n= 3 or 4 and 

when n = 3 
	f (a) = a s inh a or (cosha- a 1sinh a ) 

n = 4, 	f (a) =a2sinha or (acosha-sinha ). 

Which equation arises depends on the particular emission 

probability and transport velocity expressions chosen and will 

not be further discussed here. However, it should be noted that 

the derivation of these equations depends on the assumed constancy 

of the first differential of both the density of states and 

carrier velocity with respect to energy. 

In terms of this representation the7simple Poole Frenkel 

effect above becomes, 

J is proportional to T2exp(-4)/KT)a2exp a 
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Hill has described a convenient graphical method for 

determining the appropriate equation. Chosing constant values 

of F1/2  /T ie f (a), J may be divided by T2, T3 and T4 and the 

logarithm of these factors plotted against 1/T. One of the plots 

should be a straight line whose slope gives a value for 4. 

To determine f (a), JT-nexp +/KT is then plotted against a 

and compared with standard curves. Hill has successfully 

explained many experimental results. In particular his analysis 

has explained all the silicon monoxide results of Servini and 

Jonscher (1969) in terms of a single energy level (the results 

extend over a wide range of field and temperature). 

A major problem with Poole Frenkel analyses has been 

that experimentally derived values of p seldom agree with 

the theoretical values (disagreement may be as great as a factor 

of two). Two explanations to account for the discrepancies 

are well known. One is the effect of compensation in the 

material (Yeargan and Taylor 1968, and above), the other 

depends on the presence of discrete trapping levels (Simmons 

1967). A more recent explanation, particularly relevant to 

amorphous materials, is due to Hill (1971b). This depends 

on the possibility of an electron being trapped in the 

Coulombic well of the donor from which it was emitted. If 

the trapping time is sufficiently long it is possible for a 

second electron, released from a neighbouring site, to be 

captured,at the first donor site before the first electron appears 

in the conduction band. This results in an apparent motion 

of donors leading to anomalous values of p 	such as are 

observed. 

Clear Poole Frenkel effects are seldom reported in 

crystalline materials. Jonscher (1970) has suggested that 

this is because impact ionisation is a more probable mechanism 

in. a crystalline material than Poole Frenkel emission unless 

the carrier mobility is low. His estimate is that mobilities 

as low as 10-100 cm2/vsec are necessary to observe Poole Frenkel 

effects from donors of depth 0.01eV. Experimentally, clear 

evidence of Poole Frenkel currents is available for crystalline 

gallium telluride ( µ = 100 cm2/vsec, + = 0.1eV) 

(Abdulaev et al 1967). 
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1.3.3 Tunnelling effects 

In general at high fields quantum mechanical tunnelling 

can occur through the potential barrier. This has been 

discussed in detail by Hill (1967, 1971a) and Lamb (1967) and 

will not be discussed in detail here. The main features of'this 

effect of interest experimentally are the extreme sensitivity 

of current on voltage (high power laws are often observed) and 

the weak temperature dependence. From an experimental point 

of view the tunnelling theories lead to current voltage 

relationships of the form,. 

J = AF
n exp (-B/F) where n is 1 to 3 and 

A and B are constants (Lamb 1967). 

However, recently an expression for thermally assisted 

tunnelling through dielectric films has been derived (Roberts 

and Polanco 1970) which, over .a limited current range, is 

very similar to the equation for the Schottky effect. Instead 

of considering tunnelling close to the Fermi level, Roberts and 

PolanCo considered the probability of thermal assistance to 

near the top of the potential barrier at the metal-dielectric 

interface followed by tunnelling through the film. Their 

numerical results suggested an empirical relationship of the 

form, 	
J = a exp (-0/KT) exp [(b/KT+C)V1/2/01 

where a, b and c are constants, 0 is the barrier height and S 

the film thickness. Apart from this equations' close functional 

similarity to the Schottky equation, it was found that such 

a tunnelling current could often dominate the Schottky current. 

It was proposed that this effect accounts for many results 

previously attributed to the Schottky effect but with unexplained 

discrepancies in the size of the pre-exponential term. 

1.4 IMPURITY CONDUCTION  

Impurity conduction is a term used to describe those 

mechanisms in which carrier transport is from impurity centre 

to impurity centre without the conduction hand being directly 

involved.. In general, as mobilities are very low in an impurity 

level, conduction of this type is dominated by conduction band 
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effects. However, at low temperatures, or in insulators, the 

free carrier density can be sufficiently low for impurity 

condUction to be observable. 

1.4.1 Localized states  

The random variation of local electric fields (such as 

those due to charged acceptors) in a lattice imposes an energy 

level spread (V) on the donor energy levels. If it were 

not for this spread of levels the wave functions of the donor 

impurities would be of the Bloch type and the donors would 

occupy a narrow band of energy levels (width J) due to wave 

function overlap (Mott 1969b). Provided V/J6 the wave 

functions are localized and thermal activation is necessary 

for transport between the levels (Anderson 1958). The most 

discussed mechanism of electronic conduction via such 

localized levels is that of phonon assisted tunnelling (or 

'hopping'). This requires the carrier to tunnel from centre 

to centre with phonon assistance to satisfy the energy 

considerations (Miller and Abrahams 1960). Miller and 

Abrahams calculated an expression for the activation energy, 

of this process to be,, 

c=(e2/K)(4uNd/3)(1 - 1.35 1{31) 

where Nd  is the donor density and "Kt  the degree of compensation. 

The theory is well supported experimentally for low values 

of compensation (see Mott and Twose 1961). 

Mycielski (1961) considered thermal activation over the 

energy barrier between centres, rather than tunnelling through 

it, to obtain better agreement between theoretical and 

experimental values of the activation energies at the higher 

end of the temperature range of impurity conduction. The ac 

theory of hopping was treated by Pollak and Geballe (1961) 

(and later extended by Pollak 1964, 1965) who predicted that 

the ac conductivity should be proportional to (frequency)x  where 

x = 0.8 if hopping is considered to occur exclusively between 

pairs of majority impurities (multiple hopping leads to lower 

values of x). This frequency dependence of conductivity 

and low activation energy were considered major characteristics 

of hopping conduction (Jonscher 1967). 
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Recently dc hopping has been thoroughly reconsidered (Mott 

1969c, Hill 1971c). Mott predicted that the conductivity of 

hopping depends on the exponential of T . Recently Hill has 

considered the hopping mechanism for a variety of conditions 

of field, temperature and trap distribution. He characterized 

hopping, with a linear distribution of traps, by an expression 

T-k 
 - loge(JT

-2) oc sinhoFT-5/4 where +is constant. 

This can be distinguished from the donor emission equations 

above as the field/temperature characteristic is FT-5/4  instead 

of F T-1 

It is of interest that hopping conduction from.  a donor site 

leads to a dependence of current density on the exponential of 

T-1/7, whereas for donor emission the factor is T,-1/3  and for 

hopping conduction is T 4  (Hill 1971c). However, it is very 

difficult to distinguish these mechanisms by such temperature plots 

alone and normalized field temperature plots must also be used. 

1.4.2 The Mott metallic transition  

When the Anderson criterion (1.4.1) is not satisfied 

electrons are delocalized and the conduction is of a metallic 

type (i.e. without thermal activation). Mott has discussed 

this transition from semiconductor to metallic behavior in 

a series of papers (see for example Mott and Twose 1961, 

Mott 1967, Mott 1969b). He showed (1956) that if the interdonor 

atom spacing of a monovalent system is reduced, free carriers 

will appear at a critical concentration at which screening by 

the electrons of nearby atoms prevents binding by electron-hole 

pairs (i.e. the activation energy for carrier production falls 

to zero). Mott considers this to be an abrupt transition at 

a critical concentration, 

Nc 
= (0.25/a)

3  where 'a' is the atomic radius of the 

impurity atom. 

In the metallic state the minimum conductivity is approximately 

given by, 

a = 0.02EEo
/h 	(Mott 1970) 

Eo 
is the ionization energy of the dopant. 
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Such metallic transitions have often been observed (e.g. 

Alexander and Holcomb 1968). The mobility in such a state is of 

the order of 100 cm2  /Vsec whereas in activated impurity conduction 

it is typically 0.1 cm2/Vsec (Mott 1969b). 
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CHAPTER 2 

A REVIEW OF NEGATIVE RESISTANCE AND SWITCHING EFFECTS  

2.1 INTRODUCTION  

The term 'switching' has been loosely used to describe -

many manifestations of current - voltage instabilities occurring 

in a wide range of high resistivity materials. In each case it 

is possible to change the initial high resistance state (off-

state) of the material into a highly conducting state (on-state), 

or series of states, by application of an electric field in 

excess of a threshold value. Such transitions are reversible 

in the sense that the initial state can always be recovered, 

and the cycle repeated. 

The term 'breakdown' will often be used in this thesis and 

some attempt to distinguish it from 'switching' must be made. 

Historically, breakdown refers to the very rapid increase in 

current through :an insulator when a critical voltage is applied; 

deStruction usually ensuing. Switching is a more recent term 

and considerable overlap in usage now occurs (eg. 'reversible 

breakdown' and 'monostable switching' are often synonymous). 

In this study switching will be used as a general term-to 

describe conductivity changes whereas breakdown will only be 

used to describe the initiating mechanism of the switch oh 

process (this is because the literature of breakdown mechanisms 

is relevant here). 

This review will concentrate on those devices which show 

both monostable and bistable effects, with the particular 

contact material not directly involved. Such devices always 

exhibit symmetrical current —voltage characteristics, though 
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a 'forming' process may be involved initially. The intention 

here is to present a representative, rather than exhaustive, 

review of such switching effects and to stress the similarities 

in properties of the various, apparently very dissimilar, 

systems. It is hoped to demonstrate that many of the fundamental 

theoretical problems are closely related and that zinc sulphide 

switching fits a general pattern. It is this attempt to view 

switching as a whole and not as many unrelated, specific material 

problems that necessitates the mention of devices utilising 

materials which are clearly very different to zinc sulphide. 

It is worth noting that the vast majority of the work on 

switching has been devoted to the glassy devices and that studies 

of zinc sulphide and other non glasses have been peripheral and 

often superficial. 

2.2 ELECTRICALLY INITIATED BREAKDOWN AND NEGATIVE 

RESISTANCE EFFECTS. 

Electrical breakdown of insulators has certainly been known 

since the end of the eighteenth century when observations were 

made of lightning breaking down a solid glass dielectric. 

Breakdown has been of considerable interest for many years as 

a limitation of the insulators used in electrical systems. 

(Frohlich 1950, Whitehead 1951, O'Dwyer 1964). Since the 

advent of transistor technology, controlled breakdown devices 

such as the varactor and tunnel diode have been increasingly 

employed for current and voltage control (Jonscher 1962). 

Recently interest in breakdown mechanisms has been stimulated 

by the discovery of amorphous materials which exhibit rapid 

monostable and/or bistable switching. 

Although switching and negative resistance effects have 

certainly been known since 1913 when Weintraub -  studied amorphous 

boron, much of the present interest dates from the publications 

of Ovshinsky (1959) and Pearson (1962). Increasing amounts of 

research are now devoted to switching and particularly to the 

glass switch. Indeed much of the expansion dates from 1967 

when data on the 'Ovonic' devices, based on chalcogenide glasses, 

first became widely available (Ovshinsky 1968). This interest 

in switching devices stems both from the possibility of such 
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devices becoming cheap and reliable switches for computer and 

display applications, and from the interesting theoretical 

problems involved in understanding the phenomena. 

As most'high resistivity materials exhibit breakdown at 

some value of electric field care must be taken to separate 

reversible switching effects from irreversible, or self healing, 

effects which destroy the material and/or contact (Klein 1969, 

O'Dwyer 1969). 

2.3 CLASSIFICATION OF SWITCHING EFFECTS  

Two types of instability can occur in current - voltage 

characteristics, namely voltage and current controlled negative 

resistances (VCNR and CCNR). Switching devices exhibiting a 

voltage controlled negative resistance and a range of conducting 

states can be prepared from several thin film oxide layers (such 

as silicon monoxide). 

Current controlled switching effects are of more general 

interest as the majority of switching effects, including those 

in zinc sulphide, are current controlled. This chapter is 

mainly concerned with such effects but it is interesting to 

note that both types of effect have been seen in some systems 

including thin films of titanium oxide (Hickmott 1962, 1964; 

Argall 1968) and the sulphides of zinc and cadmium (3.3.3 and 

3.5). 

Current controlled negative resistance phenomena have been 

classified by Fritzsche (1969) and Drake et al (1969). 

Refering to the classification overleaf, switching always in- 

volves symmetry of the current - voltage characteristics and 

no dependence on electrode material. Some devices of type 2 

have been tested to 8 x 1012 cycles without failure and type 

4 to 3 x 1018 cycles again without failure (Ovshinsky 1970). 

2.4 SWITCHING DEVICES AND THEIR PROPERTIES  

The range of materials exhibiting switching effects is 
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V 

A classification of current controlled conduction phenomena 

(after Drake et al 1969 and FrLtzsche 1969) 
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1. 

Negative resistance device 

Negative resistance device 

with memory 

Monostable switching device 

Bistable switching device 

A device exhibiting a 

combination of all the 

above effects 



very great. In general it includes crystalline, amorphous and 

vitreous materials and in particular many oxides, sulphides, 

band-gap semiconductors and semiconducting glasses. 

2.4.1 Voltage controlled negative resistance devices  

Although such devices are not of primary concern in this 

thesis they do show rapid switching and memory effects. A 

VCNR device always requires some kind of contact dependent, 

electrical forming process which produces dramatic and semi-

permanent changes in the insulator layer. After forming the 

current-voltage characteristics show a VCNR and a range of 

possible memory states exist. Such effects occur in certain 

thin films with suitable metal contacts. Forming occurs readily 

in SiOx  and TiOx  and to some extent in LiF, CaF2, MgF2, Sio2,  

A1203 
and other oxides, fluorides, chlorides and sulphides 

(Greene et al 1968). The anode is the important contact. 

Suitable anodes include Pt, Au, Ag but not In, Al, Mg (Greene 

et al 1968). 

These effects were first reported in the early sixties 

(Kreynina et al 1960, Hickmott 1962-5). The most thoroughly 

investigated system is Al-SiOx-Au. (Simmons and Verderber 1967). 

Before forming, the logarithm of current is proportional to the 

square root of voltage but, after forming for a few seconds with 

a critical voltage, a VCNR appears. The device can then be 

switched between a range of states with suitable pulse treat-

ment. Obvious differences with the majority of switching effects 

are the VCNR, the dependence on electrode material and the polar 

nature of the effects. 

Early models were in terms of impurities in the material 

(Hickmott 1964), migration of ion from the anode (Simmons 

and Verderber 1967) and electrolysis of the insulator (Greene 

et al 1968). Each model involves a band of localised levels 

in the insulator energy gap and assumes the material to be 

homogeneous. However, Dearnaley (1967, 1970) has produced a 

cogent argument for a many-filament model. After forming 

blisters appear on the surface of the oxide, localised elec- 
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troluminescence and emission of gas bubbles occur and step increase 

in current are seen. These all suggest a model of many 

filaments dominating the conduction. Indeed, by considering 

the rupture and growth of such filaments Dearnaley was able to 

adequately explain all the observed phenomena both of the switch 

device and of certain other systems such as the oxide coated 

cathode (Dearnaley 1969). The remaining problem of the atomic 

nature of the filaments has only been more speculatively approach-

ed and relates more closely to some of the problems of CCNR 

switching (See 2.6 and 8.3) 

An excellent review of such effects in oxides has recently 

become available (Dearnaley et al 1970). 

2.4.2 Current controlled negative resistance devices  

(i) Thin oxide Films  

Switching effects in thin sputtered layers of the oxides 

of niobium, tantalum and titanium were first investigated by 

Chopra (1963a, 1965). Results indicated that space charge 

limited current flow preceded an avalanche breakdown. Current 

- voltage and d.c. biassed capacitance results led to the 

conclusion that, in the negative resistance regime, the total 

voltage appeared across a 56X, 	region which was the source of 

the avalanche. The avalanche sustaining voltage was indepen-

dent of specimen thickness and only slightly temperature 

dependent. 

Later work on titanium dioxide films by Argall (1968) 

specifically, but unsuccessfully, sought the VCNR observed by 

Hickmott (1962). Instead, a range of CCNR and memory effects 

were observed, similar to those seen by Chopra and to effects 

in cadmium sulphide (Chopra 1963b, Patil and Sinha 1967, Fass 

1969, Hargreaves 1968). The effects were electrode independent, 

bipolar and the highly conducting memory states showed 

temperature independent resistivities. 

Nickel oxide films show similar effects, but devices have 

a very limited lifetime (Gibbons and Beadle 1964). The memory 
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effect was related to the formation and rupture of nickel 

filaments resulting from reduction of the oxide. It was con-

firmed that similar metallic oxides (Cr203,  Fe203) exhibited 

the same effects. 

It is possible to electrically induce memory states in 

certain transition metal oxides, such as vanadium, which 

clearly relate to the semiconductor-metal phase transition 

shown by these oxides (Van Steesen, 1967; Andreev et al, 1970). 

However, memory states in most of the other'oxides mentioned 

are of less obvious origin. 

(ii) Amorphous elements  

There are several reports of negative resistanceeffects 

in amorphous thin films of elements, including boron, germanium 

and silicon (Feldman and Gutierez 1968, Moorjani and Feldman 

1970, Noda et al 1970). Direct microscopic evidence of one 

micron diameter memory filaments was obtained with silicon films 

(Feldman and Moorjani 1970). High temperatures in filaments have 

also been observed by means of temperature sensitive paint on one 

electrode of such devices (Moorjani and Feldman 1970). 

Moorjani and Feldman discuss the possibility of Joule 

heating initiating an electronic effect. This idea is discussed.  

later (2.5.2), but the results on amorphous elemental semi-

conductors add little, except similarity, to the bulk of 

switching research. 

(iii) Crystalline materials. 

The incidence of switching effects in crystalline materials 

is higher than is generally realised- Crystalline germanium, 

silicon, indium antimonide and gallium arsenide have all been 

reported to show such effects (Wada et al 1968, Cohen et al 1970, 

Steele et al 1962, Rees 1968). N and p type germanium and silicon 

have been studied as injection avalanche diodes (Gibson and 

Morgan 1960). It is of interest to note that McWhorter and 
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Rediker (1959) found that germanium only showed a negative resis-

tance when compensated. 

Nickel oxide is mentioned above as a thin film switch. 

Austin (1970) has investigated single crystals of nickel oxide. 

He observed space charge limited current effects and a memory 

state. This state was most stable at low temperatures; devices 

tended to revert to the high resistance state above 200°K. 

Austin related the effects to trapped space charge rather than 

filaments of nickel metal. Single crystal wafers of cuprous 

oxide behave similarly (Cook 1970) and some of the more complex 

crystalline materials with high oxygen content can also be 

switched (eg. Bullock and Epstein, 1970, on switching in silicon 

doped yttrium - iron garnet). 

Negative resistance and switching effects have also been 

studied in single crystals of the layer compounds SnS2, ZrS2, 

CdI2' PbI2. These crystals show monostable and bistable 

properties with a positive temperature coefficient of resistance 

in the metallic state (Lee et al 1969, Said 1971). 

One of the more thoroughly investigated crystal systems is 

stibnite, Sb2 S3'  (Gildart 1965, 1970). It was suggested that 

the memory state in stibnite is the result of avalanche breakdown 

followed by ionization and movement of donors to give a Mott 

metallic transition (Mott 1956,1961). 

Finally, II - VI compounds such as cadmium and zinc sulphides 

have shown switching effects in single crystals (Pass 1969, 

Hargreaves 1968, Cusdin and Anderson 1970). Zinc sulphide 

switching is the major topic of this thesis and will be discussed 

further in the next chapter. Cusdin and Anderson (1970) related 

the memory state in zinc sulphide to a trapped space charge 

altering the band picture such that tunnelling injection is 

possible at the crystal contacts. This explanation is not, 

however, consistent with the evidence presented in this thesis 

and other models have been developed. 

(iv) Transition metal oxide glasses (Drake et al 1969, 1970). 

The transition metal oxide glasses consist of inorganic 
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oxides (eg. SiO2' B203 or  P205 
with BaO, CaO, Cd0 etc) and 

appreciable amounts of transition metal ions (Fe, Cu, V, Co etc). 

Devices are simply two wires embedded about ten microns apart in 

a glass bead. They show the whole range of current controlled 

properties mentioned above (2.3) and the W03, P205  system cannot 

only behave as a monostable or bistable switch but also as 

an adaptive non-linear resistor with a negative resistance 

region. Copper doped glasses have been the most extensively 

studied. Such devices can have a lifetime in excess of 10
8 

cycles, and exhibit a positive temperature coefficient of re-

sistance in the on-state, with a tendency to revert back to the 

off-state at high temperatures (-180°C) . 

(v) Chalcogenide glasses. 

The chalcogenide glasses are by far the most thoroughly 

investigated of all the switch materials. Many of the possible 

glasses of the As-Si-Te/Ge system have been extensively inves-

tigated. Much of the more recent work has investigated 'Ovonic' 

devices available from Energy Conversion Devices, Inc. (Michigan) 

These devices consist of a small quantity of glass hot-pressed 

between hemispherical carbon electrodes which define a very 

small effective contact area. All characteristics are 

symmetric and contact independent. Some of the more important 

properties of chalcogenide glass devices are summarised overleaf. 

.As the Ovonic devices are intended for commercial exploit-

ation much of the work has been concerned with reliability and 

reproducibility. The production of a satisfactory device for 

commercial use has proved difficult and the devices are not yet 

in widespread commercial use. 

2.5 THEORIES OF SWITCHING EFFECTS IN CURRENT CONTROLLED DEVICES 

2.5.1 General considerations. 

Using energy considerations Ridley (1963) showed that in 

a current controlled negative region electrical conduction will 



Explanation of symbols 

T=temperature 
t=time 

voltage 
removed 

2 7. 
THE MAIN FEATURES OF THE PROPERTIES OF 'OVONIC' DEVICES 

prope- 
rties 

typical 
value 

thickness dependence temperature depende- 
nce 

R off 108  0 

Ron 102 

VT 16 volts 
(10 5v/cm) 105 

104 

t 
E 

kr 
22 

0 

T 

d .--- 	
E>11/2N.o. 

T 
0 	1000  

IT 10-2-10-1  

A/cm2 A  

100 

1 

1
T 	T --.. 

O 	100'C 

V h 1-1.5v almost independent 

1.5 

1.0 

T 
h 

T----, 

0 	100oC 

Ih 1-10x104  A 

I max 
-7. 10 3  -10-2  A 

td  -6 10 	sec 

T 
applied 
volts 

tdcF-2 	(>8µm) 

tdocexp
-F 

- 

(48µm) 

VT ---- 
tw ---. 

is :,;10-9sec R=resistance 
I=current 
V=voltage 
d=thickness 

References 
Evans et al (1970 
Fagen & Fritzsche 

(1970b tr 
-6 --/ 10 	sec , 

o omie s et a 
(1969) 

Ovshinsky (1968) 
Shanks (1970) 
Walsh et al (1969) 

voltage applied 



28. 
tend to concentrate into a narrow conducting channel. Such 

filaments have often been observed and their existence is 

generally accepted. 

Many theories can be proposed to explain the instabilities 

giving rise to negative differential resistance including 

thermal effects, electronic effects such as changes in space 

charge, carrier lifetimes or rates of impact ionization and 

other effects like electromechanical, acoustoelectrical or 

phase changes. 

Many of these theories have been used to explain switching 

in particular systems. Unfortunately, experimental results and 

theories have often not been amenable to satisfactory quan-

titative treatment. Breakdown mechanisms are notoriously 

difficult to identify (O'Dwyer 1964) and many workers have 

overlooked the point, reiterated by Klein (1971), that the 

dominant process may change during the transition. Klein sees 

switching breakdown in four stages; (i) initiation (ii) 

instability and current runaway (iii) voltage collapse and 

discharge of stored electrostatic energy (iv) establishMent of 

a new low voltage steady state. 

Most of the theoretical work on switching relates to glass 

switches. However, stress in this review has been laid on 

those general aspects of the theories which must be considered 

in explaining any switching effect. 

2.5.2. Thermal effects. 

There is inescapable evidence of the importance of thermal 

effects in switching processes. Hot filaments have been 

directly observed (Moorjani and Feldman 1970, Pearson and 

Miller 1969, Pearson 1970, Stocker 1969) and the filamentary 

devitrification observed in some glassy materials implies thermal 

effects (Pearson et al 1962, Stocker 1969). The current-voltage 

behaviour priorto switching, the delay times and switching 

fields predicted by thermal breakdown models are all 

compatible with the measured performance of monostable glass 

switches. Certainly thermal breakdown will always occur in 

high resistivity, high activation energy materials if no other 
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breakdown mechanism is favoured at lower electric fields. 

However, energy requirements dictate the formation of filaments 

after any CCNR (Ridley 1963) and heating effects are always 

likely to follow filament formation no matter what mechanism 

initiates the breakdown. 

Eaton (1964) first suggested that switching might be 

initiated by Joule heating. However, the thermal breakdown 

theory was not quantitatively applied to fast switching devices 

until several years later (Collins 1970, Stocker 1970, Warren 

1969). 

Collins (1970) attempted a quantitative explanation of 

switching in chalcogenide threshold switches in terms of the 

thermistor effect. This involves solving the heat balance 

equation with a temperature dependent conductivity term. His 

calculations demonstrated that the high negative temperature 

coefficient of resistivity and the small size of the active 

region of the devices could account for the high switching 

speed. The theory was also suggested as the explanation of 

CCNR in many oxides with high activation energies (Sapoff and 

Oppenheim 1963). 

At about the same time Stocker et al (1970) also considered 

the thermal problem. They solved the heat balance equation for 

planar and cylindrical geometries and derived expressions for 

the delay time from the application of the switching pulse to 

the attainment of the critical temperature of the material, 

above which no stable uniform current distribution is possible. 

Fock's calculation (1927) of the dependence of threshold voltage 

on thickness was fitted to experimental results on the 

chalcogenide devices. Calculated delay times gave excellent 

agreement with experiment for small overvoltages (large over- 

voltages gave discrepancies which were attributed to the field 

dependence of the electrical conductivity). Direct evidence for 

a thermally initiated breakdown was obtained by Stocker (1970), 

who measured device temperature just before breakdown. The 

temperature rise was done to the critical rise predicted by 

calculation (15-200C). 
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A parallel approach to the switching problem has been 

developed by Warren and co-workers since 1969. Warren pro-

duced computer solutions of the heat equation which suggested 

that anomalously high values of electrical conductivity would 

be necessary, at high temperatures, to account for the high 

transition speed (--150ps) observed in the chalcogenides 

(Warren 1969, 1970). Male (1970) found just such anomalies in 

chalcogenide materials. 

These simple electrothermal models adequately predicted 

the delay times, critical voltage, ambient temperature de-

pendence and other features of the pre-switch behaviour of 

thick specimens (>10 microns), including the low field 

current-voltage characteristics (Thomas and Warren 1970). 

This led to a widespread acceptance of thermally initiated 

breakdown for thick chalcogenide devices. However, Fritzsche 

and Ovshinsky (1970a) considered different mechanisms had to 

be invoked to explain the thin device results and the extremely 

short transition times after the delay period. For thin films 

the simple electrothermal model predicts: 

-1/2  (i) Switching field, Focd whereas it is more nearly 

thickness independent (Kolomiets et al 1969). 

(ii) An ambient temperature dependence given by FocT 2  

which is not observed (Kolomiets et al 1969). 

(iii) Thermal delay times, td  c F-2 (Collins 1970) whereas 

tdocexp(-F) is observed (Csillag and Jager 1970). 

However, by introduction of the field dependence of 

conductivity into their calculations, Warren and Male (1970) 

were able to conclude that the electrothermal model can also 

adequately explain this behaviour. 

2.5.3 The electronic/electrothermal controversy. 

The holding voltage of a threshold device is substantially 



31. 

independent of current, temperature, thickness and electrode 

material. These properties follow most easily if most of the 

voltage drop occurs at the electrodes. Electronic models are 

thus tempting although the thermal model predicts cooler, high 

field regions at the electrodes. Boer and Ovshinsky (1970) take 

a general approach considering each section of the breakdown in 

turn. They conclude that whilst thermal initiation is proven 

(Boer and Dohler 1969, 1970 and references in Section 2.5.2) 

an electronic mechanism must eventually take over. The 

argument rests on the thermally predicted temperature of the 

filament being unrealistically high and the observation that 

oscillations occur if attempts are made to stabilise the 

negative resistance by means of a high load resistor (Massicot 

and Quinn, 1966, show that a thermal runaway can be stabilised 

by this means). The necessity for electronic considerations 

is supported by Haberland (1970) whose measurements indicate 

that switching is charge rather than energy controlled. 

2.5.4 Electronic models of threshold effects. 

Many electronic models have been considered as explanations 

for CCNR and switching effects. These include double injection 

from the electrodes (Lampert 1962), avalanche injection (Gibson 

and Morgan 1960), avalanche multiplication leading to a change 

in scattering mechanisms (McWhorter and Rediker 1959), acous-

toelectric interactions (Maines and Page 1968), avalanche 

multiplication involving transit time effects (Rees 1968) and 

charge controlled double injection through thin insulating 

contact layers (Schmidlin 1970). The disadvantage with most of 

these models is the difficulty of quantitative prediction. An 

attractive and much dispssed, model for threshold switching in 

amorphous layers is the double tunnel model which will be briefly 

discussed. 

Before considering the model it is necessary to outline 

the current band theory of the amorphous state on which it is 

based (Cohen, Fritzsche, Ovshinsky 1969, Cohen 1970). The 

theory reflects the fact that, in amorphous materials, valence 
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bond requirements are locally satisfied but compositional and 

translational disorder are present. The result is a high density 

of localised states in the tails of the conduction and valence 

bands - which sometimes overlap. To explain the well defined 

thermal activation energies observed in such materials the 

existence of sharply defined mobility edges was postulated. 

In other words the amorphous state is characterised by a 

mobility rather than an energy gap. This theory successfully 

explains the recombination radiation seen at low temperatures 

(Fritzsche et al 1969), the decay of photoconductivity after 

illumination (Fagen and Fritzsche 1970a) and the electric field 

stimulation of excess carriers (Fritzsche and Ovshinsky 1970b). 

In general the Fermi level is held at mid-gap position by the 

large density of states in the gap (-1019 cm 3). 

The double tunnel model was proposed by Mott (1969a) and 

developed by Henisch et al 1970). The excess conductivity 

stimulated by high field is associated with a non-equilibrium 

distribution of free carriers. The excess carriers are either 

generated internally by various field ionization processes or 

injected at the electrodes. If, after breakdown, there exists 

a regeneration or feeding mechanism for holes and electrons that 

is a strongly increasing function of field, then a second stable 

state is established with the high field regions concentrated 

at the electrodes (Gunn 1956). Such a mechanism is provided by 

the strongly field dependent tunnelling of electrons and holes 

from the Fermi level of the metal, through the potential barrier 

near the electrode and into the semiconductor. The tunnelling 

barriers are maintained by trapped carriers. (See fig 2.1) 

Fig 2.1 The double tunnel model for the Ovonic switch 

(after Mott 1969a). 

tunnelling into the 

metal 

	

	 metal 

semiconductor 
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The necessary space charges build up since carriers which 

have just tunnelled into the device move faster than in the 

body of device and so do not easily recombine at the contacts. 

As yet the only quantitative predi.ction of this model is that 

the holding voltage will be temperature independent and equal 

to the mobility gap. This is certainly true for chalcogenide 

glasses. 

2.5.5 The memory state  

The majority of workers report that minimum currents are 

necessary to lock a memory device into the on-state and all 

evidence confirms that threshold switching always precedes the 

formation of a stable memory. Only in the chalcogenide glass 

system has much experimental attention been devoted to the 

physics of the memory state itself. One reason for this is that 

conducting filaments are frequently only a few microns in 

diameter and are not easily studied. Uttecht et al (1970) and 

Kikuchi et al (1970) have observed filaments grow, after break-

down, from the anode of chalcogenide devices, at speeds of 

10 2  -102 cm sec-1. Kikuchi also found that the noise spectrum 

of the current flow decreased at the completion of growth of a 

filament. This is in agreement with the observations on trans-

ition metal oxide glass switches by Drake et al (1969). Indeed 

devices exhibiting bistable switching always exhibit monostable 

properties under suitable circuit and temperature conditions. 

(i) Chalcogenide glasses  

Studies of chalcogenide glass devices and the bulk glass 

have identified the on-state filaments as amorphous germanium 

and crystalline tellurium, highly doped with arsenic. This has 

been verified by X-ray, N.M.R. and differential thermal analysis 

techniques (Adler et al 1970, Bienenstock et al 1970). Adler 

considered the measured Hall mobility to indicate free hole 

band conduction (at densities of the order of 1020 cm-3). This 

and further evidence from magnetoresistance measurements (Mell 

and Stuke 1970) led to the conclusion that the conducting 

material acts as a totally degenerate semiconductor or semi-

metal. It is interesting to note that chalcogenide glasses can 

be converted to the conductive state by heating to 500°C and 
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annealing. Quenching produces the high resistance state. (Bagley 

and Bair 1970, Fritzsche and Ovshinsky 1970b). 

(ii) The Drake, Scanlan, Engels theory 

Drake et al (1969, 1970) studied transition metal oxide 

glasses in some detail. As much is known about the structure 

of such glasses it was possible to develop a structural alter-

ation model for the bistable switching effect which Drake 

considers applicable to other systems. The glass structure is 

based on locally distinguishable groups of atoms, eg. SiO4  

tetrahedra, which, as a result of deviations from maximum 

symmetry exhibit large dipole moments. The dipoles can be 

electrically rotated with relatively small activation energies. 

When metal ions are incorporated in the structure the structural 

energy of the glass includes both a term relating to the co-

ordination of the ion and a large dipole polarization term. In 

the high resistance state the variable valency metal ions are 

present in more than one valency state, each type being located 

in its appropriate environment. Conduction takes place by a 

hopping type mechanism between these centres. On application 

of a high field, dipole orientation leads to a more ordered 

structure and the difference in energies between centres is 

reduced. This can lead to monostable switching and bistable 

switching if the structural changes can be 'locked in' by a 

ferroelectric-like transition. 

(iii) Other theories  

Drake and Scanlan (1970) extended their ideas to attempt 

to explain switching in crystalline stibnite, Sb2S3. In stibnite 

two types of antimony atom are present with different total 

bond numbers. As ferroelectric phase transitions have been 

reported in stibnite, Drake suggested the switching to be a 

ferroelectric-like transition making the local environments of 

the antimony atoms more nearly identical. Experiments on 

chalcogenides indicating that the temperature variation of 

capacitance obeys the Curie-Weiss law also led to the suggestion 
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of ferroelectric type transitions (Walsh et al 1969). Similar 

suggestions were made by Goswami (1970). 

Gildart's view (1970) of switching in stibnite relys on the 

postulation of two positions for excess antimony donors. Excess 

antimony gives a direct Mott metallic transition in Sb2Se3  but 
not in Sb2S3. Gildart suggested the transition in Sb2S3 requires 

field assistance of the antimony ions to a suitable position for 

wave function overlap. Other suggestions of memory switching 

being caused by Mott transitions have been made (Mattis 1969, . 

Austin 1970). 

There are numerous other theories to account for memory 

states in particular cases which need not all be considered 

here. (eg. formation of nickel filaments in nickel oxide, 

Gibbons and Beadle 1964). However, of particular relevance here 

is the Cusdin and Anderson (1970) theory for switching in zinc 

sulphide which will be considered in the next chapter (3.4.2) 

2.6 SIMILARITIES IN PROPERTIES AND PROBLEMS  

A study of the properties of switching systems reveals 

several common features: 

(i) Almost all memory devices have very low activation 

energies or a metallic temperature dependence in the low 

resistance state. 

(ii) If the device is monostable there is very little 

temperature or thickness dependence of the holding voltage. 

(iii) Many systems (including oxides and the present 

study) have revealed the existence of a range of states between 

hard-on and hard-off. Typically these exhibit conduction which 

can be characterised by some or all of the progression: IocV, 
1. 5 

IocV 	IacV
2

i  I obeying the Poole Frenkel law, IocVn  where 

n >2. (Argall 1968, Chopra 1965, Said 1971, this study). 

(iv) Voltage and current controlled effects can sometimes 

occur in the same material - contact combination. 
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(v) Crystalline switching materials also show switching 

in the amorphous state. 

(vi) All systems show filamentary behaviour. 

(vii) Monostable effects can always be observed in bistable 

devices under certain conditions. 

The evidence points to similarities between amorphous and 

crystalline switching. Switching in crystalline cuprous oxide 

is attributable to a localized structural change along a narrow 

filament (Cook 1970). This is very similar to the mechanism of 

Ovonic switching. 

All systems pose the problem of the nature of the highly 

conducting state. In the chalcogenide this involves a transition 

to a degenerate semiconducting phase (the chalcogenides are many 

component systems). However, in most systems the nature of the 

highly conducting state is less obvious. It has been suggested 

that Mott metallic transitions occur (Austin 1970, Gildart 1970, 

this thesis) but the problem of what impurities or structural 

change cause this transition remains largely unsolved. 

Although there are clear differences between voltage and 

current controlled effects, in each case the properties of the 

filament material seem similar and it is tempting to suggest 

that similar effects occur in the filaments. To predict whether 

voltage or current controlled effects occur in a system may 

involve complex questions of structure, geometry and impurities. 

As far as is known no worker has carefully studied both effects 

in the same material during the same study. 

It is considered that the nature'of the conducting filament 

is the problem of most interest in the switching field, especially 

for those systems with no obvious phase change. Whilst different 

systems may have different initiating mechanisms and so on, it 

seems possible that the structural or impurity changes required 

to exhibit a stable conducting state are closely related because 

the properties of these states are so clearly similar whatever 

the switching material. 



CHAPTER 3 

ZINC SULPHIDE AND THE II-VI COMPOUNDS: RELEVANT PROPERTIES AND 

RESEARCH  

3.1 II-VI COMPOUNDS  

Zinc sulphide is a member of the II-VI group of compounds. 

Although this classification could include compounds formed 

from any of the elements of groups II and VI of the periodic 

table, it usually refers to the oxides, sulphides, selenides 

and tellurides of zinc, cadmium and mercury. 

Research papers on these compounds date back to the middle 

of the nineteenth century. The extensive literature which has 

accumulated since then reflects the considerable technological 

importance and theoretical interest of the II-VI series. The 

compounds are widely used in ultrasonic transducers, photo-

conductors, electroluminescent devices and solar batteries. 

However, the behaviour of II-VI compounds is still inadequately 

understood despite the research effort expended, and further 

exploitation of their varied properties may yet be possible. 

The II-VI compounds form a series with related physical 

and chemical properties. Zinc sulphide, an insulator with a 

band gap of 3.6eV, bounds one end of the series and mercury 

selenide, a semimetal, the other. Properties like band gap, 

impurity ionization energies and carrier mobilities can all be 

related to more fundamental parameters such as ion size, bond 

length, and ionicity of the constituent elements. Although 

originally classed as ionic solids (Seitz 1940) the II-VI 

compounds are now known to be at least partly covalent (Mooser 

and Pearson 1961). It is this intermediate type of bonding, 

with varying degrees of ionicity, to which the characteristic 

properties of the II-VI compounds can be ascribed. 

37. 
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3,2 ZINC SULPHIDE  

Except where specific references are given, reference should 

be made to Aven and Prener, 1967. 

3.2.1 Crystallographic structures 

Zinc sulphide is a wide band gap (3.6eV) semiconductor 

existing in many polymorphs but with three limiting forms 

(Henisch 1962); an hexagonal a form (wurtzite), a cubic p form 

(zincblende) and a rhombohedral yform (stable between 600 and 

1000°c). A particular crystal may contain an array of stacking 

faults including dislocations, multiple twins and alternation 

of cubic and hexagonal regions (Henisch 1962). Such stacking 

faults cause striations on the crystal surfaces. 

Both the wurtzite and zincblende structures lack a centre 

of symmetry or inversion with the result that opposed crystal 

faces and directions may differ in physical and chemical prop-

erties. Piezoelectricity is one consequence. Von Hippel (1952) 

considered that the group II and VI ions, having opposite 

polarity, form a network of permanent dipoles, the balance of 

which can be disturbed by distortion of the lattice. If very 

high pressures are applied to the crystal lattice more profound 

changes can occur. It has been suggested that zinc sulphide 

becomes metallic at 245 k bars (cadmium sulphide changes from 

a wurtzite or zincblende structure to a sodium chloride structure 

at 27k bars; Kabalkina and Troitskaya, 1964). Distortions of 

the lattice, and a concomitant change in lattice parameters, are 

also produced whenever impurities or imperfections - are present. 

3.2.2 Self compensation and impurity doping. 

General thermodynamic considerations show that crystals 

prepared at high temperatures by vapour phase transport contain 

schottky defects (zinc and sulphur vacancies) in fairly high 

concentrations (Mott and Gurney 1940). During growth, an 

insulator such as zinc sulphide incorporates vacancies so as to 
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nearly balance the net inbalance of impurity donors and acceptors 

(Mott and Gurney 1940). This is a thermodynamic equilibrium 

condition arising from the ionization interactions between im-

purities and the presence of a large band gap. (Ef  - Eg/2)>> 

KT is true for only a slight inbalance of acceptors and donors, 

and when this is so the crystal draws in acceptors to lower its 

free energy by moving the Fermi level, Ef, closer to the mid 

band gap position, Eg/2. This reduces the free carrier density 

and accounts for the high resistivity of the as-grown crystals 

(Longini and Greene, 1956, Mandel et al 1964). Crystals are 

always n-type (and can, with difficulty, be doped more highly 

n-type). P-type crystals (doped or not) are almost unknown, 

so effective is the compensation of acceptors (Aven and Prener 

1967). 

3.2.3 Transport properties  

Little systematic work has been done on the transport 

properties of zinc sulphide. This is due to the difficulties 

of growing crystals and doping them to suitably low resistivities. 

Table 3.1 provides a summary of such measurements as are con-

sidered relevant here. There are excellent reviews available 
from which most of the values quoted in the table are taken 
(Aven and Prener 1967, Thomas 1967). As far as electrical 
conduction mechanisms are concerned, the majority of the research 

has been devoted to the electroluminescent phosphor rather than 

to the pure. crystal, which is the case of particular interest 

in this thesis. 

3.3 ELECTRICAL CONDUCTION IN ZINC SULPHIDE CRYSTALS  

3.3.1' Electrical contacts  

Before the current-voltage characteristics of a bulk material 

can be easily studied it is necessary to apply ohmic contacts. 
In this sense 'ohmic' refers to contacts which impose no limi-

tations on the flow of current carriers through the body of the 

crystal. On application of contacts to a crystal considerable 



TABLE 3.1,MISCELLANEOUS PROPERTIES OF ZINC SULPHIDE 

(values refer to the wurtzite structure unless otherwise 
stated) 

property and value conditions source 

unit cell dimensiorls 
a=3.82021, 	c=6.260A 

hexagonal Aven & Prener 
(1967) 	page 128 

0 
interatom distance =2.34A observed Zn toS n 	n 

ionicity 4--  75% n 	II 

apparent electron mass 
0.27+0.03 
0.39—  

expt. 	c-axis 
calculation 

Wheeler & Mikosz 
(1964) 

Cardona(1963) 

apparent ::;:hole mass >>l. Oj 
0.51+0.05 
-1.9 — 
0.67 

II c-axis expt. 
1_c -axis expt. 
nc-axis calc. 
J. c-axis calc 

Wheeler & Mikosz 
(1964) 

Cardona (1963) 
IV 	 II 

band gap = 3.6eV 300°K Piper 	(1953) 

electron mob. = 140cm2/Vs 
drift mobility =80-200 

hole mobility = 5 

300
o
K expt. 

II 	 H  

700°K 

Aven 	(1965) 
Spear & LeComber 

Aven 	(1965) 	(1966)  

die1ectric constantv8.32 
c.F.5.13 

300°K Berlincourt 	(1963) 

elect. 	cond.= 10-9-L0-1o 3Acff . 300°K Balazs 	(1968) 	Spear 
zisg,Cninher 	(1966) 

density= 3.98 gm/cc 

melting point =1850°C 

boiling point =1185°C 

Kaye & Laby 	(1959) 
. 	n 

n 	n 

specific heat 	-200°C 
(J/gm°C) 	0.43 

0°C 	200°C 
0.45 	0.53 

Handbook of Phys. 
& Chem. 

Thema; conductivity 
(J/cmS C) 

83°K 	273 K 
0.063 	0.264 

II 	 II 

-potential barrier heights 
of various contact metals 
(eV;n-type ZnS vacuum 
cleaved) 

Au 2.0; Pd 1.87 
Pt 1.84;Cu 1.75 
Ag 1.65;In 1.50 
Al 0.80;Ti 1.1 
Mg 0.82 

Aven & Mead (1965) 

Donor/acceptor energy leve 
Cl,Br subst. 	for S(donor) 
Al 	n 	" 	Zn(" 	") 
Ga 	n 	IIII 	 H 

In 	to 	n 	II 	 " 
Cu 	II 	

" 	" 	(accept 
Ag 	n 	n 	H 	 H  

shallow donors 	(heavy dopil,g)0.014 

s 	(eV;relative 
0.25 
0.25 
0.42 
0.50 
0.95 
0.55 

to appropriate band) 
Bube 	(1960) 
Aven & Prener(1967) 
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distortion of the conduction band can occur at the surface. The 

contact is often considered ohmic if the potential barrier at 

the surface is not greater than the Fermi level depth in the body 

of the crystal (see fig 3.1). Even with the most favourable 

conditions at the electrodes carrier transport may be contact 

limited by the Schottky effect (1.3.1) rather than bulk limited. 

The contact barrier at a crystal surface depends linearly 

on the electronegativity of the contact metal unless surface 

states are dominant. (Mead 1966). From fig 3.2, showing 

measured contact barriers on zinc sulphide crystals for metals 

of differing electronegativities, it is evident that surface 

states are not dominant. However, surface states are an un- 

avoidable consequence of the termination of a lattice at a surface. 

Zinc sulphide acts as if it had no surface states because of its 

high Tonicity. In ionic materials the wave functions of the 

atoms are atomic in nature and overlap is small. To a first 

approximation the valence band can be identified with the anions 

and the conduction band with the cations. The small overlap gives 

surface states lying close to the valence and conduction bands 

(Mead 1966). As a result a considerable range of movement of 

the Fermi level is possible without altering the occupancies of 

the surface states and the contact barriers are thus not dependent 

on the density of such states. 

There is no simple way of making ohmic contacts to zinc 

sulphide. All the usual contact metals produce contact barriers 

(Table 3.1, fig 3.2). Alfrey and Cooke (1957) produced low 

resistance contacts by heating indium, gallium or aluminium on 

zinc sulphide crystals for a few seconds at 600°C. They es-

tablished that the electrode material diffused into the crystals 

to produce the highly n-type region suggested by Kroger et al 

(1956) (see fig 3.3). They also reported that controlled 

electrical breakdown produced low resistance contacts, but only 

over a small fraction of the total area. 

Later work by Blount et al (1966) established 450°C as the 

optimum annealing temperature for indium contacts. Higher tem-

peratures allow zinc vacancies to be created and self compen-. 

sation reduces the effectiveness of the doping. 
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Davis (1958) reported that gold contacts could be annealed 

at 500oC to become low resistance, in contradiction to Alfrey 

and Cooke's conclusion that only indium, gallium and aluminium 

could give ohmic contacts. 

3.3.2 Current-voltage characteristics  

There seem to be no reports in the literature of depth 

.studies of current-voltage characteristics of zinc sulphide 

crystals. There are inconclusive reports of space charge 

limited currents (Balazs 1968), high power voltage laws (Alfrey 

and Cooke 1957) and Poole Frenkel effects (Maekawa 1970). The 

work of Cusdin (1970) on conduction in zinc sulphide crystals 

is discussed beIoW (3.4) 

3.3.3 Negative resistance and switching effects  

Like the oxides discussed in the previous chapter, zinc 

sulphide crystals have shown voltage controlled negative 

resistance and localized high field domains when investigated 

by some workers (Schanda and Gal 1969, Szigeti et al 1970). 

However, other workers have reported current controlled. negative 

resistance effects (Cingolani 1968, Cusdin 1970). Sutherland 

et al (1970) have investigated thin films of zinc sulphide. 

With gold electrodes the Dearnaley model of many conducting 

filaments (2.4.1) is supported, and properties are dependent on 

the direction of bias. However, in the present work switching 

effects were independent of bias voltage and contact material. 

3.4 CUSDIN'S WORK ON SWITCHING IN ZINC SULPHIDE (Cusdin 1970, 

Cusdin and Anderson 1970). 

A brief description of the main features of Cusdin's ex-

perimental results and postulated theory are given here. Details 

are available in Cusdin's thesis (1970). The many points of 

difference between his work and the present study are discussed, 

as they arise, in the results chapter. 
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3.4.1 Experimental results 

(i) As prepared, single crystal devices with silver 

contacts were in a highly resistive state. Application of a 

critical voltage at temperatures not much below room temperature 

caused a breakdown to a low resistance state - Cusdin refers to 

this process as 'forming'. 

(ii) After forming, devices exhibited bistable switching 

(2.1) with a memory state only stable below 233°K. A minimum 

current (-0.5MA) was necessary to lock devices into this state. 

Typically resistances of the off and on-states were 1011 ohms and 

10
4 

ohms respectively. 

(iii) Indium contacted devices did not show these effects. 

(iv) The on-state always had linear current-voltage 

characteristics, no temperature dependence of resistivity 

between 77°K and 230°K, no frequency dependence of resistivity 

and was unaffected by irradiation with light. 

(v) The on to off transition could be achieved by a 

critical current under steady conditions or the application of 

a short high current pulse. 

(vi) Abnormal thermally stimulated current curves were 

observed with a very sharp discontinuity at 233°K for on devices. 

(vii) The off-state current-voltage characteristics obeyed 

a log I proportional to 0 law. From results taken at room 

and liquid nitrogen temperatures, Cusdin concluded that the 

conduction mechanism was Schottky emission (1,3.1) over a barrier, 

whose height was proportional to the absolute temperature. It 

was admitted that these were selected results from a series of 

very variable results taken at the two temperatures. 

3.4.2 The postulated theory 

Cusdin argued that the forming process involved massive 

incorporation of the contact metal into the surface of the 
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crystal lattice. He suggested that once silver atoms had 

diffused into the lattice they could be ionized to form a positive 

space charge which lowers the conduction band towards the Fermi 

level. When the density of positive space charge is sufficiently 

great (1019 am 3) electrons can enter the zinc sulphide conduction 

band by tunnelling from the contacts (fig 3.4). Cusdin calculated 

that the conduction band potential, beyond the penetration depth 

of the positive ions, rises logarithmically with distance into the 

crystal. Hence, in a thin crystal (<20 microns), the conduction 

band rises little in the central region of the crystal. The 

model requires the positively charged silver ions to be screened 

in such a way as to prevent electron recapture at temperatures 

below 233°K. In the 'on' state the resistance observed should 

be bulk rather than contact limited. Reversion to the 'off' 

state involves a partial neutralisation of the space charge. 

Cusdin calculated an approximate expression for the on-resistance 

of thin crystals ( <20 microns): 

resistance = et3A4nKTAywhere t is the crystal thickness and 

A the contact area. 

The predicted thickness dependence was not investigated. To 

predict the experimental values of on resistance the total 

contact area had to be assumed operative. The predicted tem 

perature dependence was not observed, nor the discrepancy 

satisfactorily explained. Transition mechanisms between states 

were only speculatively considered. 

The present work is both an extension and a revision of the 

above work. However, many of the conclusions are very different. 

In particular an explanation of the switching effect in terms of 

contact effects is no longer considered valid. 

3.5 NEGATIVE RESISTANCE AND SWITCH EFFECTS'IN CADMIUM SULPHIDE 

Negative resistance and switch effects haVe often been 

reported in cadmium sulphide, a much studied II-VI compound. 

Current-controlled negative resistance attributable to thermal 

breakdown has been studied (Diemer 1954, Nebauer and Jahne 1965). 

Voltage-controlled negative resistance and moving high field 

layers in single crystals have also stimulated some interest 
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(Boer 1965, Boer et al 1968). These effects have been explained 

by a field enhanced ionization of holes from Coulomb-attractive 

slow recombination centres (DuSsel and Boer 1970). To complete 

the range of current and voltage controlled effects, current 

controlled negative resistance and switching effects in cadmium 

sulphide films have also been reported (Patil and Sinha 1967, 

Chopra 1963, Fass 1969). 

3.6 CONDUCTIVITY STORAGE EFFECTS IN II-VI COMPOUNDS  

Bistable switching is not the only storage effect observed 

in the II-VI series. At low temperatures cadmium sulphide can 

exhibit a stored high conductivity, produced by irradiation with 

light. (Litton and Reynolds 1964, Kulp 1965, Wright et al 1968). 

The high conductivity, which is present after irradiation ceases, 

persists for many hours at liquid nitrogen temperature. On 

raising the temperature to 230-260°K the original low conduc-

tivity is restored. Wright et al (1968), who also mention 

similar effects in zinc oxide, explained the effect by suggesting 

a structural alteration which raises the energy of the dominant 

electron trapping level. 

An alternative approach is that of Lorenz et al (1964) who 

studied double acceptor centres in cadmium telluride. Conductiv-

ity storage was reported and related to a centre which, when 

single electron occupied, presents an impenetrable potential 

barrier to the capture of a second electron. The result is an 

extremely low capture cross-section for recombination. Other 

II-VI compounds, including zinc selenide, show very closely 

related effects (Lorenz et al, 1964). 

Other studies have supported the idea of long time hole 

storage. Giaever (1968) studied this effect in thin film cadmium 

sulphide showing photosensitive tunnelling currents at low 

temperatures. There is some evidence for hole storage in zinc 

sulphide at helium temperatures (Thomas 1967, page 1260). 



PART II 

CRYSTAL GROWTH, DEVICE PREPARATION AND EXPERIMENTAL TECHNIQUES 

Brevity has been the major aim of this section as there is 

little here that is original. Most of the techniques employed 

are either standard or only slightly modified to meet the 

requirements of the specific situation. Therefore, except 

when stress has been laid on the points of difference with the 

techniques of others, the presentation is brief and diagrammatic. 

Unfortunately, much of the project time was spend on this 

section of the work; crystal growth proved to be unreliable and 

difficult to control, device preparation was time consuming and 

wasteful due to crystal fragility. Even simple experiments re-

quired much care and repetition to separate typical behaviour, 

and the important parameters, from very variable results. 
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CHAPTER 4 

CRYSTAL GROWTH 

Pure and structurally excellent platelet crystals of zinc 

sulphide have been grown with typical dimensions of 2-6mm square 

and 1-30 microns thickness. 

4.1 THE METHOD (Figure 4.1) 

The required zinc sulphide crystals had been previously 

grown in this laboratory by Cusdin (1970). He described the 

method and his apparatus in some detail. Consequently, as the 

author's crystals were grown in Cusdin's original apparatus, 

only a brief description will be given here. 

Crystals were grown by a vapour transport technique based 

on that of Fochs (1960, 1963). Pure argon gas flows over a 

sintered block of high purity zinc sulphide at the hot end of a 

two winding furnace. The vapour flows towards, the cooler end of 

the silica tube containing the zinc sulphide. Nucleation occurs 

at the tube walls where suitable crystals grow in one to twelve 

hours. 

4.2 MODIFICATIONS TO CUSDIN'S APPARATUS AND METHOD  

Cusdin (1970) showed that a critical concentration of zinc 

sulphide vapour is required for the growth of platelet crystals. 

He used temperatures close to 1300°C to achieve this concentra-

Lion, but found that, in his horizontal furnace, the silica 

growth tube tended to sag and touch the sides of the furnace. 

To overcome this problem Cusdin's furnace was rebuilt vertically 

and fitted to a hoist which could raise and lower he- furnace. 

Lowering the furnace, rather than raising the gro th tube, at 

the end of a crystal growth run, reduced the number of crystals 

which detached from the walls, fell to the bottom of tie tube 
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and either shattered or revapourised. 

Of equal importance to the critical concentration of zinc 

sulphide vapour is the density of nucleation sites on the walls 

of the silica tube. This density is reduced by etching and 

flame polishing - a procedure both time consuming and relatively 

uncontrollable. Some attempt was made to grow crystals on a 

silica rod suspended inside the tube. However, satisfactory 

flaming of this rod was found to be more difficult than of the 

tube and the method was abandoned. Other refinements were 

tried, such as suspension of the zinc sulphide block in a 

platinum gauze basket to give a more uniform flow of gas 

around the block. However, in all cases no real improvement 

resulted, only greater complexity. Finally the following 

crystal growth procedure, closely based on that of Cusdin, was 

adopted: 

(i) The silica tube was cleaned after a run with equal 

parts of concentrated hydrochloric and nitric acids. 

(ii) After rinsing in de-ionized water the tube was etched 

in a mixture of 250cc hydrofluoric acid, 200cc nitric acid, 

100cc de-ionized water for half an hour and thoroughly rinsed 

in de-ionized water. 

(iii) The tube was flame polished to smooth the silica 

surface and thereby reduce the number of nucleaction sites. 

The procedure was described by Cusdin (1970). The importance 

of careful flaming cannot be too highly stressed. Only very 

thoroughly flamed tubes gave sufficiently few nucleation sites 

for good platelet crystal growth. 

(iv) 'Optran' grade zinc sulphide powder (from B.D.H. 

Chemicals Limited) was hydrostatically pressed* into cylinders 

4.5cm long by 2cm diameter. These blocks were sintered at 

1000°C for twenty minutes in a strearr of argon to remove vola-

tile impurities which otherwise inteiferred with the growth of 

good crystals. 

Footnote* 

This work was done at the Hirst Research Centre. The powder, 

contained in a latex cylinder, was subjected to 3t.s.i under oil. 
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(v) The sintered block was introduced into the silica 

tube by sliding it down a glass tube placed inside the silica 

tube. This prevented contamination of the growing area. 

(vi) To start a run, the furnace, already at its operating 

temperature, was raised to surround the growth tube, with its 

argon flow established. Growth was observed through the window 

at the end of the tube (figure 4.1), and the run terminated by 

lowering the furnace and air quenching the tube and contents. 

(vii) When cold the crystals could be extracted by tapping 

the sides of the tube. 

4.3 -CONDITIONS FOR CRYSTAL GROWTH 

Zinc sulphide platelets are notoriously difficult to grow 

as the conditions for growth are extremely critical and it is 

difficult to control the necessary parameters sufficiently ac-

curately. Cusdin (1970) found the concentration of zinc sulphide 

vapour to be not only the critical factor but to require very 

close control to give the best crystals. Close control is 

difficult as the available surface area of zinc sulphide changes 

during the run and the precise evaporation rate depends on the 

Position of the block relative to the gas flow. However, even 

with all controllable factors similar, some runs were successful 

and others not. This is attributed to the variation of necle-

action site density on the silica tube walls. 

Figure 4.2 illustrates these points. Runs 33 and 38 though 

almost identical in conditions as far as gas flow rate, tempera-

tures and mass flow rate are concerned gave very different 

results. Run 33 produced many perfect, thin, fast-growing 

crystals whereas run 38 produced overmuch nucleation at the tube 

walls resulting in a polycrystalline base and a few needle 

crystals. The graph shows successful runs, all of which required 

similar values of vapour concentration. Over the range of gas 

flows used, mass flow rate was proportional to gas flow rate. 

However, it was not possible to correlate gas flow rate to 

quality of crystal. 
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So, even with apparently similar conditions and care with 

flame polishing, crystal growth proved temperamental and growth 

of good quality crystals always remained fortuitous rather than 

predictable, although all known criteria were applied to the 

conditions. 

4.4 CRYSTAL QUALITY AND CHARACTERISATION  

The types of crystals grown by this method and their 

characterisation were fully described by Cusdin. The author 

found no points of difference. The best crystals grow fast, give 

well defined Laue photographs, show uniform birefringence and 

show little fluorescence under wide band ultraviolet light. 

Needle, growth precedes platelet growth - the c-axis always being 

along the needle and in the plane at the platelet. (This is 

discussed by Cusdin 1970 and Jones 1970). 

Some of the types of growth are illustrated in plates 4.1 

to 4.4. Platelets crystals ranged from thin ( 	1-10 microns) 

and highly perfect, to striated and thick ( 50-150 microns) 

(plate 4.5). 

Samples of the author's crystals were analysed by mass 

spectrographic and x-ray techniques. The results were compared 

with analyses of Cusdin's crystals (Cusdin, 1970). The only 

impurities always detected in both cases, in concentrations 

greater than one part per million, were chlorine (<_10 ppm), 

aluminium (5-100 ppm), iron (<5-70 ppm) and silicon (20-50 ppm). 

Oxygen impurity concentrations are unknown. 
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CHAPTER 5 

DEVICE FABRICATION AND EXPERIMENTAL TECHNIQUES  

5.1 DEVICE FABRICATION 

Zinc sulphide platelets are extremely fragile and great . 

care was required to produce electrically contacted devices, 

especially as the crystals were often only three millimetres 

square. The crystals themselves were always handled by means 

of vacuum tweezers. 

Most contacts to the crystals whether aluminium, 

silver or indium were evaporated using a simple mask to produce 

a circular contact of 1-3mm diameter (plate 4.61.. The amount of 

material used was sufficient to give contacts of 1000-3000 R 
thickness. It was found necessary to protect the back surface 

of the crystal and mask during evaporation with a glass cover. 

If this precaution was not taken, measurable surface currents often 

interfered with d.c. measurements (see 6.2.1.). Some contacted 

crystals were annealed, in an argon atmosphere, in a small variable 

temperature furnace. 

The fabrication procedure-is described overleaf. The 

whole required great care as crystals were easily damaged 

during the mounting procedure. After the contacted crystal was 

mounted on its holder, the holder cover was pressed on, for 

protection. It was necessary, however, to drill a small hole 

in the cover to allow water vapour to escape when the device 

was in the evacuated cryostat. If this precaution was not taken, 

spurious d.c. results were often obtained at temperatures 

around freezing point..  

A few thin film zinc sulphide devices were made by 

evaporating zinc sulphide from a molybdenum boat, taking care 

to heat the boat slowly to prevent spitting (Holland 1956). 
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Device fabrication 

 silver 
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A piece of silver wire 	(0.005"dia.) 
with a small loop at one end is 
held in a 	pair of tweezers screwed 
to 	a micromanipulator. A blob of 
conducting silver paint is transferre 
to the silver wire by a pin. The 
silver wire is lowered 	to contact 
the 	crystal. 

contact 

contacted crystal 

(ii) With the silver wire still held in 
the tweezers, the crystal is 

silver paint. manipulated to the position shown. 
Silver paint is used to connect the 
silver wire to a lead of a 
transistor holder. The silver wire 
provides adequate support for the 
crystal. 

0.8cm  

Transistor holder 

(iii) A piece of gold wire (0.0015"dia.) 
gold wire 	is attached t o the other contact 
J. 	 on the crystal by the method 

described above (i). 

( iv ) The other end of the gold wire is 
secured with silver paint to the 
second lead of the transistor 
holder. As the gold wire is very 
flexible it imposes little strain on 
the crystal. 

see also plate 4.7 
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5.2 EXPERIMENTAL TECHNIQUES  

Almost all experiments used standard apparatus and 

techniques. Difficulties arose in elimination of spurious 

results, especially with the d.c. measurements, and interpretation 

of readings, rather than in detecting the quantities to be 

measured. Irreproducibility and unreliability of the experimental 

results will be referred to in Chapter 6 as will other experimental 

problems which were not a function of the apparatus used. 

For almost all measurements the devices were mounted in a 

variable temperature cryostat. 

5.2.1 DC measurements (Fig 5.1)  

As is usual when measuring low currents (-10-13 amps) all 

leads were kept short and screened, and care was taken to avoid 

leakage currents. When the devices were in the high impedance 

state, a series resistor was used to limit the current flowing 

when switching. occurred. A high voltage pulse generator was 

used to switch the devices back to the high impedance state. 

5.2.2 AC measurements (Fig 5.2)  

For low temperature results the cryostat inlet connector 

had to be modified so as not to seriously shunt the crystal 

impedance. DC bias could be applied at audio frequences by the 

method described by Hargreaves (1968). 

5.2.3 Switching experiments (Fig 5.3)  

Single shot results were obtained by manually operating the 

pulse generator with the camera shutter open, the oscilloscope 

timebase being triggered by the pulse generator. Referring to 

figure 5.3, the 50Q resistor ensured matching of the load to 

the pulse generator, the 1000Q resistor is a compromise between 

matching to the line and readability of the voltage at the 

oscilloscope. 

5.2.4 Dynamic current-voltage characteristics 

All dynamic characteristics were obtained on a Tektronix 575 

curve tracer, employing additional protective series resistors as 

required. 
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5.2.5 Crystal thickness  

Crystal thickness was measured by photographing the flat 

platelet and weighing it in a balance capable of measuring 

micrograms. Great accuracy was not required and this method 

had the advantage of providing a pictorial record of the crystal 

quality of each device. 



PART III 

EXPERIMENTAL RESULTS AND, THEIR THEORETICAL INTERPRETATION 

This is the central section of the thesis and a few 

comments on layout are necessary. All results are described 

in detail before any analysis is attempted. The analysi 

chapter deals with each section of the results in turn so 

that a particular section can be read in conjunction with 

the appropriate section of the results chapter. Finally, 

an overall view of the results, and their relation to 

other switching systems, is presented. 
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CHAPTER 6 • 

EXPERIMENTAL RESDLTS 

6.1 INTRODUCTION 

Experimental results on devices in various conducting states 

and the transitions between states are given here. Many of the 

experiments were intended to characterise the phenomenology of 

switching in zinc sulphide as fully as possible. It is now 

evident what experiments would give most information for a 

further understanding of the effects, but time has not 

permitted the next stage of investigation to be conducted. 

Until the effects were well characterised many experiments gave 

such variable results that, on their own, they added little to 

the overall understanding. 

Apparatus used for these experiments is described in the 

previous chapter. The detailed results are divided into sections 

but a description of the overall phenomenological behaviour of 

zinc sulphide switches is given in section 6.2. Although the 

results are presented without analysis, some of the basic 

ideas used in the analysis chapter are introduced (e.g. the 

broken filament interpretation of low temperature states). 

As a very large range of conducting states can be observed at 

low temperatures it is necessary to explain the terminology 

employed. Virgin devices are those which have not had sufficient 

voltage applied to cause the first (or forming) transition. After 

the foaming transition a device is generally in an "off" state. 

"On" states are those which exhibit both linear current-voltage 

characteristics and a positive temperature coefficient of 

resistivity. 

60. 
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6.2 PROPERTIES OF VIRGIN DEVICES  

6.2.1 Evaporated contacts (see 3.3.1)  

Although the majority of the experimental switching devices 

were contacted with evaporated silver, some devices had indium, 

aluminium or silver paint contacts. It is known that all these 

metals produce contact barriers (3.3.1), so deduction of a bulk 

resistivity from a simple current voltage characteristic is not 

possible. Previous workers have quoted resistivities for zinc 
9 sulphide platelets of 10 -1013  CM (table 3.1) which may, or 

may not, be meaningful. As prepared, silver contacted devices 

(contact barrier 1.6ev) frequently appeared extremely resistive 
5 (7 101a). However, unless care was taken during contact 

evaporation, surface conduction due to contamination of the surface 

by contact material could be sufficiently high to mask bulk effects 

(experimental details 5.1, guard ring proof 6.2.3). 

Such specimens as showed significant conduction, always 

exhibited assymetric current-voltage characteristics (figs. 6.1, 

6.2. Aluminium produces a contact barrier of 0.8ev compared to 

the 1.6ev of silver; table 3.1). 

6.2.2 Annealed contacts  

Devices with evaporated indium contacts were always highly 

resistive. Annealing such devices at 4500C in argon for 15 

minutes considerably lowered the contact resistance (8 minutes 

having little effect; 25 minutes causing evaporation of the 

contact). Characteristics remained assymmetric (fig. 6.3). 

Annealing silver contacts at 650°C for times of less than one 

hour had little effect; greater times increased the measured 

conduction. This study was not pursued, as device performance 

once forming had occurred, appeared to be unaffected by ohmic 

contacts being applied to the virgin crystal. 

6.2.3 The guard ring experiment (see overleaf)  

The dominance of either surface or bulk conduction was 

established with a simple guard ring experiment. 
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(ii) Typical results (see page 6f ) 
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With evaporated silver contacts, evaporated with no protection 

of the back surface of the crystal (see 5.1), a measurable current 

flowed between contacts 1 and 3 with 2 floating. When 2 was earthed 

the current flow ceased, suggesting that the observed conduction 

was along the surface. This conclusion was supported by measuring 

the current flow from 2 to 3. With 1 floating the value was equal 

to the 1 to 3 current measured above. Earthing 1 had little effect. 

For comparison an evaporated set of silver contacts, prepared 

with careful protection of the back surface of the crystal during 

each evaporation, followed by annealing for one and a half hours 

at 650°C, were tested. The current flow from 1 to 3 was unaffected 

by earthing 2. The slightly different current observed from 2 

to 3 was similarly unaffected by earthing 1. Hence bulk conduction 

was being observed. 

This technique was employed on several specimens to confirm 

that all switching effects occur through the body of a device. 

6.2.4 Activation energies of virgin devices  

Activation energies of electrical conduction of devices with 

low resistance contacts have been measured. Below room temperature 

an activation energy of 0.25+0.03eV was usually observed. At 

lower temperatures the dominant activation energy was often 

about 0.1eV (fig. 6.4). Devices with high resistance contacts 

frequently exhibited apparent activation energies as great as 

0.4eV. 

The 0.25eV activation energy is probably attributable to 

a donor impurity (such as the chlorine detected by analysis) in 

a sulphur vacancy (table 3.1). The 0.1eV activation energy, 

which was not invariably observed, is comparable to the off-state 

activation energy discussed in section 7.1. 

For a zinc sulphide crystal with a resistivity of 1018cm 

due to free electrons in the conduction band, Cusdin (1970) 

calculated that the Fermi level, at 300°K, lies 0.8eV below 

the conduction band. If all donors are at 0.25eV (and possibly 

0.1eV) below the conduction band then very close compensation, 

or very deep traps, must be present to achieve such a resistivity. 
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It is, of course, Well documented that zinc sulphide is: usually 
closely compensated C3.- 2.21. 

6.2.5 A.C. properties (see 5.2.2 

The high frequency dielectric constant of specimens between. 

6 and 100 microns thick, calculated from capacitance measurements 

and a knowledge of specimen geometry, agrees with the figure of 

8.3 previously reported (table 3.1). However, the results from 

thin devices give lower values (fig. 6.5). A possible 

interpretation is that thin layers of the crystal at the contacts 

have a lower polarizibility than the bulk. The results can be 

interpreted by assuming a layer of thickness 0.25-1.0polat each 

contact, of dielectric constant about 2. It is possible that 

the presence of contact metal atoms lowers the lattice 

polarizibility. Other properties do not appear to depend on 

specimen thickness. 

The A.C. impedance of devices has been measured over the 

frequency range 30HZ to 3MHZ and temperature range 77-300
oK. 

For a particular temperature, the results show the conductance 

to vary as a low power of frequency (fig. 6.6);, 

G cc f
x where x is 0.5 to 0.9 and varies from specimen 

to specimen. 

The capacitance is also frequency dependent (fig. 6.7); 

(C-C 1-x )0cf 00 	where x is identical to the value 

required to characterise the conductance variation and Co, is 

the asymptote to which the high frequency value of capacitance 

approaches. 

It should be noted that during these experiments the 

conductance sometimes showed a tendency to saturate at 1MHZ. 

Spontaneous capacity changes occasionally occurred with no 

accompanying change of conductance and bridge readings sometimes 

became erratic, especially in temperature dependence tests. 

All specimens showed conductance activation energies of 

about 0.1eV 	.0.02eV: e.g. fig.6.8). When values of C7C,,, 

were easily measurable at room temperature similar activation 

energies were observed (fig. 6.9). No conclusive evidence 

of lower activation energies, at low temperatures, was obtained 
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(the bridge sensitivity set the low temperature limit at about 

100°K). 

6.3 CURVE TRACER CHARACTERISTICS AND GENERAL SWITCHING PROPERTIES 

Preliminary investigation of zinc sulphide devices on 

a curve tracer (see 5.2.4) established the general features 

of the switching behaviour. The results presented here 

illustrate the general phenomenology of switching. They also 

demonstrate the similarities in properties of zinc and cadmium 

sulphide devices with various contacts. 

6.3.1 Virgin devices  

When first tested a silver contacted device exhibits little 

conductivity belows fields of 105v/cm. The current then increases 

very rapidly with voltage (plate 6.1), possibly obeying a high 

power of voltage law (I 404 V
n
, where n may be as great as 12). 

Under d.c conditions the current is often erratic, uncontrollable 

and the characteristics more difficult to observe. 

If a critical current is exceeded 	0.5mA) the first breakdown 

occurs, whatever the ambient temperature. Cusdin (1970) concluded 

that the first breakdown, or foaming, process could only occur 

at about room temperature. This is certainly not so. Lower 

temperatures require higher fields but forming will always occur. 

If the breakdown be at a low temperature a memory state, or 

`on' state, results (plate 6.2) 

Conducting silver paint contacts show identical properties 

(plate 6.3). The slight assymmetry of the characteristics 

of virgin devices should be noted (plates 6.1, 6.3) 

6.3.2 Switching at 77°K 

After the initial breakdown, subsequent breakdowns occur 

at lower fields and the characteristics become closely 

symmetrical (plate 6.4). Typically, on-states have accurately 

linear characteristics (Cusdin 1970), but non-linear states 

with high conductivities can exist (plate 6.4). 
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The off-state can be recovered by either heating a device 

to about - 40°C, applying a short high current pulse to it 

or slowly increasing the d.c current through it. At a critical 

current (-,1mA) the device reverts back to an off-state. Just 

before this transition occurs the current often increases 

sublinearly with voltage (plate 6.5). It should be noted 

that plates 6.4 and 6.5 were obtained with an indium contacted 

device. 

It is evident from the d.c results (6.4.1) that a 

continuum of possible states exists between the on and off 

extremes. A device in a highly conducting off-state can exhibit 

a current controlled negative resistance. Plate 6.6 illustrates 

this point. The envelope of the peak currents of the separate 

characteristics on this plate shows such an effect. The effect 

is reversible unless a critical current is exceeded to lock 

the device into a clear on-state. 

6.3.3 Switching at 300°K  

At room temperature no stable memory state exists but 

monostable switching occurs. 	(It is, however, possible to 

produce a permanently broken down state of several ohms 

resistance). Current controlled negative resistance is 

always observable (plate 6.7). From the results it can be 

deduced that the relaxation time of the negative resistance 

mechanism is greater than 10ms as the frequency of the 

curve tracing (50HZ) is sufficiently great to prevent the 

characteristic following the negative resistance of the 

envelope of the characteristics. However, the hysteresis 

effects often seen (plate 6.7) indicate that the relaxation 

time is of the order of 20-lOOms rather than seconds. 

When clear characteristics of the monostable on-state are 

obtained at room temperature (plate 6.8), the current obeys a 

Vn law, where n = 1.6 to 2.0. (fig.6.10). Similar results 

can be obtained with cadmium sulphide devices (plate 6.9 and 

fig. 6.10). 

6.3.4 Switching in cadmium sulphide  

Indium contacts to cadmium sulphide platelet crystals 
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are often ohmic (Smith 1955) and several milliamperes may be 

passed without breakdown (Hargreaves 1968). Silver contacts 

are not usually ohmic and switching can occur. Below about - 40°C 

a stable on state can exist (plate 6.10). However, in contrast 

to zinc sulphide, switching does not always occur. Currents of 

several milliamperes sometimes modify the characteristics without 

switching occurring (plate 6.11). 

The failure of some devices to switch may simply be the 

result of passing insufficient current density or, applying 

insufficient field. Some indium contacted devices can certainly 

be switched. Plates 6.12 and 6.13 show the characteristics of 

such a device at 3000K and 77°K prior to switching. The room 

temperature on state (plate 6.14) showed a V2.0  law (fig.6.10). 

6.3.5 Evaporated zinc sulphide devices  

Evaporated films (10008) of zinc sulphide with silver 

contacts (see 5.1) also show switching effects with a memory 

state at 77°K (plate 6.15). The resistance of such states 

is typically several hundred ohms. 

6.3.6 Summary.  

Despite Cusdin's conclusions, the switching effect 

does not appear contact dependent once established. Indium 

contacted devices, with indium/gallium alloy used to connect 

the test leads, certainly switch. Cusdin's failure to observe 

switching with such devices may be the result of very few 

tests with crystals which were too thick to form at the 

maximum voltages employed (500v). 

Once formed, device characteristics are symmetrical even 

if different contacts are applied to each side of the crystal. 

Cadmium sulphide devices can show similar effects though the 

possibility of ohmic contacts complicates the situation and 

the results are less predictable. Evaporated layers of zinc 

sulphide behave similarly to single crystal devices, though 

being thinner lower switching voltages are required. 



74. 

6.4 OFF-STATE PROPERTIES  

In the early stages of experimental work considerable 

difficulty was experienced in examining off-state properties. 

Off-states exist over a wide range of conductivities and many 

different I-V curves can result. That there is a pattern 

involved in the behaviour was not at all obvious. 

6.4.1 Current-voltage characteristics 

Eventually it was apparent that each device can exhibit 

a wide range of possible states, intermediate between the 

on-state and the lowest conductivity off-state. Several off-

state characteristics are shown in figs. 6.11, 6.12 to illustrate 

some of these possibilities. Note that successive characteristics 

of different off-states of the same device can overlap and 

that negative resistance effects sometimes occur prior to 

switching. Switching may be an extremely rapid change or, 

occasionally, an apparently controlled change (fig. 6.12). 

Typically currents can range from 10-14 amps at low fields 

to 10
-4 

amps at the onset of negative resistance. It should be 

noted that characteristics were always closely symmetrical 

with respect to voltage. 

The most complex characteristics exhibit a range of 

current voltage laws as the applied field is raised: 

(i) a linear region, I oc V 

(ii) a low power law region, I cc. Vn, where n = 1.5 to 2.0 

(iii) a Poole-Frenkel or Schottky law, log Ipc V1/2 

(iv) a high power law region, I ocVn  where n>. 2 

Some of these regions are indicated in fig. 6.11. Occasionally 

an off-state characteristic only shows two regions (fig. 6.13): 

a linear region, I oc V 

a space charge limited current law, I cc 

several decades of current 

over 

The usual verification of space charge limited current is 
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by demonstration of a dependence of current on the inverse cube 

of specimen thickness. This verification was not attempted 

because such characteristics mere seldom observed and no means 

of measuring the active contact area was devised. 

Results, at first glance, are very confusing as there 

is not only an obvious range of conductivities obtainable 

from each specimen, but also overlaps of characteristics 

(fig. 6.11) suggest that field may not be directly proportional 

to potential. Furthermore, it was not found possible to control 

the on/off transition to produce a particular 'off' characteristic. 

The Poole-Frenkel plots (log I/V versus V1/2  see 1.3.2) 

of different off-states of a specimen show differing slopes. 

Although intercepts on the current axis are also often 

different, sometimes a specimen gives three or four plots with 

similar intercepts but differing slopes (fig. 6.14). On such 

a plot, the intercept reflects the contact area and number of 

Poole-Frenkel centres (or height of the Schottky barrier if a 

Schottky mechanism is being observed). The slope enables 

the thickness of the device to be calculated, assuming a value 

for the dielectric constant (see 7.1). Such estimates produce 

calculated thicknesses which are usually much less than the 

specimen thickness (fig. 6.14, table 7.1). Occasionally a 

slope is seen which roughly corresponds to the specimen 

thickness. This evidence points to an interpretation of the 

off-state at low temperatures as dominated by a broken on-

state filament with a gap filled by off-State material (see 6.8.2) 

The explanation of the widely differing intercepts often 

obtained is left until later (7.1). 

6.4.2 Temperature dependence  

Once again experimental difficulties led to early 

confusion. At high fields characteristics tend to alter 

irreversibly; this is especially true at high temperatures. 

Devices in low conductivity off-states can be warmed to room 

temperature without discontinuous change but higher condubtivity 

states revert to lower stable conductivities as a temperature 

of -40°C is approached (fig. 6.15, on page 65 ). 
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Typically the ohmic region of off-state characteristics 
shows a single activation energy, whose magnitude varies between 

0.1eV and very low values ( 1̂ 0.02eV), depending on the 

conductivity. The other regions of the characteristic show a 

similar temperature dependence (fig. 6.16). Such plots are not 

possible in the high field region as instability and switching 

interfered with the results. When space charge limited 

characteristics were tested they always showed an activation 

energy in the ohmic region but none in the V2 region (fig. 6.17). 

Temperature dependence is discussed more fully in the analysis 

chapter (7.1). 

6.4.3 Alternating current effects  

Devices in the off-state usually behave exactly as the 

virgin devices at audio frequencies. No change in capacitance 

or conductance was observed (to 1%) when devices were formed. 

However, if the dc conductivity of an off-state exceeds the 

virgin ac conductivity, the ac conductivity becomes frequency 

independent below a critical frequency and equal to the dc 

conductivity (see fig. 6.18). Similarly, dc bias of a device 

has no effect unless the device is biased to a high field 

region such that the slope resistance dominates the virgin ac 

conductivity. 

6.4.4 The effect of light 

Although off-state devices are photoconductive, the 

photoconducting current is unaffected by the magnitude of 

the dark conductivity of the off-state. However, the off-

state dark current can become dominant (fig. 6.19). 

There is some evidence of the possibility of stored 

photoconductivity at low temperatures. A device, with two 

annealed indium contacts on the same surface of the crystal, did 

exhibit some enhancement of conductivity for long periods after 

the removal of U.V illumination (fig 6.20). The enhanced 

conductivity could be annealed out by heating the specimen 

to room temperature for several minutes. However, the storage 

of dramatically increased conductivity observed by Litton and 

Reynolds (1964) in cadmium sulphide was not seen. 
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6.5 BISTABLE ON STATE PROPERTIES  

As an apparent continuum of possible states exists 

between the two extremes of resistivity it is important to 

emphasize that the states discussed here are those exhibiting 

both a linear current-voltage characteristic and a positive 

temperature coefficient of resistivity. Such states are 

not stable above 230oK. 

6.5.1 Current-voltage characteristics  

The I-V characteristics of on-states are closely linear 

and symmetrical over the whole current range, provided the 

turn-off current is not approached when sublinearity may be 

seen (fig. 6.21, section 6.3.2). 

Cusdin's theory of switching (3.4.2) predicts the 'on'  

resistance of devices to be proportional to the cube of crystal 

thickness, and that devices thicker than 20 microns will not 

show true on-states. The present results do not enable the 

variation of on resistance to be correlated to crystal thickness 

as the range of on-state resistances of each crystal is too 

great (fig. 6.22). Analysis of 100 switching cycles of a 

particular crystal (fig. 6.23) shows that on-states typically 

occur over three orders of magnitude of resistance, though 

60% of these occur within one order of magnitude. 

During this study crystals up to 50 microns thickness 

were successfully switched (thoual-, this required up to 2KV 

for the initial breakdown). 

6.5.2 Stability and temperature dependence  

The on-state can certainly survive for 48 hours, without 

applied. voltage.. No systematic decay in conductance 

was ever observed though, occasionally, reversion to an off-

state occurred spontaneously. 

Between 4.2°K and the temperature at which the on-state 

becomes 'instable a small positive temperature coefficient of 
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resistivity is always observed.. Typical values of this co-

efficient are given in table 6.1. If the resistivity of on-

states is assumed constant the resistance divided by crystal 

thickness is inversely proportional to the filament area. 

The temperature coefficient of resistivity ( a) depends on 

this factor (fig. 6.24). It is to be expected that electron 

scattering from very thin filaments will lead to higher values 

of a than for thicker filaments. 

Devices in the on-state, when slowly heated, reverted to 

an off-state somewhere in the temperature range 180-230°K. 

Complete reversion sometimes occurred as two or more abrupt 

changes in resistance, suggesting the presence of more than one 

'on' filament. The constant value of -40°C for the off 

temperature seen by Cusdin was not observed; this temperature 

appears rather to be the highest temperature at which an on-

state can survive. 

6.5.3 Effects of ac and uv  

The resistance of the on-state is invariant between d.c 

and 1MHz. Careful observations, at 1MHz, of the capacitance 

of a device in the on and off states showed any capacitance 

change to be less than 1%. 

As far as could be determined, ultraviolet light has no 

tendency to alter the resistance or aid reversion to the off-state. 

6.6 MONOSTABLE ON STATE PROPERTIES  

Above about -=-40°C a device requires a certain applied 

voltage to remain in the on-state. The off/on transition 

involves a negative resistance (fig. 6.25) followed, eventually, 

by a Vn  law, where n = 1.6 to 2.0 (:see also fig. 610). 

This law is always obeyed though it is often preceded by a 

rapid increase of current at constant voltage (fig. 6.26) 

which can be attributed to the increase in area of a conducting 

channel (Barnett and Milnes 1966). 

Thetemperature dependence of this state hds not been 

accurately established under dc conditions as irreversible 
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changes _often occurred when the experiment was attempted. 

However, Curve tracer results indicate that the current, at 

a given voltage, is approximately inversely dependent on 

temperature. On cooling a device in the monostable on-state, 

an off-state usually resulted unless the current flow was 

maintained above a critical value (--0.5mA) when a bistable 

on-state could result. 

6.7 TRANSITIONS BETWEEN STATES 

In general the conditions for transitions between 

states were difficult to establish. Results were often scattered 

and unrepeatable; a problem which is common in investigations 

of breakdown and switching phenomena. 

6.7.1 The forming transition  

Devices were usually formed at room temperature. Near 

breakdown the current flowing was often erratic and time-

dependent, making identification of a current-voltage law 

difficult. However, a.c results (section 6.3.1) suggest a high 

power of voltage law. The breakdown, or forming, voltage 

appears to depend on (thickness)n, where n = 1 to 2, and to be 

independent of the contact material (fig. 6.27). As weak 

points are likely to dominate initial breakdowns, it is no 

surprise that a definite relationship has not been established. 

The scatter of results is too great to permit the 

variation of forming voltage with temperature to be positively 

identified. However, results indicate that forming voltages 

increase as the temperature is lowered. Indeed, devices can 

certainly support voltages at liquid nitrogen temperature which 

cause breakdown when the temperature is raised. 

6.7.2 The off/on transition  

Considerable difficulty was experienced in studying such 

transitions, and this was not attempted in depth. Instead, a 

summary will be given of such properties as could be determined 

with some certainty. 
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Once formed, devices can be easily switched at room 

temperature. After one switch cycle the voltage for the second 

and subsequent cycles reduces to very low values (sometimes 

as low as one volt) unless a considerable recovery period elapses 

(up to forty eight hours). Results on repetitively switched 

devices indicate that recovery times from the on to off-

states can be considerably less than 100ms (plates 6.16, 6.17 

and section 6.3.4), but that the switching voltage does not 

recover to its more normal value (tens of volts). Recovery 

can be achieved, using the curve tracer, by applying an 

alternating current (symmetrically about zero current), and 

slowly reducing its amplitude to zero. This technique ensures 

reasonably reproducible switching voltages. 

A graph of switching voltage against crystal thickness 

indicates that the voltage depends on (thickness) n, where n = 

1 to 2 (fig. 6.28). It was not possible to obtain greater 

experimental precision. 

If the ambient temperature is reduced below room 

temperature the switching voltage increases (fig. 6.29). 

When measuring switching voltages at low temperatures for 

fig. 6.29, devices were heated to room temperature between 

tests to ensure complete rupture of the on-state filament (see 

6.8.2), then cooled to the required temperature. 

Results from switching experiments at 77°K show no 

obvious correlation of switching voltage to thickness on 

account of the considerable scatter of values for each 

device (fig. 6.30). 

In switching research it is usual to predict the 

transition voltage by applying pulses of varying voltage and 

measuring the delay times preceding the rapid transition. 

A graph of delay time against voltage usually shows the delay 

time increasing asymptotically to infinity at the lowest 

voltage at which switching can occur. This value of voltage 

is taken as the transition voltage. This technique could not 

be used here on account of both the very variable delay time 

results obtained when the experiment was tried and the 

apparently random changes of switching voltage for the 



recovery of 'off' resistance 

1(1 1115 (-015ms 

Plate 6.16 

recovery' timeolOms 

	>50ms/div 

repetitive switching at room temperature 

device 120 , 2µm thickness 

; see Fig. 5.3 ) 

Plate 6.17 

0.1 s/div 

recovery time,10 0 ms 



400. 	field=1.5x105V/cm 

s
w
i
t
ch
i
n
g
  
v
o
l
t
a
ge
  

300 

200 

100 

device 35 
thickness 27vm 

K  

-200 -100 0 

temperature (°C) 

100 

   

Fig. 6.29 switching voltage against temperature 

100 

80 

devices (see table 7.1) 

Q 19 

68 

72 • 
• 

• 
102 

X A 
fl 

O  I 	 I 	 I 	 I 	 I 	 t 	t  

	

0 	4 	8 	12 	16 	20 

thickness (pm) ----->. 

	

Fig. 6.30 	switching voltages again'st thickness 

s
wi
t
c h
i
n
g
  
v
o
l
t
a
ge
  

60 

40 

20 



94. 

bistable effects. However, a typical observation of delay time 

is recorded here. Plate 6.18 shows switching at room temperature 

with a 50 delay time and a 10 transition time. Shorter 

values of both times have been observed; the transition time 

was often considerably shorter than his. 

6.7.3 The on/off transition  

A device in the on state always reverts back to the off 

state if heated above -40°C. However, this is not the only 

means of achieving switch off. 

If the current through the device is slowly increased 

switch off eventually occurs at about lmA. For a particular 

device the current for switch-off appears to be inversely 

proportional to the on resistance (fig 6.31 on page 89 ). 

An alternative method of recovering an off-state is to 

pass a short high current pulse through the device (typically 

10mA for less than 1µS). Plate 6.19 demonstrates that switch 

off can occur with less than one hundred nanoseconds of pulse 

length. if the current is high. A lower amplitude current pulse 

may need to be considerably longer to effect switch off 

(plate 6.20). The recovery time seems to be within the 

system time constant of 100ns. 

It has been suggested that a fast trailing edge to a 

pulse can cause switch-off (Cusdin 1970, page 162). Some 

indication of this was seen in the present study but the 

evidence is inconclusive. 

6.8 EVIDENCE OF FORMING AND FILAMENTS  

6.8.1 Scanning electron microscope evidence  

After the first breakdown or forming process, a device 

becomes more highly conducting than previously. Alfrey and 

Cooke (1957) reported that small areas of indium contacts on 

zinc sulphide crystals could be made ohmic by electrically 

induced thermal breakdown. This suggests that the forming 
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of switching devices involves producing a small area of ohmic 

contact. A scanning electron microscope examination of formed 

devices provided some evidence of small areas of change appearing 

after the forming process. Plate 6.21 was taken without removal 

of the silver contact. If a contact is carefully etched 

away evidence of forming still remains (plate 6.22). However, 

such patches do not extend through the crystal. 

Direct observation of on-state filaments is a difficult 

problem as the state is unstable at room temperatures.- 

Attempts were made to see such filaments at room temperature by 

preparing devices with two contacts on the same side of a 

crystal. Such devices were held in the on-state whilst the 

gap between the contacts was scanned with the electron microscope 

in various modes (reflection, specimen current, cathodoluminescence 

but with no success. However, there is clear evidence of 

heating effects, at least on the first breakdown, (contacts 

peel back and migrate, plates 6.23-26) and of occasional 

surface damage (cracks sometimes appear, plates 6.23-25). 

It is also worth noting that such specimens have revealed 

switching along c-axis striations (plate 6.26) which is 

phenomenologically indistinguishable from normal switching 

through the body of the crystal, which takes perpendicularly 

to the c-axis. 

o 	Crystals examined after a few carefully controlled 

switching cycles showed no evidence of structural damage 

through the bulk of the material. However, structural damage 

was often observed, especially in thick devices requiring high 

switching voltages (plate 6.27). One thick (40 microns) working 

device cleaved parallel to its contacts when subjected to severe 

thermal shock. Plate 6.28 shows the end-on view of the structurall 

damaged filament, apparently containing small crystallites, running 

through this crystal. An x-ray scan of the area showed no 

anomalies in the proportions of zinc and sulphur present and 

detected none of the silver used as a contact material (to a 

detection limit of 1%). Another specimen revealed many small 

breakdown holes after repeated switching 'experiments (plate 6.29). 

It should be stressed that such results were not typical and 

some specimens showed no observable evidence of structural 

damage. 
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6.8.2 Evidence of filamentary behaviour  

Several devices were constructed with one of the two 

contacts divided into four separate segments. These four 

could be connected together externally and the applied voltage 

increased gradually until switching occurred. By testing each 

of the four segments separately, it was always found that only 

one exhibited an on-state resistance relative to the contact 

on the other side of the crystal. This contact pair then always 

dominated subsequent conduction, whether the device was on or off. 

Occasionally, I-V characteristics were obtained which 

strongly support the idea of an on-state filament partially 

rupturing to produce a filament-dominated off stage (this 

idea is developed in 7.11. The I-V characteristic in fig. 6.32 

illustrates this point. The characteristic can be analysed 

by considering the applied voltage to be across a linear 

resistance of 20K0 in series with a non linear resistance. 

By subtraction of the voltage drop across the linear 

resistance the voltage across the non linear resistance can 

be calculated, and its characteristic drawn (fig 6.33). 20KO 

is a typical device on-state resistance, hence the suggestion 

that the 1-V characteristic of fig. 6.32 is caused by a 

ruptured on-state filament, with the gap filled by off-state 

material obeying an r ocv
2
law, dominating the conduction. 

Analysis of the characteristic in fig. 6.33, using the methods 

of section 7.1, predicts an off-state gap of length 0.5 microns 

in an on-state filament of length 8 microns, the crystal 

thickness (see also 6.4.1). 

Many other experiments point to conduction being 

dominated by filaments with diameters of the order of 1-10 

microns. A calculation, based on the suggestion of turn off 

being caused by Joule heating of the filament to 230°K, 

predicts this diameter of filament (7.4), as does a reasoned 

estimate of the resistivity of an on filament (7.2). Indeed, 

the d.c analysis (7.11 was not possible without such assumptions. 
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CHAPTER 7 

• ANALYSIS' OF THE EXPERI ✓ENTAL RESULTS  

In this chapter each aspect of the experimental results is 

analysed in turn. The various properties of the switching pro-

cess in zinc sulphide are explained as fully as the results per-

mit and, where possible, theoretical models are proposed. 

The symbols used in all equations are explained in Appendix A. 

7.1 DC CONDUCTION IN THE OFF-STATE  

7.1.1 Introduction  

In the following paragraphs, the d.c. results are discussed 

in some detail in an attempt to explain all their features. A 

detailed analysis of the results is given in terms of conduction 

band theory.. However, whilst the results lend some quantitative 

support to this analysis the possibility remains that impurity 

conduction is responsible for the majority of the observed con-

duction phenomena. To resolve this problem reliable, accurate, 

and reproducible results are needed over a very wide range of 

field and termperature. Experimentally there were, and are 

problems here, as devices tend to change state if high fields are 

applied or if temperatures in excess of 230°K are used. Further-

more, impurity conduction is not always easy to establish with 

certainty as the equations characterising this type of conduction 

are still under development (see the recent advances of Hill 

1971c). 

It is worth reiterating the limitations of conduction band 

theory when considering high band gap materials (1.1) and noting 

that certain features of the results suggest that impurity band 

conduction may explain most of the conduction phenomena observed 

(these are mentioned as they occur in the discussion). However, 

a conduction band explanation has been developed which is not 

unreasonable. It is important to note that the central features 

98. 
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of the proposed switching process are largely unaffected if 

impurity conduction is indeed the dominant mechanism (eg a 

variable impurity centre density is still a necessary deduction 

from the results). 

7.1.2 Basic curve fitting at 100°K  

If a tracing is taken of a particular I-V. curve (eg Fig, 

6.11), it is possible to fit the traced curve to all other off 

state curves (with the exception of those showing V
2 
laws). To 

achieve this fit it is necessary to shift the tracing axes in 

both voltage and current directions. An arbitrary point on the 

standard curve (the tracing) was taken as a reference point. 

The standard curve was fitted to the results for several speci-

mens. In each case a note was taken of the values of current 

and voltage on the experimental curve (Io  and Vo) corresponding 

to the reference point on the standard curve (see table 7.1). 

The standard curve can be considered to represent a plot of 

current density against field (the temperature being held con-

stant). The ratio of the values of I0  for two I-V character-

istics reflects the ratio of current densities for a constant 

field. Assuming linear fields, the ratio of the values of Vo  

is equal to the ratio of the apparent thickness of devices. 

This is because the different values of Vo 
can be considered to 

represent equal values of field (provided no other variable 

factor is involved in the field dependent function). The concept 

of an apparent device thickness equal to the length of the off-

state segment of an on filament has already been discussed (6.4.1 

and 6.8.2). An estimate of the apparent device thickness was 

obtained, in each case, from the slope of a simple Poole Frenkel 

plot (Appendix Bl). A comparison of these values with the volt-

age-  reference values (V0) obtained from the curve fitting (table 

7.1) shows a correlation which is within the experimental errors 

associated with the curve fitting exercise and the Poole Frenkel 
n 

calculation (as ratios are involved here it is
m
Omportant whether 

the mechanism be Poole Frenkel or Schottky). 

Several other points emerge from the curve fitting exercise: 

(i) The range of current reference values exceeds 10
8 



100. 	 TABLE 7.1. 

DC OFF-STATE ANALYSIS AT 100°K 

device 

curve fitting ref-
erence values Poole- t/Vo  

mean val-.7voltage 

ue 19+6 - 

switchinc 

VT voltage 
V o v 

current 
I o Amp 

Frenkel 
thickness 
estimate 

tilm 

68 

thickness 

4.0pm 

0.28 

0.05 

0.07 

0.2 

3x10-13 

2x10-12 

1.3x10-13 

4x10-12 

4.4 

0.07 

1.1 

2.6 

15.5 

14 

15.7 

13 

. 	70 

15 

f..., 	20 

"..., 	25 

67 

6.0µm 

0.2 

0.06 

1.10-15 

1x10-10 

4.0 

1.0 

20 

16.7 

150 

15 

19 

7.9µm 

0.8 

0.06 

0.1 

0.22 

0.6 

3x10-9 

4x10-12 

lx10-9 

1.5x10-11  

3x10-9 

11 

1.0 

1.3 

5.4 

8 

14 

16.7 

13 

24.5 

13.3 

16 

--- 10 

,-., 10 

70 

r,-, 	80 

103 

10µm 

0.02 

0.2 

0.4 

7x10-12 

5x10-9 

2x10-9 

0.4 

2.8 

6 

20  

14 

15 

72 

16.5µm 

0.1 

0.13 

0.15 

0.4 

4x10-13 

1x10-12 

3x10-9 

2x10-7 

2 

3 

3 

5 

20 

23 

20 

12.5 

40 

40 

30 

17 

107 
20m 0.3 3x10-7 4 13.3 

102 
25pm 

1.6 7x10-6 20 12.5 e*4 	20 



TABLE 7.1. CONTINUED 
	 10!, 

DC OFF-STATE ANALYSIS AT 100°K 

switching 
field 
V
T
/t 

V/cm 

p/A 
(using t 
& append- 
ix B2) 

Q/cm 

(p/A)I 
° 

nA 
(appendix 
B3. A in 

'VIII) 

estimated Fermi 
levels (appendix 
B7) eV 
Dia 	f filament 

1pm 0µm 100µm 

1.6x105 

2.1x105  5x1014 1.0x103  1.25x1010 0.135•.165 0.195 

1.8x105 

1.0x105 

3.8x105 

1.5x105 2.5x1013 2.5x103 2.5x1011 ''0.1151.145 0.175 

5.5x104 lx1012 3.0x103 6.25x1012 0.09 •.12 0.15 

1.0x105 4x1014 1.6x103  1.55x101°  0.1351.165 0.195 

7.7x104  

1. 3x105 

1.0x10
5  5x1012  15x103 1.25x1012 0.105 .135 0.165 

5x1013 0.35x103 1.25x1011 0.12 0.15 0.18 

6x1011  3x103 1.05x1013 0.09 0.12 0.15 

6x1012 12x103 1.05x1012 0.105 0.135 0.165 

2.0x105  • 

1.3x105  

1.0x105  

3.4x104 1.3x1010 2.6x103 4.8x1014 0.065 0.095 0.125 
, 

1.2x1010 4.6x103 5.2x1014 0.065 0.095 0.125 

1.0x104 5x108 3.5x103 1.25x1016 0.04 0.07 0.107 
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Cii) the Poole Frenkel thickness predictions never significantly 

exceed crystal thickness, and are often substantially less. This 

supports the concept of the dominance of a fractured 'on' filament 

(6.4.1 and 6.8.2). 

(iii)Values of resistivity divided by active contact area can be 

calculated for those characteristics on which ohmic portions were 

recorded at low fields. (The calculation, Appendix B2, assumes 

the correctness of the Poole Frenkel thickness calculation). For 

conduction band conduction this factor, p/A, is proportional to 

1/nA where n is the free carrier density. A correlation between 

p/A and the curve fitting current reference point, To, is indi-

cative of the same impurity centres being involved in both ohmic 

and Poole Frenkel (or Schottky) currents. Table 7.1 shows that 

(p/A). I varies, at most, by a factor of 40 whereas I
o varies by 

108. Bearing in the mind the errors involved; this is considered 

a satisfactory proof of the ohmic and higher field conductions 

being dependent on the same centres. 

(iv) Further evidence for the validity of this approach can be 

obtained by considering the critical voltages for switch on. 

Graphs of switch voltage against crystal thickness (Fig. 6.30) 

and switch voltage against current reference, I
o (Fig. 7.1) show 

no systematic dependences. However, if the switching voltage is 

divided by the calculated apparent thickness (table 7.1) a system-

atic variation with Io is observed (Fig. 7.2): for low conduct- 

7.1.3 Possible conduction mechanisms  

It is frequently difficult to unambiguously identify elec-

trical conduction mechanisms. This seems to be particularly true 

of low mobility materials exhibiting complicated I-V behaviours 

such as those observed here. Whenever a mechanism obeying a log.I 

proportional to V 2  law is observed it is necessary, and often 

difficult, to distinguish between the possibilities of a Schottky 

(1.3.1) or a Poole Frenkel mechanism (1.3.2). Indeed, there are 

results on amorphous carbon (for example) which were originally 

reasonably explained by the Poole Frenkel mechanism, but are now 

better explained by a hopping mechanism (Hill 1971c). 

If the present results are considered as manifestations of 

ivities the switching field is roughly constant at 1.5X105  v/cm,  

but reduces as the off- state conductivity increases..  
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either the Schottky or Poole Frenkel mechanisms, the evidence 

strongly favours the latter for the following reasons: 

(i) The close symmetry of characteristics with voltage polarity 

change (6.3.2 and 6.4.1) suggests a bulk rather than contact 

limited effect. 

(ii) For a Schottky model, the range of I values (108) implies 

large changes in contact barrier height which are not reflected 

in temperature dependence measurements. 

(iii)The fractured filament model and the Schottky effect are not 

readily compatible (one expects Schottky barriers to occur at the 

contacts). 

(iv) Results suggest that the conductivities of the low field 

ohmic region and the higher field region are closely related. It 

is difficult to see how the dominance of a bulk limited ohmic 

conductivity at low fields could give way to a contact limited 

effect at high fields. The "resistance" of a Schottky barrier 

decreases rapidly with field and one would expect contact effects 

to dominate at low fields, possibly giving way to bulk dominance 

at high fields, rather than vice versa. 

Hence the evidence favours a bulk limited ohmic current 

leading to a Poole Frenkel mechanism at higher fields although the 

possibility of a hopping mechanism cannot be lightly dismissed-

The Poole Frenkel mechanism is characterised by the current 

density, J, being proportional to T2 exp.(-0/KT) a2  exp. (a) where 

a= INT (1.3.2), whereas hopping conduction is characterised by 

0 the equation. T 4  loge (JT
-2  ) x sinh.OFT-5/4  , 	being dircctly clet.ncient 

ollta.Espot4eft-a71--b5 both the density of the traps and the decay con 

move n 	

- 

stantofthelocalizedfunctio of the traps (1.4.1 and Hill 

1971c). One distinguishing feature between these equations is the 

functional dependence on F 2T
-1 
 or FT-5/4 respectively. In general, 

excluding the V2 characteristics (6.4.1), the experimental curves 

plot closer to straight lines by plotting log.J or log.J/v 

against V 2  rather than log.J against V (Fig. 7.3). Typical 

experimental curves are well characterised by a2ea rather than 

any of the Hill functions (1.3.2)' or sinh.Y, where y= FT
-5/4 

(Fig. 7.4). However, the occasional curve can be characterised 

by sinh y (Fig. 7.5). 
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It is difficult to seioarate the Poole Frenkel and hopping 

mechanisms by temperature dependence measurements over a limited 

range. In the ohmic region a hopping current should show an 

exponential dependence on T 4, whereas a conduction band current 

usually depends on the exponential of T®1. Typical plots (Fig. 

7.6) are not helpful in distinguishing between these two as both 

plots are straight lines. 

To determine the barrier height involved in a Poole Frenkel 

mechanism Hill's method was adopted (1.3.2). This involves taking 

pairs of current and temperature readings for constant values of 

F2T-1  from the temperature dependent characteristics (eg Fig. 6.16). 

For a simple Poole Frenkel mechanism log (I.T-2) should plot as a 

straight line against inverse temperature; the slope of the line 

giving the barrier height. Results from several specimen give 

barriers heights over the range 0.08+0.01eV. (In general all 

plots of log(I.T-n) where n=2, 3 or 4 give straight lines for the 

experimental results, Fig. 7.7). The ohmic portions of these low 

conductivity characteristics typically show activation energies 

in the range 0.08+0.02eV. 

It should be noted that higher conductivity states show 

progressively lower activation energies. Those states which 

are close to on-states in conductivity show very low activation 

energies (6.4.2). This is discussed further below. 

To return to the original curve fitting exercise (7.1.2), 

changes in the current reference point, I , reflect changes in 

the field. independent terms of the current equations. For a Poole Frenkel current 

this term is nepA where n = Nc
exp(-EE/KT) (see 1.3.2). It is necessary to explain 

. 
changes of at least 10

8  in this term. Using a broken filament model, A seems 

unlikely to vary by more than 103  (the scatter of on-resistance values for a 
5 

exp(-Ef
/KT) or 10 or more. Hence 

it seems that donor density and/or compensation must change by orders of magnitude 

to satisfy this requirement. Even when considering a hopping mechanism large changes 

of impurity density are necessary to explain the changes in I .  

specimen, Fig. 6.23). This involves changes in 
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However, change in N then. alters the field dependent term (0 is 

proportional to N, Hill 1971c). This could be an alternative to 

a change in apparent thickness as the explanation for the range 

of Vo values (table.  7.1), but would imply a complex dependence of Vo  on Io  which, 

because of unknown values of various parameters, cannot be tested with the pvetleivib 

results. 

All the points above seem to restict the likelihood of 

hopping as the conduction mechanism of the low conductivity off-

states. However, the theory of hopping is still not fully 

developed. For example, Hill'3 equations (Hill 1971c) are de-

rived by chosing maximum teams rather than summing. His equa-

tion for high field hopping involves the exponential of a 

function of F
2. This equation is of the form of a maximum term 

equation obtained by Roberts and Polanco (1970) for thermally 

assisted tunnelling. However, their numerically integrated 

results predict that the variation of total current should be 

functionally identical to that of the Poole Frenkel mechanism 

(ie a function of F2). 

In the following analysis the quantitative implications of 

a Poole Frenkel mechanism are explored. 

7.1.4 Limitations to off-state models 

This discussion is mostly concerned with conduction band 

conduction models. 

It has already been argued that the donor density must vary 

from off-state to off-state to account for the observed variations 

in I .  AlSo, as we are assuming here that conduction is in the 

conduction band (and n type, see 3.2.2), it is necessary to explain 

the wide range of variation in the free carrier density (table 

7.1) by changes in density of localized states in the band gap. 

Free carrier density can be drastically altered by two obvious 

simple methods. First, by variation of the density of donors and 

secondly, if the donor concentration remains constant, by variation 

of the density of compensating acceptors (or traps). The latter 

mechanism can be ruled out as an explanation of the present re-

sults for two reasons. First, if the donor density were great 

enough to show the properties of the on-state at one extreme (a 



Mott metallic transistion seems likely, see 7.2), conduction would 

be most likely to appear metallic when the compensation (ie 

acceptor density) was greatest (ie the random field is least, 

see 1.4.2 and Mott 1969). However, this is the condition of 

least conduction band conduction. This is contrary to the 

interpretation of the d.c. results in terms of such conduction. 

Secondly, the restrictions on the observation of a Poole Frenkel 

current (described below) would be infringed by the high density 

of unoccupied donors involved at low conductivities. 

It is now possible to consider the implications of a varying 

donor density without considering how the variations occur. 

When donor centres are empty they are usually considered to 

act as coulombic centres. The Poole Frenkel mechanism is 

derived on this assumption (1.3.2). Two quantitative limitations 

can be imposed on a model of the present results: 

(i) The overlap of the potentials of adjacent unoccupied donors 

imposes a limitation on the minimum field at which a Poole 

Frenkel effect can be observed. If overlap is too great a 

Poole rather than Poole Frenkel effect will result (Hill 1971a). 

For a Poole Frenkel effect at 

104V/cm 	neG 5-3.1016cm-3 	 (1) 

105V/cm ne 18 3 < 1-7.10 cm , 

where ne  is the unoccupied donor density (appendix B4). 

(ii) The enhanced conductivity of the Poole Frenkel effect 

is causedo field induced alteration of the probability of emission 

from a donor site. The current observed depends on the 

enhanced free carrier density. The present results, for low 

conductivity off-states, show that the Poole Frenkel current 

can exceed the ohmic current by at least 103  times. Hence the 

limitation that the occupied donor density (at zero field), nd 
must exceed the free carrier density, n, by a factor of at least 

103. 

i.e. for low conductivity off-states, nd/n> 103 	 (2) 
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7.1.5 The variable donor density model 

Consider the model of fig.7.8 involving a donor and 

deep trap (or acceptor) level. It will be assumed that 

semiconductor statistics may be applied to zinc sulphide and, 

for simplicity, that the conduction band is both parabolic and 

isotropic. These assumptions are questionable but enable order 

of magnitude calculations to be made. 

conduction band 

donor level 

Fermi level 

trap level 

valence band 

free carrier density = n 

donor density = Nd  = nd  + ne  

occupied donor density = nd  

unoccupied donor density = ne  

trap density = Nt  

Fig.7.8 The variable donor density model of zinc sulphide 

E  
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Temperature dependence measurements suggest that the 

donor level depth, 0, is approximately 0.08ev (7.1.3). The 

results of calculations of the Fermi level position at 100oK 

(appendix B6) from the multiple of free carrier density 

and conducting area are recorded in table 7.1. for various 

estimates of the conducting area. If one considers the estimates 

of conducting area (1-100 pm2) from the accumulated filamentary 

evidence (6.8), it is evident that the Fermi level can be 

above or below the donor level. 

Applying Fermi Dirac statistics the occupancy of the 

conduction band is approximately given by, 

n = N exp (7.:Ef/KT) 

This is a very good approximation if Et/KTV1, but is still 

quite good provided Ef/KT> 1 (Smith, 1961 ; at 100°K, KTps 

8.10-3eV) 

The general expression for the occupancy of a donor level is, 

nd  = Nd41 +_g.exp. CEf-OYKTd (See fig.7.8) 

The spin degeneracy, g, is usually taken as 1/2  for a donor level 
(Smith, 19611. The ratio of occupancies of the conduction band 

and donor level then becomes, 

n = Nc . -Ef/KT 

[ 
nd Nd 	e +_ 1/2.e - +/KT] 	 (3) 

Two limiting approximations of this expression can be 

considered; 

	

When Ef>> 0, n/nd  = (Nc/2Nd1.exp(-0/KT) 	 (4) 

	

Ef<c 0, n/nd  = (ga/Nd).exp(-Ef/KT) 	 (5) 

The results suggest that the lowest conductivity states 

satisfy the relationship Efl,>0. However, equation (2) must also 

be obeyed, so equation (4). becomes 

(2Nd/Ncl.exp (0/KT) = nd/n > 10 3  
Unless a trap level is present (fig.7.8), this condition cannot 

be fulfilled. (Without the traps nd  = Nd, as Nd  = nd  + n and 

n<A n , 
and this infringes the condition Ef )7 0). Using N 

423.1017cm-3 at 100°K (appendix B5) and equation (2) the 

following minimum values for Nd  are obtained 



H4. 

0(eV) 

d(cm
-3) 

0.05 

6.6.1017 

0.08 

2.0.1016  

0.1 

2.0.1015 

0.15 

6.0.1012 

The experimental value of 0 = 0.08eV implies that the trap 

density, Nt, is approximately 2.1016cm-3 and that Nd  always 

exceeds this value (or p-type conduction results). Hence, 

• 
Nd  -7 2.1016 + n + nd  ne • 2.1016 + n =  

It should be noted that this model is not feasible if 0 is 

much less than 0.05eV, as the donor level will then exhibit 

a Mott transition (7.2). It is also necessary to consider 

the limit imposed by equation (1). From above, for low 

conductivity off-states, ne  -7 2.10'16 	 3 cm . This satisfies the 

condition that Poole Frenkel currents were observed in low 

conductivity states at 104  V/cm). 

For higher conductivity states the Fermi level may be above 

the donor level and equation (5) is applicable. 

i.e. n/n (14
c
/Nd) exp. (-Ef/KT), with Nd  = n • d 

For Poole Frenkel currents to be observed at 104V/cm, 

n<5.3.1016cm-3, (equation 1). Hence, as the trap density has 
been estimated as 2.1016cm-3, the density of free electrons 

must be 3-3.1016cm 3. This is not in conflict with the results 

in table 7.1. Indeed it is clear that the density of 

unoccupied donors does not greatly alter as the donor density 

varies. 

7.1.6 Space charge limited current effects  

The conduction band model described above also admits the 

possibility of space charge limited currents. Indeed, such 

characteristics were observed (6.4.1), showing an approximate 

activation energy of 0.04ev in the ohmic region and zero activation 

energy in the space charge region. 

Roberts and Schmidlin (1969) have shown that the space 

charge and ohmic regions in general exhibit differing activation 
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energies. In chapter 1 it is shown that, for the model 

considered here, when Ef 4.4-0 then, 

n = (Nc Nd) .exp. (-0/2KT) 

0 = 1 	 (1.2.2) 

In other words the ohmic current has an activation energy 

of Ot, whilst the space charge region has zero activation 

energy. The observed values of ohmic activation energies 

are approximately half the assumed donor depth. When 

Ef>> 0, the fraction of injected carriers remaining free 

is no longer zero and 

n = (Nd  - Nt)(No/Nd.exp(-0/KT) 

0 = '(Nc/Nd).exp(-0/KT) 

It is necessary to consider, for a specified set of 

conditions, whether the Poole Frenkel or space chargekinited 

current is dominant. The Poole Frenkel effect does not 

introduce space charge, and space charge effects cannot be 

dominant until the injected charge becomes significant 

compared to the free carrier density, whether this be due 

to thermal equilibrium or field enhancement. 

Consider the three equations (see 1.2.2); 

Ohmic current density, Jo  = ney   (6) 

Space charge limited current density, Jsc  =(9/8)eye(V2/0)...(7) 

Poole Frenkel current density, J
Pf 
 = ner(V/L).exp(pF 2/rKT)....(8) 

Two approaches to determine the dominant effect, are possible. 

The first is to consider the transition voltage from ohmic 

current to each of the others, the mechanism having the 

lower transition voltage being dominant initially. The 

second is to compare the current densities at typical fields 

employed. 

Taking the first approach, the transition voltage from 

ohmic to space charge limited current can be considered to 

occur when equations (6) and (7) are equal. 
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i.e. Vsc = 	8enL2/9 E 

1.94.10-5.(nL2/8) where L is in microns 

The Poole Frenkel effect can be considered to begin to dominate 

the ohmic current when the exponential power, in equation (8), 

is unity. 

Hence, VpF = 0.108 Lr2, where L is in microns (appendix B7) 

Therefore, Vsc/Vpf = 1-83.10
-14.(nL/r28) where n is in cm-3 

The Poole Frenkel effect can be expected to dominate when this 

factor exceeds unity 

For Ef« O: 8 = 1, r tends to 2, typically L=5 microns 

Hence Vscpf>  1 when n> 4.4.10
13cm-3 

For E
f 0 ; 8 = (Nc/Nd) exp (-0/KT), n=1, typically 

L = 5 microns and Vsc/Vpf> 1 when n< 2.1010cm-3 

(Appendix B8) 

In practice these conditions are too rigorous. 

Experimental results were often taken at tens of volts and as 

a Poole Frenkel current increases more rapidly with voltage than 

a space charge limited current, a comparison of current 

densities at given voltages may be more useful. Calculation 

indicates (Appendix B.9) that, for low conductivity states, 

the Poole Frenkel effect can be dominant at 20 volts for free 

carrier densities greater than 2.107cm-3. A similar 

calculation for the condition 8=1 shows that space charge limited 

currents can dominate at 20v provided the free carrier 

density is less than 1013cm-3. Thus it appears that Poole 

Frenkel effects are likely to dominate conduction when the 

Fermi level is below the donor level. However, as the Fermi 

level is raised above the donor level, space charge limited 

currents may dominate provided the free carrier density 

does not exceed 1013cm-3. 

An analysis of typical experimental results is given 

in table 7.2. The quantitative estimates of the filament 

diameters are all less than one micron. 



TABLE 7.2 

OHMIC TO SPACE CHARGELIMITED CURRENT; TYPICAL RESULTS 

, 

device 
transition 

voltage 

V 

resistance 
in ohmic 

region 	RS) 

% 

(p/A) from R 

(appendix B2 

with L=5pm) 

(nA) 	from(p/A) 

(appendix B3 

A in pmt) 

n from V 

(assuming 

e=1,L=5 e=1,L=5pm ) 

estimated 

filament  
diameter from 

nAim 	pm 

19 

d=8pm 

0.8 1x109 2x1012 3.1x1012 1.6x1013 0.50 

19 

. 

0.1 3.3x109 6.6x1012 

_ 

9.5x1011  2.1x1012 0.8 

68 

d=4pm 

0.6 5x1010  lx1014 6.24x1010  1.2x1013 0.08 

103 0.2 3.3x109  

d=l0pm  

6.6x1012  9.5x1011  4.1x1012  0.55 
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7.1.7 Conclusions 

Quantitative calculations on the proposed conduction 

model have served to define and limit the model. With 

reasonable estimates of various parameters, the model 

survives initial quantitative tests. More exact calculations 

would need to allow for some of the assumptions and 

approximations made in this analysis. These include: 

(i) Assumption of parabolic conduction bands 

(ii) Assumption of isotropic conduction 

(iii)The crude solution of the statistics using 

Maxwell-Boltzman approximations. 

(iv) No allowance has been made for the temperature • 

dependence of mobility. Measurements by Aven 

and Mead (1965) indicate that the Hall mobility 

of hexagonal zinc sulphide is approximately 

150 cm2v 1sec-1 at 300°K, rises to a maximum 

of 300 at 200°K and falls again to 100 at 100°K. 

(v) The difficulties associated with quantitative 

analysis of Poole Frenkel-like mechanisms. 

A few points can be made about the general picture of 

.conduction presented by the model. The variation of donor 

density was found to be a necessary assumption to obtain 

satisfactory analysis of the empirical results.. As the 

density of donor centres increases the overlap of the 

potentials of adjacent centres makes the Poole, rather than 

Poole Frenkel, mechanism increasingly likely. Also, as the overlap 

increases the potential barrier between adjacent centres 

decreases rendering impurity conduction increasingly likely. 

A possible overall picture is as follows. At low conductivities 

a Poole Frenkel mechanism dominates. As the density of 

donors increases, the observation of a space charge limited 

current becomes increasingly likely. At even higher. 

conductivities the overlap of the potentials of adjacent 

centres renders impurity conduction with lower activation 

energies increasingly likely. This is in keeping with the 

concept of the on-state as a manifestation of a Mott 

metallic transition in the donor level (7.2). 
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Impurity conduction throughout has not been categorically 

ruled out but seems unlikely in the light of the evidence 

presented in this thesis. 

7.2 THE ON-STATE IN THE BISTABLE REGION (<230°K)  

7.2.1 The on-state as a Mott metallic transition  

Although a metallic type of temperature variation of 

resistivity is observed (6.5.2), there are several reasons 

for rejecting the idea that the on-state is due to a 

thread of contact metal atoms: 

(i) Experiments suggest that there is a continuous 

range of possible conducting states from hard-off 

to on. 

(ii) The room temperature monostable behaviour is 

closely linked to the bistable behaviour and 

cannot be explained by this idea. 

(iii)Although donor and acceptor type atoms (indium 

and silver; see table 3.1) were used as contact 

material no dependence of device properties on 

the contact metal was observed. 

(iv) The temperature at which the on-state becomes 

unstable 0230°K) is difficult to explain with 

this model of the on-state. 

(v) The observed temperature coefficients of resistivity 

are less than those of silver (fig 6.24). 

This does not exclude the possibility of device failure 

by contact diffusion. Electron microscope pictures (6.8.1) 

show evidence of structural damage when crystals have been 

switched many times and devices sometimes fail to a low 

resistance (several ohms). 

If the on-state is not due to a filament of metal atoms, 

yet shows metallic properties, it is likely that a Mott transition 

occurs to produce metallic conduction in an impurity band 
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(1.4.2). Indeed, this is an inevitable consequence of the 

variable donor density model, provided the donor density can 

be sufficiently great. The partial compensation predicted 

above (7.1.5) guarantees that the impurity band formed will 

not be fully occupied and can show conduction. 

It is possible to make reasonable estimates of both the donor 

concentration required for a metallic transition and the 

resulting resistivity. 

7.2.2 Prediction of the necessary impurity concentration 

Mott (1956) predicted a sharp transition from a non-

metallic state (localized electrons) to a metallic state 

(delocalized electrons) when the concentration of impurities 

in a semiconductor increases sufficiently (1.4). 

Mott's prediction of the critical concentration of 

impurities, for low values of compensation, is 

Nc 	(0.25/a)3, where 'a' is the atomic radium 

of the impurity atom. 

a = e2/2 cEo,  where Eo is the experimental ionization 

energy (Alexander and Holcomb, 1968) 

Hence Nc 
	(0.5 cEo/e)3 

For zinc sulphide, taking E = 0.1eV, the calculated value of 

Nc is 2-4.10
19 cm-3  (appendix C.1). Although no reports of 

metallic transitions in zinc sulphide have been seen, such 

transitions certainly occur in cadmium sulphide (Toyotomi 

and Morigaki, 1968) 

7.2.3 Prediction of the on-state conductivity  

Mott (1970) estimated the minimum metallic conductivity 

observable in heavily doped semiconductors as, 

a T.--  0.02 E /h where Eo is the ionization 

energy of the dopant. The formula gives an approximately 

correct value for doped germanium and predicts a value of 

a = 28
-1  

cm-1 for the present results (appendix C2). 
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Hence an order of magnitude estimate for the maximum 

resistivity of on-state filaments is p• 	4 x 10-20cm 

This value of resistivity predicts typical filament 

diameters of the order of 6 microns (appendix C3). Similar 

filament diameters had to be assumed in the interpretation of the 

off-state results (7.1) and further evidence in support of 

the predicted resistivity is available from the study of 

the on/off transition (7.4). It seems reasonable to conclude, 

therefore, that the on-state is a manifestation of the Mott 

transition. 

7.3 THE ON-STATE IN THE MONOSTABLE REGION (>230°K) 

In general, as the device current is raised, normal off- 

state properties give way to a (sometimes controllable) negative 

resistance region, a steep increase of current with little 

voltage change and finally the current obeys a Vn  law, 

where n = 1 to 2 (figs 6.10, 6.25, 6.26). Typical values 

of the minimum voltage required to hold the device in the 

on state are 0.1 to 1 volts. 

Mechanisms cited to explain ,such effects include the 

double injection model (Lampert, 1962), the Mott double tunnel 

model (Mott, 1969a), avalanche breakdown (O'Dwyer, 1964) and 

thermal breakdown. 

A simple thermal breakdown model would not explain the current 

voltage law observed in the on-state as the model predicts 

that the current rises rapidly with slight voltage decrease 

(Thomas and Warren, 1969). This does not exclude the 

possibility of the transition to the on-state being thermally 

initiated. The double tunnel model must also be rejected as its 

sole prediction of the holding voltage being equal to the band 

gap is clearly not satisfied (zinc sulphide band gap = 3.6eV, 

holding voltages = 0.5v). Also, the observation that the on- 

state can be held, using the ac curve tracer, without an off 

state appearing at every current reversal (plates 6.8, 6.9) 

makes a mechanism involving trapped charge of opposite signs 

at the two contacts very unlikely (or, indeed, any similar 

polar mechanism). 



122. 

A more plausible mechanisn i8 that of a field induced 

carrier avalanche. The steep, voltage independent, current 

increase then corresponds to the growth of the filamentary 

conducting area until the whole contact (or, in this case, 

'formed' contact) is involved when the current again becomes 

voltage dependent. This is analagous to the Paschen region 

discussed in gas discharge theory ( Brown 1966). 

The simple avalanche breakdown law predicted by O'Dwyer (1969) 

is not obeyed (appendix El and fig 7.9). However, Kurosawa 

(1965) investigated the theory of avalanche breakdown in 

compensated germanium to explain the experimental results 

of McWhorter and Rediker (1960). The general conclusions 

will be stated here. Except for very high carrier densities, 

the collisions between• carriers can be neglected and impact 

ionisation of neutral impurity atoms, coupled with retrapping, 

dominates the breakdown. The switching field decreases with 

temperature but increases both with impurity density and with 

compensation. 

The present results show little variation of switching field 

with temperature (fig 6.29) or thickness (fig 6.28) over the 

temperature range 240-400°K. It is not possible to eliminate, 

or confirm, an avalanche mechanism with the presently available 

information. The undoubted presence of thermal effects will 

complicate any further conclusions (7.5). 

A plausible explanation of the results can be given in terms 

of a filamentary double injection model (1.2.3). The results 

of Barnett and Milnes (1966) on filamentary double injection 

in compensated germanium and silicon show the steeply increasing 

current leading to a V1.5 to 2.0 law as seen here. Other points 

in favour of this possibility are that space charge effects do 

occur (7.1.6) and that hole injection has been reported in zinc 

sulphide devices with identical contacts. This hole injection 

occurred after the application of a high voltage had produced 

formed patches (Aven and Cusano 1964, Woods 1957). The hole 

injection was confirmed by the observation of electroluminescence. 

(Similar results with In contacts on CdS have been reported by 

Manor and Woods 1963, and Vateva 1969. A discussion of the 

difficulty of obtaining hole injection without formed patches 



From Fig. 6.28 

1 	 

(switching field x 10-5)-1  

t
h
i
c k
n
e
s
s
  

400 

10 

123. 

 

10 
Test of validity of 1-1/Fc= log (acp40) 

values from table 7.1 

  

   

t
h
i
ck
n
e
s
s
  

 

x 

(switching field x 10-5)-1 	 

  

 

0.1 

  

2 

Fig. 7.9 Test of O'Dwyer avalanche theory at 100°K (appendix El) 

0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6, 	0.7 

Fig. 7.12 Test of O'Dwyer avalanche theory at 300°K 



124. 

or tunnelling through insulating layers is given by Van Ruyven 

and Williams; 1966). 

The Ashley-Milnes model of double injection breakdown, 

involving a partially occupied recombination centre (1.2.3), 

predicts a breakdown voltage, V. 

V 	nr/2i[e NrAT [ap  vphap  pr  
2 1 

crnvniFinn] 

Ii 

where N 	n 
ro  + pro (the symbols are explained in 1.2.3). 

Assuming similar values of all parameters except thickness 

for different specimens, the critical voltage should be 

proportional to the square of thickness. The observed results 

(fig 6.28) show so much scatter that it can hardly be claimed 

that this proportionality is obeyed. It is, however, a 

possibility. Experimentally it was found that if certain 

precautions were not taken, the critical voltage could become 

very low after one or two switching cycles (6.7.2). Taking 

the equation above, if the number of electron occupied 

recombination centres, nro, drops significantly from its 

equilibrium value the second term will dominate. Provided the 

total number of recombination sites does not alter the critical 

voltage is then proportional to the square root of nro. In 

other words the critical voltage decreases as nro  decreases. 

Thus it is possible that, if a double injection of this type 

occurs, the thermal equilibrium occupancy of the recombination 

centres is not easily recovered. Sensible estimates of the 

absolute values of the critical voltage and its temperature 

dependence require knowledge of the other parameters, in 

the above equation, which is not available. 

7.4 THE ON/OFF TRANSITION 

Previous considerations (6.5; 6.8; 7.1) have led to 

the concept of the on state being dominated by a filament, 

a few microns in diameter, of highly conducting material. 

All highly conducting states, including the on-states, revert 

to high impedance if the device is heated above 230°K. 

The on/off transition can also be achieved by 'passing a current 

greater than a critical value. It is thus tempting to suggest 
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that the transition is caused by Joule heating of the filament 

to about 230oK. 

Calculations of the temperature of the filament can be 

made by assuming a simple cylindrical filament and solving the 

heat balance equation with two boundary limitations: 

(i) assuming all heat flow is along the filament to the 

contacts at ambient temperature 

(ii) assuming radial heat flow from the filament, with 

the contacts again at ambient temperature 

The results of these calculations (appendix Dl) predict the 

temperature by which the centre of the filament exceeds ambient 

as; 

e = 2Rd/8K Tr r2 for end flow (valid when r>> d) 

e = (12R/4Kd) . log (2d/ Tr r) for radial flow (valid when r « d) 

These calculations assume that thermal conductivity is 

independent of temperature. Reported values of thermal 

conductivity (table 3.1) vary by a factor of three over the 

temperature range considered (77-250°K). An estimated mean value 

is used in the appendix calculations. It is also assumed that the 

thermal conductivity of the on-state is comparable to that of the 

normal crystalline state. A simple calculation of the electronic 

thermal conductivity justifies this (appendix D2). 

If it be assumed that an 'on' filament ruptures when the 

temperature at the centre becomes approximately 230°K, then 

it is possible to calculate the dependence of the current for 

switch-off on the resistance of the state (appendix D3); 

For end flow , Ic  = 1/Ron .\18KOp 

For radial flow , 4dRon
Arp= exp(8K8d/Ic2Ron) 

0 
where 8 = 230-80 = 150 C, c is the critical current, Ron 
is the resistance of the on-state and p its resistivity. 

If the rather drastic assumption of constant resistivity 

of the oft-states of a particular specimen is made, then if 
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end heat flow is dominant, IC  ot 1/Ron. For radial flow a 

graph of log(Ron) against 1/I c2Ron  should be a straight line 

of gradient Med and intercept pn/4d on the resistance axis. 

Experimental results seem to obey the first law 

(fig 6.31, page 89 ) rather than the second (fig 7.10). 

Indeed, the slope of the radial flow graph is incorrect by more 

than an order of magnitude, even at high resistances where best 

agreement would be expected. The experimental results thus 

suggest that end heat flow is dominant and predict resistivities 

of 0.1-8Qcm for various specimens (appendix D4) corresponding 

to typical filament diameters of a few microns (appendix D4). 

Several points emerge from this analysis: 

(i) the straight line graph depended on a constant 

value of resistivity for different on-states. This implies 

that on-states were achieved by driving the device to the limit 

of its possible conductivity each time. 

(ii) the estimated values of resistivity suggest that the 

minimum conductivity for a Mott metallic transition may be 

achieved (7.2), but that on-states have conductivities very 

close to the required minimum. 

(iii)the ratio- of filament diameter to specimen thickness 

does not always convincingly satisfy the requirements for the 

dominance of end flow (see appendix D4). Now, it maybe that 

the 'on' resistance is dominated by a short narrow section of 

filament. This alters boundary condtions to produce slightly 

modified expressions for the temperature at the centre of a 

filament (appendix D5). This approach seems reasonable in view 

of the off-state I-V characteristics interpretation which 

suggests filaments rupture and re-form over short sections of their 

length. 

The end flow analysis is little changed by the approximations 

of appendix D5. However, the radial analysis allows the 

observed slope of the experimental graph (fig 7.10) to be 

lowered, provided L/d remains constant which is unlikely. Using 

this approach fig 7.10 predicts a resistivity of 5.1020crn2 
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(appendix D5). Unfortunately, the resulting filament length 

to diameter ratio is at variance With the radial flow approach. 

The problem of heat flow has not been fully solved. It 

appears that end or radial flow can dominate depending on 

particular circumstances. However, the approximate analysis 

given here does give a reasonable explanation of the turn-off 

mechanism and supports the possibility of on-state resistivities 

being of the order expected if a Mott transition occurs. In 

terms of this approach high current pulses would heat the 

filament very rapidly to rupture before significant heat flow 

could occur. 

7.5 THERMAL EFFECTS IN OFF/ON TRANSITIONS  

In general there may be three thermal effects: 

(i) Joule heating of the specimen in the off-state 

prior to transition to the on-state 

(ii) During an off/on transition the applied potential 

across the device drops rapidly because .of the series 

resistor. The stored electrostatic energy released 

must be dissipated as heat. 

(iii)The transition may be thermally initiated. This 

possibility is discussed in the next section. 

The off-state analysis (7.1) showed that the conduction 

is always dominated by a filament. Hence equations developed 

above (7.4, appendix D.1) may be used to calculate the temperature 

in the filament as the current is increased. In general, the 

temperature rise above ambient is negligible but, in the 

negative resistance regime sometimes observed, (fig 6.11) the 

temperature may be several degrees above ambient (appendix D6). 

This may be indicative of thermal initiation of the off/on 

transition (see 7.6.2), and certainly complicates discussion 

of other transition mechanisms. 

When a device switches from 'off' to 'on' there is a 
delay time (typically microseconds) followed by a rapid 
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transition involving the collapse (in less than one microsecond) 

of the potential across the device (6.7.2). The concomitant 

discharge of stored electrostatic energy can cause considerable 

heating of the filamentary area, especially if the time taken 

to establish thermal equilibrium with. the surrounding material 

(the thermal delay time) is greater than the transition time. 

An estimate of this delay time, for end-flow cooling, is 2p s 

for a 10v m length filament (appendix D7). Hence, it is 

reasonable to assume that the discharged electrostatic energy 

heats the filament sufficiently rapidly to neglect cooling. 

A calculation equating electrostatic energy discharged 

to heat gained, gives the temperature rise for a typical 

specimen as, 

e = 3.10-10 V2  /A 

where C is the capacitarice in pf, V the initial voltage, A 

the filament area in cm2  

Typically a device is formed by application of 500 volts. 

Taking C = 5pf and A = 10-6cm2  (10 pm diameter), the temperature 

rise above room temperature is approximately 375°C. Indeed 

higher temperatures are possible in smaller filaments. These 

temperatures could be sufficiently high to assist the 

formation of ohmic contacts over a small area during the 

breakdown process (3.3.1). 

When a device switches from 'off' to 'on' the voltage 

required is usually much less than the forming voltage 

and such high temperatures would not be expected. However, if 

the ambient temperature is 1000K it is reasonable to suggest 

that the temperature may rise above 230°K (such a rise would 

occur for V = 50 when the filament was 1.5 vm diameter). Hence, 

it is possible that the off/on transition requires a filamentary 

heating to above 240°K, at which temperature electronic and/or 

structural reorganisation can occur. The filament must then 

cool to below 230°K sufficiently rapidly to prevent relaxation 

of the on-state. Measurements of the monostable behaviour 

indicate electronic relaxation times of the order of 

milliseconds (6.3.3, 6.7.2), whereas a hot filament has a 

thermal relaxation time of microseconds (appendix D.7). 

The above process is thus possible. 

(appendix D8)' 
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Estimates of the actual size of the filament when 

first established (and, hence, its temperature) are difficult, 

especially as the filament area may subsequently increase 

(Boer and Ovshinsky, 1970). 

7.6 OFF/ON TRANSITION 'INITIATION MECHANISMS  

7.6.1 Introduction 

The particular interest here is the breakdown mechanisms 

which initiate the switching transition. It should be noted, 

once again, that the initiating process may give way to 

other processes during the transition (2.5.1). Unfortunately 

it is difficult to conclusively identify breakdown mechanisms 

and thermal effects always tend to interfere with electronic 

mechanisms (O'Dwyer, 1969). The results available here on 

breakdown fields as functions of specimen thickness and 

so on (6.7) show sufficient scatter to make even tentative 

interpretation difficult. 

7.6.2 Possible initiating mechanisms (see also 2.5) 

The most likely possibilities for the initiating 

mechanisms are: 

(i) Thermal breakdown  

This will occur if no other breakdown mechanism can 

appear at lower field, provided the conductivity increases 

with temperature. In view of its importance in other switch 

systems (2.5.2) it will be discussed in some detail. 

For radial heat flow, Thomas and Warren (1970) give a 

calculation for the critical field for thermal breakdown which. 

depends on expressing the temperature dependence of conductivity 

[xp (-E/KT)] approximately as Tn. This is valid for the 

small temperature changes involved in the pre-breakdown region. 

The modified expression, using a filament of width 2a, length 



131. 

2d, is 	 112. 

F = (1.3/a) [(n + 1)KT/2 a n2] , 
where n = 12 for ZnS at 100°K (appendix D9) 

Hence, F = 0.9(1/a a2)1/2  = 3.6 (p/A)1/2  V/cm 

Fig 7.11 shows a plot of experimental values of F against (p/A) 2  

obtained from table 7.1. At high resistivities a roughly 

constant value of switching field is shown (see 7.1). 

However, as the conductivity increases the switching field 

decreases. This decrease is possibly as indicated by the above 

equation 	, though absolute magnitudes are incorrect. The 

equation above makes no allowance for the field dependence of 

conductivity. For the present situation such a calculation would 

be difficult (Warren and Male, 1970) but would certainly lead 

to lower estimates of the critical field. 

A crude estimate of the temperature dependence of the above 

expression for switching field, suggests that the field at 100°K 

will exceed that at 300°K by a factor of two (appendix D9) which 

is rather smaller than that observed (fig 6.29). 

If heat flow parallel, instead of radial, to the filament 

is considered, the equivalent expression to that above is 

V = 	8KT/[; (n - (Thomas and Warren, 1970) 

The typical switching voltages are 10-100 at 1000K 

(table 7.1), so values of conductivity of 10-1  - 

would be required to predict this correctly. Likely conductivities 

are orders of magnitude lower (7.1). Indeed, end heat flow does 

not predict a negative resistance region in the I-V characteristic; 

transverse heat flow is necessary for this (Warren, 1969). Of 

course, even if end flow does dominate the heat flow, there will 

be some radial flow and this could govern a thermal breakdown. 

However, the calculations will be even more complex. 

Calculations of the conditions for thermal breakdown 

in the ruptured filament model are complicated and have not 

been attempted here as the evidence is not overwhelmingly 

in favour of a thermal breakdown as such. Some points against 

a straightforward thermal breakdown are; 
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(a) At high resistivities it appears that tunnelling 

from Poole Frenkel centres precedes the negative resistance 

region (see iii 	). Whilst there is likely to be a 

temperature rise involved (7.5) it is not obvious how the 

conductivity in a tunnelling region can be significantly 

temperature dependent. 

(b) A similar comment applies to the space charge 

limited characteristics which have no temperature dependence 

but show breakdown at similar fields to other device states. 

(c) The switching field does not tend to zero at high 

temperatures, as would be expected in a purely thermal 

breakdown (and is observed for Ovonic devices). 

However, thermal effects are clearly present in most stages 

of the device behaviour ( 7.5 ). Separation of the correct 

switching initiation mechanism will prove to be a difficult task. 

• (ii) Zener breakdown 

Zener (1934) considered the possibility of breakdown by 

tunnelling, at high fields, of electrons from the valence band 

through the energy gap to the conduction band. Both the 

temperature independence of the effect and the estimate'of 

a field of 107v/cm for its occurrence in zinc sulphide (Herisch 

1962) serve to rule out its importance here. 

(iii)Field ionization of impurity centres  

At high fields the Poole Frenkel mechanism becomes 

increasingly dominated by tunnelling through the energy barrier 

(Hill 1971a). An estimate of the field at which tunnelling 

should cause rapid increase of current for the present 

specimens gives a value of 2 x 105V/cm (Appendix E2). This is 

close to the deduced experimental values for low conductivity 

specimens (7.1.1 and fig 7.2). Estimates of the field required 

for tunnelling out of activator centres in zinc sulphide vary 

between 3 x 106V/cm (Burns, 1953) and 2 x 107V/cm (Piper and 

Williams, 1952). 
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(iv) Avalanche breakdown  

If the energy transfer when an accelerated electron 

collides with a crystalline lattice is greater than the 

band gap energy, the lattice may ionize to form a free hole-

electron pair. The free electrons, accelerated by the field, 

may cause further ionization leading to breakdown. This 

mechanism produces much noise just prior to breakdown (Von Hippel, 

1952; Frohlich, 1950), and predicts a monotonic decrease of 

critical field with increasing specimen thickness (see 7.3 and 

appendix El). The experimental results do not satisfy this 

relationship (figs 7.9; 7.12, page123) . 

(v) Impact ionization of impurity centres  

The impact of a hot electron may directly ionize an 

impurity centre. Alternatively the collision with the lattice 

may produce an electron-hole pair (as in (iv)), one of which 

recombines at the impurity centre to ionize it. The ionization 

probability is strongly field dependent and difficult to 

estimate (Henisch 1962). Kurosawa (1965) considered the theory 

of avalanche breakdown involving impact ionization, in compensated 

germanium (see also 7.3). A decrease of critical field with 

increasing temperature is observed here (fig 6.29). In the 

present system at low conductivities, the compensation of the 

apparent donors is very high (7.1) and does not become small 

until high values of conductivity are reached. Hence, the steep 

increase of critical field due to high compensation (predicted by 

Kurosawa) could more than offset the predicted decrease in 

critical field as impurity density decreases. The present 

experimental results (fig 7.2) may, thus, possibly be partly 

explained by avalanche breakdown theory. 

(vi) Double injection mechanisms  

These are discussed above (7.3) as possibilities for the 

room temperature switching processes. At low temperatures, 

absolute estimates of initiating fields are not possible as too 

many unknown parameters are involved. Clearly, if a double 

injection occurs at low temperature the bistable on-state 

law. transition prevents the observation of the V2 
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7.6.3 Summary 

(i) The forming transition  

The temperature dependence (6.7.1) and fields involved 

(6.7.1) point to a thermal breakdown. This presumably occurs 

at a weak spot. Certainly, even if another mechanism is 

involved, considerable heating of the filamentary breakdown area 

can occur to assist the formation of ohmic contacts over that 

area (7.5). 

(ii) The off/on transition above 230°K  

The magnitude of the field involved ( 	3.104  V/cm, fig.6.29) 

rules out tunnel mechanisms including the Zener effect. There 

is some evidence in favour of a double injection mechanism (7.2). 

Certainly an electronic mechanism has to be invoked in the later 

stages of the transition (7.2) although thermal effects may 

also be present. 

(iii)' The off/on transition below 2300K 

(a) Very low conductivity states show a field ionization 

(7.6.2) leading to a significant temperature rise before 

the transition occurs (7.5 	). The evidence then points 

towards a thermal and/or impact ionization mechanism (7.6.2). 

(b) Higher conductivity states do not reach field ionization 

conditions before the transition occurs. Again it is not 

possible to distinguish impact ionization and thermal 

mechanisms; there being evidence for and againSt both. 

7.7 THE A.C. BEHAVIOUR 

It is not intended to deal in great depth with the ac 

behaviour as enhanced dc states show no corresponding changes 

in their ac behaviour. Indeed, once the dc conductance of an 

enhanced state exceeds the virgin ac conductance for a 

particular frequency, the ac conductance becomes equal to the 

dc conductance (6.4.3). As a relatively highly conducting off-

state is necessary to achieve this dominance, it is possible 

some ac enhancement occurs for lower conductivity off-states. 

Unfortunately, one would not expect to observe this if most 
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of the device contact area is unaffected by forming and switching 

and only a filament of a few microns diameter exhibits dc 

enhancement (ie 10-6 of the total contact area. Thus the 

ac conductance of the filament must rise by 104 to affect 

the total ac conductance by 1%). 

The ac results of the virgin devices are not amenable to 

full interpretation for several reasons, 

(i) The frequency range was restricted (30Hz to 3.106Hz). 

(ii) The high impedance and unaccountable small changes 

in the observed parameters of devices made accuracy difficult. 

This and the limitations on bridge sensitivity, restricted the 

lowest temperature and frequency at which readings of 

conductance could be taken. 

(iii)Changes in capacitance with temperature and frequency 

were usually too small for an accurate assessment of behaviour 

to be made. 

In spite of these problems, some progress in interpretation 

of the results is possible. There is no reliable evidence 

of a peak in the dielectric loss tangent over the experimental 

frequency range. However, at the lowest frequency of measurement 

(30Hz) the capacitance was often showing signs of significant 

increase, suggesting the possible presence of a low frequency loss 

mechanism. (The slight evidence of a peak at high frequencies 

is suspect as the radio frequency bridge was being used close 

to its detection limits). 

Over the experimental frequency range the available 

evidence favours a hopping type mechanism (1.4.1). (The small 

changes in capacitance and the insensitivity of the results 

to dc bias are against an interpretation in terms of a series 

circuit involving contact effects; e.g. Simmons et al 1970, 

Argall and Jonscher 1968). By considering hopping to occur 

exclusively between pairs of majority impurities Pollak and 

Geballe (1961) predicted; 

G *cwx where x = 0.8 (or less if multiple hopping occurs) 

and the excess capacitance, Cocw1-x (as a consequence of the 

interpretation of the effect in terms of circuit theory). 
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In general, the experimental results (6.2.5) obey these 

relationships over 3-4 decades of frequency. However, this 

cannot be regarded as definite proof of the presence of a 

hopping mechanism. 

The temperature dependence results show an activation energy 

of 0.1 t 0.01eV for the process (6.2.5). This is higher 

than is usually observed for electronic hopping (typical 

activation energies are of the order of 0.01eV or less). 

A possible explanation is that polaron hopping is being observed 

(Austin and Mott, 1969). It is perhaps worth noting the 

similarities in activation energies of the ac virgin behaviour 

and the low conductivity off-state dc behaviour (7.1). However, 

no other correlation between ac and dc results has been 

observed. 



CHAPTER 8 

CONCLUSIONS AND AN OVERALL MODEL 

In this chapter an attempt is made to bring together the 

separate conclusions of chapter 7 into a complete model of 

the switching processes in zinc sulphide devices. Although 

the particular model is speculative, the general ideas are 

closely based on the evidence available both from the present 

results and from reported work on zinc sulphide and related 

compounds. Some comments are made on the possible importance 

of the present results, and further work to aid the understanding 

of the physics involved is proposed. 

8.1 CONNECTIONS BETWEEN MONOSTABLE AND BISTABLE RESULTS  

Before a general model is discussed it is necessary to 

state the evidence leading to the conclusions that the monostable 

and bistable effects are closely linked and that the bistable 

effect depends on a structural distortion: 

(i) All bistable devices studied by other workers show 

a monostable transition before the bistable change is locked in 

(Drake,1970;2.5.5). All bistable devices tend to show monostable 

properties at high temperatures (Drake,1970;2.5.5). 

(ii) If the current through a zinc sulphide device in 

the on-state at room temperature is maintained above a few 

tens of microamperes as the temperature is lowered a stable on-

state can result (6.6). This is strongly indicative of the 

room temperature mechanism of current enhancement being locked 

in as the structure cools (and contracts). 

(iii)The bistable region is solely a function of 

temperature. The on-state can be annealed out by heating 

either the filament or the whole device to 230°K. At low 

temperatures no decay has been observed in the on-state 

I37. 
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conductivity. However, spontaneous change of conductivity does 

sometimes occur (possibly due to mechanical vibration). 

Similarly, on warming slowly a device tends to revert to an 

off-state by one, or a series, of abrupt increases in 

resistivity rather than a gradual increase. This all suggests 

that a structural relaxation, rather than gradual change of 

capture cross-section and subsequent carrier capture, is 

responsible for the on/off transition. 

(iv) The temperature dependence of the switching field of 

a typical specimen (fig 6.29) is not easily interpreted as 

being due to two mechanisms, one of which is dominant above 230°K. 

In general the off/on transition will be caused by the mechanism 

which occurs at the lowest field. Referring to fig 8.1 

mechanisms (a) and (b) would lead to a resultant (d) and not 

the experimental curve, (c). Hence, unless a combination of 

mechanisms (e) and (f) occurs (fig 8.2), the whole of the 

temperature region is governed by one primary breakdown 

mechanism. 

Any model must explain the presence of monostable and 

bistable effects. The low temperature results seem likely to 

depend on variations of the concentration of apparent donors, 

leading to a Mott metallic transition at one extreme. The 

monostable effect must involve similar carrier distribution 

changes which are maintained by the presence of the applied 

electric field, rather than structural distortion. 

A few remarks are possible on the lock-in mechanism of the 

on-state. The close connection between monostable and 

bistable on-states makes it possible to reject the idea of the 

.on-state involving a locked polar mechanism (see 7.3). Hence 

mechanisms such as a locked doUble tunnel model or dipolar 

phase transition model can be considered unlikely. A polar 

effect is only possible if certain atomic displacements,, 

resulting in an induced dipole moment, are required for locklng-
in of the low temperature on-state. Indeed, such an effect may 

explain the recovery of monostable switching fields when an 

alternating current through the device is gradually reduced to 
zero (see 6.7.2 and 7.3).. The alternating field may produce a 
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displacement favourable to recombination for part of the time. 

8.2 IMPLICATIONS OF THE  VARIABLE DONOR DENSITY MODEL  

8.2.1 General Considerations  

Although far from proven, the rupturing filament variable 

donor density model does explain all features of the off-state 

results qualitatively and, to a limited extent, quantitatively. 

A Mott transition as the explanation of the bistable on-state 

follows logically, and various estimates of the resistivity of 

this state are in order of magnitude agreement with the value 

expected theoretically. If this model is accepted its 

implications can be explored. 

Of immediate interest is the origin of the donors. A typical 

donor atom, such as chlorine, occupying a sulphur vacancy has 

an activation energy of about 0.25eV (table 3.1) whereas the 

activation energy associated with the variable donor model is 

rather lower (= 0.08eV). Also the density of donors, in the 

conducting filament, is certainly controllable by a combination 

of electrical and thermal stimulation and possibly by each 

separately. It seems doubtful that donor impurity atoms diffusing 

in and out of the filament could account for the observed 

properties for the following reasons. 

When in an on-state, or a high conductivity off-state, the 

filament must be rich in donors, relative to its surroundings. 

Sufficient heating of this filament, relative to its surroundings, 

should then cause diffusion of donors away from the filament. 

This could explain the on/off transition when Joule heating raises 

the filament temperature above 230oK. However, atomic diffusion 

is normally a slow process even at high temperatures yet 

devices can switch off at temperatures below 230°K. The return 

of donors to the filament at switch on is even more difficult-

to understand with this model. If the filament, at switch on, 

either sustains an electron avalanche and/or becomes hot it would 

seem energetically unfavourable for donors to return. If the 

movement of donor atoms cannot be invoked, another explanation of 

the apparently variable density of donors must be found. 
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8.2.2 Relevant switching models  

At this juncture some of the previously proposed models for 

quasi-stable conductivity changes in switching processes may be 

considered to see whether they predict apparently variable 

donor densities. 

(i) The phase change models (2.5.5), so successful for 

chalcogenide glass switches, are not directly applicable here. 

A phase separation model does not explain the apparent continuum 

of conductivity changes observed. Also, in the case of the 

chalcogenides, the necessary phase change can occur simply by 

raising the temperature. 

(ii) The double acceptor centre model (3.6), used for stored 

photo conductivity explanations, is more promising. In theory, 

the model allows for any number of the centres to be ionized, 

giving a wide range of possible conductivities. However, the 

theory assumes ionized electrons to be entirely free to transport 

in the conduction band. A variable number of conduction band 

electrons, not governed by a donor level, will not explain the 

results presented here (7.1). 

(iii) The Drake dipole ordering model (Drake,1970;2.5.5) in 

its most general form depends on the existance of structural units 

with large dipole moments and relatively low activation energies. 

(see 7.2). One could consider a modification of the model such 

that a donor energy level associated with the dipole has two 

positions relative to the conduction band depending on the 

dipole orientations the higher energy position being at 0.1eV 

and the lower energy position always being below the observed 

Fermi levels. Dipole orientation could then alter the apparent 

density of donors. However, certain room temperature results 

seem to rule out the likelihood of dipole ordering being 

involved in the present case. 

(iv) The Wright (et al) model of stored photo conductivity 

in cadmium sulphide (3.6 ) is somewhat similar to the Drake 

model in that structural modifications are considered responsible 

for energy level changes. In this case, after ionization of an 
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electron carrying level, structural modification inhibits re-

combination below 230°K. Carriers are considered to be transported 

in an impurity band. 

8.2.3 The overall picture of ZnS switching 

It has been established that the on/off transition can be 

explained entirely by thermal effects and that the bistable on-

state is likely to be locked by a structural distortion. Thermal 

effects are also of great importance in the off/on transition 

(and particularly the forming transition). Indeed, it is likely 

that Joule heating of a filamentary volume to at least 230°K 

followed by effective quenching provides the conditions for on/off 

transition. However, an electronic effect must also be invoked 

as the on-state cannot be produced by temperature alone (the 

chalcogenide phase change model depends on the on-state resulting 

if a'device is heated sufficiently). Previous discussions 

suggest a non polar mechanism (except, perhaps, that some polarity 

is involved in the structural lock), and that the monostable 

effect is a field-maintained state which can be locked in at low 

temperatures. As donor diffusion cannot be invoked, the author 

has suggested that an ionisation followed by a structural 

distortion forbidding recombination produces the variable donor 

situation. This aspect is the new feature of the proposed model. 

Before the physical nature of the centres involved in 

switching is considered, it is possible to demonstrate the sort 

of overall picture implied by the separate conclusions so far 

(which all impose limitations on, and must be explained by, any 

eventual complete model of switching). It is only possible to 

produce a tentative model, extending the ideas of the variable . 

donor density model (7.1.5) in the light of all the other results 

and with the above models (8.2.2) in mind. 

Hole trapping, at low temperatures, for relatively long 

periods is known to occur in cadmium and zinc sulphides (3.6). 

Double injection has been observed in both, with identical anode 

and cathode contacts (7.3), and seems possible at room temperature! 

in the present study. It is thus attractive to propose that 

there exists in the zinc sulphide crystals a high density of 
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deep centres which, under certain conditions, can capture a hole 

(Or lose an electron) to become positively charged. At high 

temperatures, recombination at this level controls the double 

injected currents; at low temperatures, it must be assumed 

recombination is forbidden by a structural modification. It is 

also tempting to suggest that when a hole is captured (or electron 

lost), an electron is associated with that localized centre to 

maintain neutrality, and that this localized electron site acts 

rather like a donor. At around 230°K the structural distortion 

can relax and recombination occur. 

If the recombination level ceases to operate at low 

temperatures, double injection would be expected ( a recombination 

level acts to absorb holes at low fields thus preventing the 

observation of a two carrier space charge limited current) but 

hole injection will be increasingly unlikely as the temperature is 

lowered. At low temperatures the 'off' device with an increasing 

field applied, eventually exhibits filamentary breakdown. This 

breakdown may be initiated by an electronic or thermal mechanism 

but the discharge of stored electrostatic energy ensures that the 

filament temperatures can exceed 230°K for a short period. The 

electronic mechanism of double injection fills the recombination 

level with holes during this period. Thermal quenching (by the 

ambient material at low temperature) ensures the structural 

distortion necessary to prevent recombination of electrons. 

Reversion to the off, or equilibrium, state is solely a function 

of temperature. 

A similar model can be based on an avalanche breakdown 

being responsible for the room temperature results. 

Although speculative these ideas are only a slight 

extension of those mentioned above. In particular, the model does 

not contradict the stored photoconductivity and similar results 

used in the development of the double acceptor model. Several 

features of the model are open to question. The most important 

question being whether an impurity centre (or complex) with the 

necessary properties can exist. 
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8.2.4 The physical nature of the switching centres 

The present results do not directly yield any information 

on this problem. The physical nature of the centres is seen 

as the central feature of switching (in this and other systems) 

now requiring investigation. The results here do give considerable 

information on the necessary properties of suitable centres. 

These are summarised: 

(i) Although the centre (or complex) may be polar, dipole 

ordering is not involved in the lock--on mechanism. 

(ii) When the centre is ionized a structural distortion pro-

hibits recombination at low temperatures. 

(iii) The ionized electron is associated spatially with the 

centre to yield an apparent donor. This is the novel feature 

of the present model. 

(iv) The structural distortion relaxes at about 230°K. 

(v) Small amounts of conductivity enhancement can remain for 

long periods even at room temperature. 

Simple donors would not normally be expected to show these 

properties. Analysis of the crystals is not very helpful. The 

only impurities present in all the crystals tested, at 

concentrations of greater than one part per million, were chlorine, 

aluminium, iron, silicon and presumably oxygen (4.4). However, 

which of these is (or are) necessary is unknown. The centres 

must occur in both crystalline and amorphous zinc sulphide and 

are probably similar to those involved in switching in other 

II-VI compounds, layer compounds and certain oxides showing 

related properties. Studies of zinc sulphide have indicated the 

importance of vacancies in the structure. For example, the self-

activated luminescent centre seen in zinc sulphide (some of the 

grown crystals appear blue under U.V.) is a cation vacancy with 

a charge compensating co-activator, such as chlorine, at a near 

site (Thomas 1967; p.13). The double acceptor centre considered 

responsible for stored photoconductivity in II-VI compounds 

has been identified as a complex, probably involving a halogen 
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impurity, with a chalcogen vacancy (Woodbury and Aven, 1965). 

This centre may be stabilised by certain other impurities such 

as magnesium (Woodbury, 1969). 

With all previous comments in mind, a postulation of the 

origin of the zinc sulphide switching properties may be made. 

Consider a vacancy-impurity complex such as,for example, 

an F-centre (i.e. a sulphur vacancy containing an electron) and 

a chlorine ion. This complex is neutral but could lose an 

electron to become positively charged and smaller in size: 

1 
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Such a complex may not greatly distort the parent lattice 

at room temperature but introduce progressively greater distortion 

at lower temperatures. In addition, at room temperature, 

the energy level for recombination of the excited electron may 

be a few tenths of an electron volt below the conduction band. 

Thus a double injection, involving the recombination level 

provided by the complex, is a possibility. At low temperatures 

the neutral complex will strain the lattice significantly 

but will not easily ionise. Although ionisation possibly 

reduces the overall energy of the system, the attractive 

force between the electron and the rest of the complex will 

be sufficiently great to make the neutral complex metastable. 

If a complex is ionized at high temperature and cooled 

rapidly, recombination at the low temperature may well be 

forbidden and an enhanced conducting state results. The 

conjecture is that recombination requires an increased structural 

distortion (and increased lattice energy). Hence the ionized 

electron cannot recombine unless the energy for the structural 

distortion can be provided by first raising the electron to a 

quasi-level (fig 8.3). As other criteria (such as phonon 

requirements) must also be met, the described recombination is 

effectively forbidden at low temperatures. However, the ionized 

electron then appears to originate from a localized level which 

is the apparent donor position (n.b. Lorenz et al, 1964, had to 

hypothesize a similar quasi-level to explain the very low 

capture cross-section of stored photoconductivity). 
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These postulates do provide a possibility for the physical 

nature of the centres involved in switching. Further work 

requires an experimental study of the switching filaments in 

suitable materials (i.e. those with stable on-states at room 

temperature) using X-ray and E.S.R. techniques. Experiments with 

controlled crystal impurity levels would also be valuable. 

8.3 CONCLUDING REMARKS  

The model of the off-state results would explain variations 

of conducting state seen in certain other systems (such as 

TiO2 
; Argall, 1968). Also the general current voltage laws 

observed here are similar to those observed in other systems 

(e.g. amorphous boron). Indeed, it is felt that the general 

model of switching presented here may be relevant to many 

switching systems which were not studied in detail. The 

central problem for future investigation is the physical nature 

of the switching centres. An investigation based on two or three 

phenomenologically similar systems may prove valuable in 

identifying important features of X-ray or E.S.R. studies. The 

filamentary nature of the switching effect clearly poses 

experimental problems for such studies. 

VCNR and CCNR do occur in similar systems. The detailed reasons 

for the'appearance of one or the other may prove difficult to 

establish. However, the atomic nature of the on-state may well 

be identical for both effects. 

It is believed that this study has provided a valuable 

addition to the understanding of switching in general, as well 

as in zinc sulphide itself. The zinc sulphide switch is unlikely 

to be of commercial interest in view of its unreliability, 

temperature of operation and the state of development of the 

chalcogenide glass switch. Indeed, as the nature of the centres 

operating in the filament is now the central interest, zinc 

sulphide is not likely to be a rewarding material to chose for 

further study because of the instability of its on-state at room 

temperature. 



APPENDIX A 

KEY TO THE SYMBOLS USED IN THE TEXT 

Typical symbols are given here; others are explained as they 
occur in the text. 

A 	cross sectional area 
C 	capacitance 
d 	length; specifically crystalothickness 
e electronic charge = 1•6.10 	Coulombs 
Ec 	conduction band energy 

v 	valence band energy 

Ef 	Fermi level energy 

F = V/L electric field = volts 	length 
G ac conductance 
h Planck's constant = 6.625.10-34  Joule-sec 
J current density 
k 	Boltzman's constant = 1.38.10-23  Joule °K-1  
K Thermal conductivity 
me 	electronic mass (m*e  = effective mass) = 9-11.10-31Kg 

free electron density 
subscript n; the symbol refers to electrons 
Na 	acceptor density 

Nc 	2(2 Tr meKT/h)
3/2 

Nd 	donor density 

subscript p; the symbol refers to holes 
R 	resistance 
t time 
T 	absolute temperature 
Ps 	Schottky constant (p Poole Frenkel constant) 

E--tE E 	 permittivity = absolute & relative permittivities 
8 	r 	ratio of free charge to injected charge 
V 	mobility 

resistivity 
a 	conductivity 

angular frequency 
energy barrier height 

147, 
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APPENDIX B 

CALCULATIONS INVOLVED IN THE DC OFF-STATE ANALYSIS (7.1)  

B.1 Poole-Frenkel plot : slope and intercept calculation 

The simple Poole Frenkel expression is 

I/V=(aA/d)exp(e3F 2/KT), 

where p= (e/TTEE) r (see 1.3.2) 

A plot of log
e 
(I/V) against V 2  = (F. d) 1/2  should be a straight 

line characterised by a slope and intercept. 

Slope, m = ef3/d1/2KT 

. . d = (1/m) 2 (e3/7  0crK
2 2) 

. . d = (1•75.104/T2)(1/m)2  pm where 'ff0 refers to the 
X- 

slope of a graph of log10 (I/V) against V
2  

A similar expression exists for a Schottky mechanism 

but the above expression for 'd' must be divided by 4 and 

the slope of a graph of log I against V1/2  is taken (such 

graphs are often plotted to identify Poole Frenkel conduction). 

For the Pool Frenkel mechanism considered, the intercept 

on the I/V axis, when V = 0, gives the ohmic low field con-

ductivity. 

B.2 Resistivity values from current - voltage characteristics  

In an ohmic region resistance, R = V/I =pd/A = d/Aa 

p/A = I/Aa = V/Id  

B.3 Calculation of free carrier density from the observed 

resistivity 

a= nep 	(Kittel 1953) 

n = a/ep = 1/(p/A) epA 

With p= 100 cm2 V-1 sec-1  (table 3.1) and A measured in 

square microns, 
-3 

n.A (..pm2) = 6.25x1024  (p/A)-1  cm  



.•• Ef  = KT loge (Nc/n) 

=43.63x10-3loge  (N c/n) at 100
oK 

E = 1.98x10 	log 	(4.32x10 /n) 17 f 	-2 	
10 
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B.4 The Hill (1971a) criterion for the observation of 

Poole Frenkel currents  

In order to obtain the Poole Frenkel characteristic it is 

necessary that the density of unoccupied sites is not so great 

that the coulombic fields from two adjacent sites overlap sig-

nificantly. 

Hill's arbitrary criterion is that the minimum separation of 

sites is at least twice the distance to the maximum in the field 

lowered barrier of an isolated site. 

The barrier maximum occurs at e1/2(4nE F)-1/2  

Hence, the upper limit of density of unoccupied centres is given 

by 	
ne 	[2e1/2(4Tr F)- ] -- 

( TT F/e)
3/2  

• • 
	 (1.44x109  F)3/2  m-3  

Hence, for Poole Frenkel effects at F = 104 v/cm, n <5.25x1016cm-3 

105 v/cm, ne<1. 7x10
18  cm-3  

B.5 An estimate of the number of energy states per unit volume  

of the conduction band at 100°K 

Nc = 2 (2nmeKT/h) 
3/2, (Smith, 1961) 

provided the conduction band is parabolic in energy, spatially 

isotropic and non-degenerate. This can be calculated for Zns at 

100°K, taking m = 0.2 (table 3.1) 
e  N 	= 4.32x1023 m-3  = 4.32x1017  cm 3  

B.6 	Calculation of the Fermi level from the free electron density  

n = Nc  exp (-Ef/KT), provided Ef/KT'el (Smith, 1961) 
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B.7 The ohmic to Poole Frenkel transition field 

The Poole Frenkel effect may be considered effective when 

exp(pF 2/rKT) > 1 	(equation 8) 

. . 

 

F2  = (rKT/e) ( 1TE /e) 2 

F1/2  = 3.28x102r2 	V2/m2  at 100°K 

or V
Pf 

 = 0.108 Lr2  where L is in microns 

B.8 A criterion for the dominance of Poole Frenkel current over 

space charge limited current for Ef  

The Poole Frenkel current dominates if Vsc/Vpf = 1.8.3x10
14(nL/r 3))1 

But for E -= f (1),  n 	(Nd-Nt ) (Nc/Nd ) exp (-0/KT) 	(1.2.2) 

0 = (Nc/Nd) exp (-0/KT) 

r = 1 and L = 5 (typically) 

Nd-Nt> 1.09x10
13cm 3 

B.9 The comparison of current densities due to the Poole Frenkel 

and space charge limited effects  

For dominance of the Poole Frenkel effect; 

ne µ(V/L) exp.(epF2  /rKT) > 9c4.0V2/8L3 (7.1.6) 

When Ef 0 ;0= (Nc/Nd).exp.(-0/KT) 	r = 1 

. . n> (9 E Nc/8e Nd).exp(-0/KT).(V/L
2).exp(-e(3V -/rKTL2) 

and when L = 1 m, V = 20, N
d  = 2.10

16 cm-31  
-3 n  > 1.68x107  cm , at 1000K  

When Ef< 0 ; 	= 1, R = 2, L = lym V = 20 

. . 

But Nt 	2.1016 cm 3 (7.1.5) • - Hence n > 2.1010 	3 cm at 100oK 

n > 0.95x1013  cm-3 at 100oK 



APPENDIX C  

CALCULATIONS ON THE SEMICONDUCTOR - METAL TRANSITION (7.2) 

C.1 The critical impurity density  

The Mott equation for the critical density (7.2.2) is 

Nc=(0.5cEo/e
2)3 in cgs units 

In MKS units this is (2Eqe2)3 

Here Eo=0.1eV, 	Er= 8.3 

. . N
c 

= 2.38x1019cm-3 

C.2 Estimation of the minimum metallic conductivity 

The minimum metallic conductivity is given by 

a 4,  0.02 EE
o 	

(Mott 1970) 

= O. 087-r %Er  E orh 

Here Eo = 0.1eV , Er  = 8.3 

• • 	a 

or the resistivity,  p 3.6x10-2  0 cm 

C.3 Estimation of the typical diameter of an on-state filament 

Device resistance , R = d/aA 

A = d/aR 

Typi cally, the on-resistance is 104  ohms and the crystal 

thickness 10 microns. Hence if the resistance is entirely 

dominated by a single filament the cross-sectional area is; 

A = 35.8 microns2, using the value of a estimated above. Or, 

a typical value for the filament diameter is 6 microns. 
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APPENDIX D 

THERMAL CALCULATIONS 

k 
D.1 Steady state heat balance equations for a sin3le cylindrical  

filament 

conducting filament (resistance R) 

Temperature rise, 

8 =T-T  

ZnS 

contacts at ambient temperature,To  

The steady state heat balance equation in cylindrical co-

ordinates, with circular symmetry, is 

K 	 =-I2R  = 	)1/4,  2 
1 	(r0) + 	0  = 	 heat produced 

2 r 6r "el' 	6 x2 	per unit volume ro d 

Consider two boundary situations, and assume K is constant. 

1. Consider all heat to flow perpendicular to the  

contacts (ie physically r0  >7 d) 

Here K d
20 = - A 2  

dx 2  
• de 
. 	• 	dO = - A2 x/KtS,Ci=0 asji= 0 at X = 0. 

dx 

• • 	0  A 2x2/2K4C 
2
, , but 8= 0 when x = d/2 

• • 	0 = - A2d2/8K- x2  /2K 

At the centre of the filament, 

0=A2d/8K = I2Rd/8Kur02 

2. 	Neglect heat flow to the contacts inside the filament 

(ie expect a solution valid for r0  Ct d) 

Here 1 . a( 	= 0 

r 	ax2 
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Consider separable solutions ie 8 = 	e . x e r 
and the equation reduces to two single variable equations 

(Pipes 1958; page 441) 

(i) d2e 	-w2 x 	, where w is a constant and the 

dx
2 

negative sign is chosen to give a physically realistic 

solution. A suitable solution is. 

x = A cos wx , where w = n/d fits the boundary 

conditions e = 0 when x = d/2 

(ii) d
2er 	1 . der - w2  er = 0 

d r2 	r 	dr 
This is a standard Bessel Equation (Pipes, 1958; page 355) 

of the form, 

21 + 1 - 2a  . a + (bcxc  
( 	

-1)2 + 92_112c2 	 y = 0 

dx2 	x 	dx 	x2 

with a = 0, n = 0, c = 1, b = jw 

As 8 tends to zero as r tends to infinity a solution is, 

er = B Ko (wr) 	, which if wr << 1 can be approximated 

	

by er  = -B loge  (wr/2) 	(Pipes, 1958; page 356) 

This is realistic as wr = r/d and we have already assumed 

r <4, d 

. • . e = e . r e x - C cos wx . log(wr/2) where C 

is a constant. 

The final boundary condition is that all heat produced 

inside the cylinder flows out through its sides. 

ie I2R= - 4 n r 	) dx o r 	ro 
• - 4  Tr  Kwrol(c.Jr)) dx 

But, de = - C. cos wx 	ro  

d(wr) 	wr 

Hence, the equation becomes 

I2R = (4 n KC/W) pinwe 
0 

= 4KCd 

• • 	 e 	= -(I2R/4Kd). cos wx • log (wr/2) 

and the value of e at the mid point of the filament, but at 

its walls, is; 

e =(I R/4Kd)loge(2d/ffr ) 
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The temperature rise from the walls of the filament to its 

centre is neglected. 

D.2 Considerations of the thermal  conductivity value  

The thermal conductivity of a non degenerate semi-

conductor is composed of two components, namely a lattice 

and an electronic conductivity. 

If the electronic conductivity changes, an expression 

for the corresponding change in the electronic component of 

thermal conductivity is, 

ie dk = 2(k/e)2T 
0.1.1••••••• 

do 	(Drabble and Goldsmid, 1961) 

K2-K1  = 2(k/e)
2
T ( a 2-a )  

If, in the on-state the electrical conductivity of zinc 
sulphide has changed from a very low value to approximately 

100cm at 100oK then, 
- K 	- K 	A 2 x 10-5 Js-1  cm Jo  K -1 

on off • 

The available values for the thermal conductivity of 

zinc sulphide are given in table 3.1. At 100oK the value 

is approximately 0.1, and hence the change of thermal con- 

ductivity with electrical conductivity can be neglected. 

D.3 Dependence of current to switch-off/on variation of  

Resistance  

(i) End heat flow 

R= 	pd/ n ro
2 

Trr 2/d = I2R/8K0 	(using the result of Dl) 

12 = 	8 p K /R2 

Radial heat flow 

loge  (2d/ n r0) = 4K e d/I2R 

. . 4dr/up= exp(8KOVI2 R)  

D.4 Calculation of filament resistivity from fig 6.31 

The results were taken with alternating current so I
2 

• • 



must become I /2as peak values were recorded. 

From fig 6.31, I oc I/R and IR = 10-3. 7 x 10
3 

Taking Oas approximately 230°-80°K = 150°K and K as constant 

and equal to 0.2 Js-1cm-1K-1 

then 

p = 	(IR)2/16K0= 	0.10 0 cm 

Other specimens gave values 0/ p as great as 8 Ocm 

For a filament, A = pd/R = TrD
2/4  where D is the diameter. 

Typically, R = 10
4172 and the following table results: 

d = 10 microns = 0.10cm 	D = 1 micron 	D/d = 0.1 

	

= 100cm 	D = 10 micron 	D/d = 1.0 

d = 1 micron = 0.10cm 	D = 0.32 micron D/d = 0.32 

	

= 100cm 	D = 3.2 micron D/d = 3.2 

D.5 The approximate effect of a short section of the filament  

dominating the resistance  

conducting filament 

Simplified on-state diagram 

for this case 

 

L 

  

cont :acts at 8=0 

It is assumed that all Joule heating occurs in the small 

volumenro
2
d. 

(i) The end flow analysis (see D.1) 

	

d/2 	e = - x2x3/2K + C, where the boundary 
condition is 0 = e1 	

2 at x = d/2 and X 	= I2  R/mr 2  d 
2  

1x1.5,.; 	d/2 	d e = 0 

dx2 
• 
. . de = - x 2d (d6 is continuous at x = d/2) 

	

dx 	2K 
• 

. . e = - X2dx/2K + D, but e = 0 when x = L/2 
• el. 	( X 2d/4K)(L - d) . .  

and C becomes ( X2d/8K)(2L - d) 

ie the temperature at the point where x = 0 is 

e = (. 2d/8K) (2L 	d) 	 (I2  FV8K rr ro
2) (2L - d) 

In other words the expression for e derived in D.1 is altered 
at most by a factor of two. 



Referring to D.1 	9x  = A cos wx 	, where W = n/L here 

and 9 = -D cos wx.log (wr/2) 

The final boundary condition becomes, 

I2R 	
4 Tr ro 

ird/2 
dx + end flow term (neg- 9 

r r 	lected) 

90 I2R = 4 n KD/w sin wx d/2 = 4KDL sin ( nd/2L) 

(ii) Considering all heat flow to be through the sides of  

the filament  
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• ••e =  12R 	. log 	(2L/ 11 ro) 

4KLsin ( n d/2L) 

Hence when log R is plotted against 1/I2R the slope becomes 

Now R = pd/ n rot 

8KeLsin ( n d/2L) . (1/I2R) = log
e (4L

2R/ n p d) . 

8K9Lsin( n d/2L) and the intercept on the 

resistance axis d up /4L2 

From appendix D.3 one expects a slope of 0.05 for a 5 micron 

specimen (plotted on a log10  graph). The observed slope of 

fig 7.10 is 0.001. If the factor of 50 is explained as above 

L/d 	50 and from the intercept of R = 15KQ P = 5.102  ti cm 

D.6 Estimated temperature rises during off-state conduction  

Consider the heat flow equations developed above (D.1) 

and assume r = 1p m , d = 10pm 

(i) end flow 	, 	0 = IVd/8K n r2 = 4.10 IV oK 
4 

(ii) radial flow , 9 = (IV/4Kd).log(2d/ n r) = 6.3.1031V °K 

With these values of r and d , radial heat flow appears 

dominant. If the modified situation (D.5) is considered , 

both predictions of 9 increase due to the apparent decrease 

in K. 

Taking these estimates of temperature rise, heating effects 

are negligible in a typical off-state conduction situation 

(v = 10 volts, I = 10-9 amp.). However, in a negative 

resistance region the current values are much greater (e.g. fig 

6.11) and temperature rises of several degrees are possible 

( V = 180, I =5.10-6A ; radial flow, 9 = 5.7°K ; end flow, 

= 36°K). Note that such estimates depend critically on the 

assumed value of filament radius. 
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-D.7 Time dependent heat equation for a simplified end flow  

situation  

Referring to appendix D1, the time dependent heat balance 

equation is, 2  

K . 

	

'30
X 	

2 	) 0 i 	+ X 	= pc 	(Pipes 1958, page 404) 3 

	

X'- 	't co 

	

8 	t 
or 	B. -18 	+ A 	. — 

consider a solution 	ex t = 	Eer (t) sin (r n x/d) , 

endwhere the x origin is taken at one end of the filament. 

Writing A = EAr  sin (r n x/d) 

d 	r:o 	oo 
.'. 	A f sin ( s rr x/d)dx = 	fAr sin (r TT- x/d) .sin (s Tr x/d)dx 

x=0 r. x.0 L..  
.% 	Ad ( - cos(r 	x/d) )0  __.... = 	Ard 

riT 	 2 
.. 	Ar = (2A/r n ) (1 - cos rrr ) = 0 when r is even or zero 

= 4A/rff when r is odd 
Hence the heat balance equation becomes, 

c E [o
der 

, 	dt 	

+ B (r TT /d) 2 9r  - 4A/r Tr 
] 

sin (r Tr x/L) = 0 

rzi 
• • 	d9r 	+ B(r rr/d) 2 er = 4A/rn 
• 

dt 

The complementary function is , er = eoexp.[-B(r IT /d)2  =09oe-wt  
,A particular integral is, 	8 = 4A/r _tr w 

.. 0 - E (e,or e  i 	

-Wt 

rz 	
+ 4A/r n w) sin (r Tr x/d) 

Remembering A = 	I-R/p C4 'r r 2od , 	w = (r -n-  /d) 2. (K/ p c) 

This is only valid for odd values of r and hence the first term 

is dominant to a first approximation. 

The multiplying term (4I2Rd/ n4  ro
..2  K) is almost equal to that 

obtained in the steady state equation (appendix Dl). Hence, 

at the centre of• the filament, 

-n2Kt/d2p ) e 	e 	— exp(_ max' 

The time constant of this equation is d
2  p c 	TT

2K = to 
If d = 10pm and the values of p, c, K are taken from table 3.1 
then to • 2.4x10-6 seconds. Any radial heat flow will shorten 

this time, whereas any apparent decrease in K (appendix D5) will 

lengthen it. 

The calculation above applies to a filament heated from cold. 

A similar calculation for a filament cooling to the ambient 

temperature yields an equation, 

e = e max.exp  (- n 2Kt/d2p c). 

2 8 	= 4i Rd  v. 	[ 	exp (- r2(-Tr2K/d2p c) 	sin (rTrx/L 
174r2oK 
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D.8 Temperatures involved in the discharge of stored 

electrostatic enerc 

Neglecting cooling, the device energy 1/2  CV2  must heat the 

filament y an amount, 0, given by 

CV = Mass.c:0 
But, mass = Adp where A is the filament area, d its length,p 

its density 

.•. 0 = CV2/2d icA 

Substituting values ofplc from table 3.1 and a typical value of 

d = 10pm, 

0 = 2.8x10-10 2 o CV /A K where C is in pf, A in cm2 

D.9 Thermal breakdown calculations 

To approximate exp. (-0.1e/KT) to Tn from T1  to T2 

• . log A + nlog T = -X/T 

• . n log (T2/T1) =. x (T2-T1)/T1T2 where X = 1.16 x 10
3 

For T2 = 110
oK, T1  = 100

oK 	n = 11 

T2 = 310°K, T1  = 300°K ; n = 4 

(i) For radial heat flow thg switching field is, 

[F -- 1.3 (n+1)KT/2an2a2  , where 2a is the filament 

width (Thomas and Warren, 1970) 

At T = 100°K, F=0.92(1/ a a2)2  = 3.7(1/0T)1/2  where A is the cross 

sectional area of the filament 

. . F = 3.7 (p/A) 2  at 100oK 

The ratio of switching fields at 300°K and 100°K is 

F /F - 0.2 ( (7 300/(7100)1/2  100 300 	1.5  

(ii) For end heat flow the critical  voltage is 

V = 8KT/ a(n-1) 1/2  (Thomas and Warren, 1970) 
[ 

1/2  . . V = (8/ a) at 100°K  

Let ATn = exp(-X/T) 
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APPENDIX E  

MISCELLANEOUS BREAKDOWN CALCULATIONS  

E.1 The O'Dwyer (1969) calculation of avalanche breakdown 

conditions  

For breakdown, a(Fc)d = 40, where a is a field dependent 

mean ionization rate per unit length of path and con- 

dition for an avalanche is taken to be that forty ionizations 

may occur in the crystal thickness. 

Now a(F) = aoexp (-H/F) where H is a material 

characteristic 

• . H Fc 	loge  ( ao  d/40) 

E.2 An estimate of the field necessary for tunnelling breakdown  

of the Poole Frenkel centres  

A Poole Frenkel centre with field 

applied 

d 

V=Vr = F.r + e
2/4  u c r = 0.1eV for the apparent donors 

If the second term is neglected an approximation of the 

field required for the onset of tunnelling can be made by 

assuming d = 50A 

Hence F = V/r = 2.105  v/cm 

0 
With r = 50A. the second term is approximately one quarter 

the size of the first term. However, a more exact solution 

is unnecessary in view of the crude estimate of 50A for the 

minimum tunnelling distance. 
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