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ABSTRACT 

This work describes the growth and the electrical and physical 

properties of single crystals of gallium telluride (GaTe). 

Single crystals of GaTe were grown successfully employing both a 

chemical vapour transport and modified Bridgman technique and 

preliminary measurements were carried out using differential thermal 

analysis (D.T.A.) and X-ray techniques to determine the crystallinity, 

melting point and symmetry of the samples which were generally in the 

form of thin platelets of between 1 - 1000im. thick. 

Devices were contacted with either evaporated In, Au, Ag or Sn 

and.the effects arising at the metal-semiconductor interface were 

investigated using an a.c. technique. In general the dielectric 

results have shown that for high resistivity ( p > 10
2 

flcm) devices 

the contact did not dominate the conduction process and the a.c. 

conductance measurements where G oc. V at high frequencies and low 

temperatures have been explained in terms of a hopping mechanism. 

' Hall mobility measurements have also been carried out and show 

that within the layers, above a critical temperature the mobility is 

limited by scattering from homopolar optical phonons leading to a depend- 

ence of the form 	
gll = g o ( T  ) -n 

	
. Between the layers 

To 

however the mobility obeys a thermally activated process of the form 

11.1.= A exp 	E 

KT 

. All of the subsequent d.c..measurements have been made between 

the layers and imply that above Approximately 150°K the dominant d.c. 

mechanism would apperr to 1-e of a Poole-Frenkel type where 
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In I 
of 	V 	whereas at below approximately 15C°K the 

V 

dominant conduction mechanism would seem to be of a hopping type where 

charge transfer occurs within the band gap. 

At higher fields a current controlled negative resistance effect 

has been found and also under certain conditions monostable and bistable 

switching are in evidence. 

All of the at•ove high field phenomena have teen explained in 

terms of a Joule heating effect where the high current, instability 

and subsequent switching are due merely to the exponential increase in 

current with temperature which has been found in such devices. 

In the case of the bistable switch the low resistance on-state, 

was'found to be Oue to the formation of gallium rich filaments 

extending throughout the bulk anti the low resistance monostable on-state 

is thought to be due to a hot filament of GaTe. 

This picture has been supported by X-ray microprobe analysis and 

electron microscope results. 
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CHAPTER I 

1.1 	INTRODUCTION 

Since the publication of Ovshinsky's
(1) paper on threshold 

switching in amorphous materials, much work has been carried hut, mostly 

on glassy semiconductors to give as complete a picture as possible of the 

switching mechanisms involved. Several of the workers notably Fritzche 

and Ovshinsky
(2), Thomas and Dale

(5) and Collins
(4) have advocated a 

purely thermal model in which switching is due only to the exponential 

rise of conductivity with temperature whereas Lee and Henisch
(5) have 

suggested an electronic model which could be used to explain all their 

experimental observations. Others, however, have agreed that switching 

involves both an electronic and a thermal component (i.e. electrothermal 

model)J6)  

This interest in switching devices stems both from the possibility 

of producing cheap, reliable switches for display applications and 

computer work, and also from the interesting theoretical problems in 

understanding the mechanisms involved. It is due to the uncertainty in 

the initiating mechanisms of the above devices that the recent work 

carried out in single crystal switching was begun by Anderson and Cusdin(7)  

on ZnS and by Lee et al
(8) on layer compounds. 

Due to the long range order in single crystals and also the fact 

that the electrical properties were much better understood, it was felt 

that the mechanisms involved in such sarr;Tes could be more easily 

recognized than those in the chalcogenide glasses. 

Hargreaves(9), in fact, has recently carried out an extensive 

study into switching on ZnS single crystal platelets and has suggested 

that it is due to an electronic mechanism as discussed in section 1.4.2. 
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Fig,1 .1 (a) 	tioS;-153Te Structure. 	 Fig. 1,1(b) 
Trigonal Prfamatfc Form 

Fig. 1.2 	Be.- Type Structure 
	 Fig. 1.3 	Ccui- Type Structure 

Fig. 1.4 
	

GaSe-Type Structure 
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Said(1o) however, without furnishing any definite proof, suggests that 

the initiating mechanism in his single crystal switches is thermal in 

origin. 

The first part of this programme was used to characterize the 

properties of GaTe as fully as possible before attempting to explain 

the switching mechanism and to this end, the physical,dielectric, mobility 

and d.c. properties of the material are considered in the early chapters. 

1.2 	LAYER C OUNDS 

The study of layer compounds has been increased in recent years 

mainly due to the advent of the closed-tube vapour transaort method of 

crystal growth as suggested by SchUfer
(11) which has proved extremely 

usefUl in the growth of such materials. Single crystals of these compounds 

grow in the form of thin platelets where each crystal is made up of 

covalently or ionically bonded layers, joined by a weak Van der Tlaal's 

type bonding. Layer compounds, in fact, comprise of a number of groups 

each having a different structure as described by Wilson and Yoffe
(12) 

1. MoS2  type:- In this instance each of the layers consists of 3 

atomic sheets 	as shown in figure 1.1a where the 1TC2(M 

group VB and group VI t metals Nb T , and Mcs'ef and X = S, Se or Te) 

are formed by hexagonally packet planes in the trigonal prismatic 

form. (Figure 1.1b) 

2. Graphite:- Has one atomic sheet per layer where the basal plane 
0 

consists of hexagons with an interatomic spacing of 1.415 A and 

planar separation of 3.354 X • 

3. Big  Tel type :- This structure was first discussed by Lange 
(13) 

who described such compounds as having a layer comprised of 5 atomic 
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sheets X-M-:X-M-X with a rhomohedral unit cell.(See Figure 1.2) 
• 

4; CdI2 - type :- These have essentially the same structure as the 

MoS_ group except that they only have an octahedral co-ordination 

number associated with the metal atoms as shown in figure (1.3). 

A large number of materials, comprising of the c:Ialcogenides of 

the IV A and IV B metals exhibit this type of structure. 

5. GaSe - type :- These compounds are all semiconductors which have 

their layer structure built up of four planes of atoms in the 

sequence X-M-M-X as first discussed by Pearson(14). The layer 

structure of several of the compounds in the above group is shown 

in figure (2.4), where the Ga S and p-GaSe have a hexagonal unit 

cell, the ct- GaSe has a rhombahedral and GaTe a monoclinic 

unit cell. 

A considerable amount of work has also been carried out on the 

optical properties of layer compounds especially by Greenaway and 

Harbeke
(15) on Bi2Te3 and graphite, Said

(1o) 
on SnSIrSe

2-x 
and Brebner 

and Fischer
(16) on GaS, GaSe and GaTe. 

However, the electrical properties of layer compounds have only been 

studied extensively in recent times; the major contribution coming from 

Eilraz and Mooser
(17) who have theoretically and experimentally considered 

the conduction processes along the layers in such materials. They have 

suggested that the results are compatible with the carrier being trapped 

within the layers and behave as though they are moving through a stack 

of independent layers interacting with homopolar optical phonons which 

are polarized perpendicular to the layers. 

Said
(10) has continued the work on the electrical properties of 

layer compounds by considering the conduction between the layers in the 

semiconducting compounds SnSxSe2_x. He attributed most of his results 
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to a thermally activated hopping mechanism where the activation energy 

is the energy needed to jump from one layer to the next. He also found 

during his high field experiments that SnS7  exhibited conductivity 

switching and Lee et al(8) carried on this work and found similar results 

for CdI PbI2' and ZrS2 
but to date have done little investigation into 

the mechanisms involved. 

The work carried out in this study was to ascertain whether or not 

the above theories hold for Gaye and especially to investigate the 

switching properties of the compound in order to determine whether the 

initiating mechanism was due to a purely thermal effect,as has been 

suggested by Said(10)  or an electronic effect as has been proposed 

by Hargreaves(9) for ZnS. 

1.3. 	CONDUCTIVITY SWITCHING 

1.3.1 Definition of Switching:- 

At present the term "Switching" is often confused with "electrical 

breakdown" and some effort must be made to distinguish between the two. 

Breakdown has been known since the 18
tn century when lightning was found 

to breakdown a dielectric glass, and in this respect "breakdown".is 

thought of as occurr4ng because of a rapid increase in current which 

leads to destruction of the material. "Conductivity switching" however, 

is a much more recent term and has been used to describe many of the 

observed current-voltage instabilities in a wide range of materials. 

In this case the process is not destructive but it is possible to change 

from a high resistivity (off-state) to a low resistance (on-state) on 

application of a voltage anove a certain threshold value. The hign 

resistance state can then be recovered e.g. by application of a high 

current pulse, and the device can subsequently be cycled between these 

states. As many as 10
18 cycles nave been reported in amorphous threshold 

switches by Ovshinsicy
(10
. 
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• Fig.  1 . 5 	Different types of conductivity switch 
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The following sections will consider switching in single crystals 

materials (with special reference to layer compounds) which exhibit 

monostable (threshold) and/or bistable conductivity switching. This is 

not intended as an exhaustive review but merely to give an indication as 

to why the work on GaTe has been attempted and to compare the differing 

mechanisms to which conductivity switching has been attributed in such 

materials. For a complete review of switching in polycrystalline thin 

films and amorphous devices the reader Should consult reference (9) 

from which it is obvious, thus far, that the majority of conductivity 

switching experiments have been carried out using such materials. 

1.3.2 Types of switch:- 

There are numerous types of conductivity switcnes and Drake et al(29) 

and Fritzche
(20) 

have classified them as shown in figures 1.5(a) to 1.5(c). 

Figure (a) depicts a current controlled negative resistance (C.C.N.R.) 

device. In fact there are two possible types of negative resistance 

switch, the other being the voltage controlled negative resistance 

(V.C.N.R.) device; V.C.N.R. single crystals devices are not well 

documented but amongst the few published is the excellent article on 

current oscillations and negative resistance in GaAs as described by 

Gunn
(21)

. C.C.N.R. devices are much better known and include numerous 

single crystal samples including the layer compounds SnS2, HfS
2
, ZrS

2 

and CdI
2
. 

Figure (b) 	Astable or Monostable Switching:- 

No stable point exists between the high and low conductivity states 

and such devices are characterized by a holding current 111 , below 

which the switch reverts back to its high resistance state. The 

most important example of this type of switch was, of course, found 

by Ovshinsky
(I)

, but many single crystal devices including the 

above layer compounds have also exhibited this type of behaviour. 
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Figure (c) 	Negative Resistance and Memory :- 

Depending on the conditions both can be exhibited in the same switch)  

as was found in this study of GaTe. The conductive memory state 

lasts even with zero applied volts and the crystal can be returned 

to the high resistance state either by application of a high current 

pulse and/or henting. 

Figure (d) 	Distable Switch:- 

Also known as the "memory switch" this device has two stable 

states with or without an applied voltage. 

Figure (e) 	Cascade Switch:- 

This is a combination of all the above types. 

Figure (f) 	Semiconductor - Metal Transition:- 

This  is a special type of conductivity switch whereby for a material 

such as V02
(22) an abrupt transition from a semi-conducting to a 

quasi-metallic state occurs at a critical temperature, thus giving 

a sharp change in conductivity of 	orders of magnitude. A 

similar type of switching occurs in Sb2.5  
Se_

(23) 
where instead of 

increasing temperatures, the increase in Sb proportion leada to a 

semi conductor-quasi-metallic transition. 

All of the above tynPs of switch have been exhibited by crystalline 

materials but have tch,:ed to be overlooked due to the emphasis placed 

on amorphous switches since the advent of Ovshinsky's
(1) original paper 

in 1968. 

S;JTChTG SD v3GATITE RESISTANCE IN SINZLL CRYSTALS 

1.4.1. 	Voltage Controlled Negative Resistance.Devices  

Although reports of V.C.N.R. single crystal devices are sparse and of 

no great importance then related to switching in layer compounds, such 

materials can exhibit fast switching and memory states. 
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The predominant work on 7.C.N.n. devices has been carried out by 

Hickmott
(24) 

and Dearnaley
(25) 

on thin polycrystalline and amorphous 

oxide films in which the memory state has been attributed to the formation 

of conducting filaments produced by chains of metal atoms separated 

by oxygen vacancies. 

In single crystal devices one of the most important examples of 

V.C.N.R. was found in GaAs by Gunn
(21) 

and led to the great interest 

in the Gunn oscillator. The reason for the differential resistance in 

this case is well documented and as was first suggested by Ridley 
(26) 

and Watkins is thought to be due entirely to the shape of the conduction 

band. The negative resistance is attributed to the transfer of electrons 

from the central valley in the conduction band to a higher satellite 

valley which has a much larger effective mass, whereby an increase in 

voltage can lead to a decrease in current. 

V.C.N.R. has also been found in doped Ge; by Pratt and Ridley (27)  

in Au - doped Ge and by Zhdanoya(28)  et al in Cu - doped Ge, at low 

temperature. In this instance the negative resistance is directly associated 

with the impurity centres so formed. The capture of an electron by a 

negatively charged inpurity centre in a semiconductor is strongly 

influenced by the potential barrier associated with the coulombic 

repulsive force. At low temperatures the electron thermal energy is 

reduced and the effect of this barrier is increased. If an electric 

field is applied at low temperatures there will be a greater tendency for 

the electrons to tunnel through the barrier and be cantured, leading once 

more to a decrease in current. 

A further type of material in which V.C.N.R. and current oscillations 

have been found is the ptzzoelectric compounds of the 	II-VI and 

VI groups such as GaSb(29), InSb(29), CdSe(30),CdTe(30),CdS(31), 

Zn0(32)
, and Te(33) and in this case the V.C.N.R. has been attributed 

to the acoustoelectric field which way be generated in such materials. 
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The acoustoelectric effect(34) can be thought of as being due to 

the change in the average current in a material due to an acoustic wave 

passing through the material - the acoustic wave has a dragging effect 

on the charged particles, and as Hutson(35) has pointed out the inter-

action between the sound wave and the charged particle depends on their 

relative velocities. The average force exerted on the carriers by the 

wave always acts in such a direction as to make the carrier velocity 

tend towards the velocity of the wave, and therefore, once the electric 

field is such that the drift velocity of the carriers exceeds the velocity 

of sound, the carriers -411 !-,e retarded. It can thus occur that an 

incremental increase in the acoustoelectric field and lead to a negative 

differential resistance effect. 

All of the above devices are characterized by the formation of high 

field domains as described by Ridley
(26)

, and the movenent.of these 

domains leads to the current oscillation, associv.ted with all V.C.N.R. 

devices. 

The only other report of V.C.N.R..in single crystals was that of 

Schanda et 
al(36) 

who investigated this behaviour in single crystals of 

ZnS. The formation of high field domains was also found in this instance 

and although no mechanism has been proposed to explain the results it 

would appear that it could also be due to an acoustoelectric field 

effect especially since ZnS is also a piezzoelectric II-VI compound. 

1.4.2 Current Controlled Negative Resistance Devices  

The incidence cf C...;.N.R. in single crystals is much greater than 

that of V.C.N.R. and in fact several of the materials such as CdS and 

ZnS have been shown to exhibit both types of behaviour. 

Some of the first work on single crystal C.C.N.R. was carried out 

by Gibbons and Beadle
(37) who investigated reversible memory switching 
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in Ni0 single crystal platelets. They suggested that the low resistance 

memory state was due to a filament of Ni extending across most of the 

crystal. This, they suggested, was due either to the migration of Ni 

atoms along defects (such as pinholes) under tne influence of a high 

electric field and/or diffusion of excess nickel from the region surrounding 

a void or pinhole into the defect. Switching of this type was also found 

in Cr203 and  Fe203 and the switch-off process was tnougnt to be due to 

a thermal rupture of the filament. 

Since Gibbons and BeadlOs(37) original work Austin(38) has also 

considered switching in Ni0 single platelets but has no longer considered 

the "on-state" to be due to a Ni filament. He suggests that if there is 

a sufficient density of space charge accumulated near the electrode then 

the conduction band will be pulled down and this could possibly lead to 

direct tunnelling from the electrode straight into the conduction band, 

hence giving the highly conducting "on-state". 

Cook(39) has found single crystals of Cu2
0 which also exhibit 

C.C.N.R. and memory switching and he feels in this instance, similar to 

Gibbons and Beadle's theory, that the initiating mechanism is purely 

thermal where on reaching a critical temperature a filament of Cu is 

formed through the crystal. Cook suggests that the Cu filament is formed 

from tne reaction. 

Cu
2
0 = CuO + Cu which would take place at the elevated temperatures 

being considered. 

The most well known of the single crystal C.C.N.R. switches is 

Sb
2
S
3 
(stibnite) as investigated by Gildart(4°) who has decided that 

the memory state is completely determined by the structure of the material. 

Avalanche breakdown occurs leading to ionization and movement of donors 

to produce a quasi-metallic filament as discussed by Mott
(41) and is 
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known as the Mutt-metallic transition. In Sb
2
Se
3
, however, there is no 

need to apply a high electric field to make it switch as merely by increasing 

the proportion of Sb in the Sb2.00 Se3.00 system leads to an instantaneous 

change in conductivity by approximately 6 orders. 

Single crystals of InSb
(42) 

 Si(43) and Ge 
(4 4)  

have also been shown 

to exhibit C.C.N.R. and n and p type Ge and Si(45)  have been studied as 

injection avalanche diodes. However, the most recent investigation into 

C.C.N.R. in single crystals has been carried out by Romeo(46) et al on 

switching in CdSe, and they have suggested once more, that the initiating 

mechanism is joule heating leading to a filament of Cd which acts as the 

highly conducting "on-state". 

In recent years the incidence of switching and C.C.N.R. in single 

crystals has increased greatly and in several instances such switching has 

been found in these laboratories by Fass(47) and Hargreaves(48)  in CdS 

(7) 
and by Anderson and Cusdin " in ZnS. In CdS, the switching and C.C.N.R. 

have been attributed to a thernal effect(49) and in ZnS Cusdin and ' 

Anderson(7) have suggested a similar mechanism for switching to that 

produced by Austin(39) for NiC. In this case it was thought that 

diffusion of the contact material leads to a space charge, deformation of 

the conduction band, and subsequent direct tunnelling from the electrode. 

Hargreaves(9), however, has since carried out an extensive study 

into the switching and C.C.N.R. properties of ZnS and has reported that 

his results are not consistent with the above model presented by Cusdin 

and Anderson. He suggests that the initiating mechanism could bd due On 

impact ionization process and that the memory state is due to a Mott-

metallic transition as described previously by Gildart(23). The memory 

state is locked in below 230°K as recombination is thought to be 

forbidden below this temperature. Above 230°K, however, the on-state 

is not stable, recombination is possible, and threshold or monostable 

switching ensues. This is the important point in the mechanism as suggested 
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by Hargreaves, in that the centres must be such that recombination is 

forbidden below 230°K and it is felt that, although possibly holding 

for ZnS, it is not likely to describe the switching phenomenon found 

in other single crystal samples. 

The most important study made into single crystal switching, as far 

as this report is concerned, has been carried out on layer compounds 

by Lee et al
(8) 

at Brighton Polytechnic. They have found that HFS2, 

CdI2' SnS2, ZrS2, and Pb12 have all exhibited C.C.N.R. monostable and 

bistable switching but although attributing the memory state to filaments 

of metallic material they have not fully discussed the initiating mech-

anisms behind the switching process. 

GaTe, in this study, has also exhibited all of the above phenomena - 

C.C.N.R., monostable and bistable switching and some attempt has been 

made to explain them entirely in terms of a thermal mechanism as 

discussed in chapters 6 and 7. 
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CHAPTER 2 

	

2.1 	INTRODUCTION  

A review of the previous work on the growth of GaTe single crystals 

will be given in this chapter, followed by a description of the 

experimental techniques employed in the present work. This review is 

not intended to be an exhaustive one but is used merely to indicate the 

"fate of the art" at present, and to give a comparison between the various 

growth techniques possible. 

	

2.2 	TECHNIQUES AND PREVIOUS METHODS OF GROWTH OF GaTe 

Many of the standard methods have been employed in the growth of 

single crystals of GaTe including Bridgman type growth 
(1)  and pulling 

froM the melt
(2) 

but the most important method of growing single crystals 

of layer compounds i.e. the vapour phase growth, has not been used 

previously to grow GaTe although it has been used extensively in the 

growth of its related compounds GaS and GaSe
(3) 

 . 

This technique has also proved very successful in growing single 

crystals of other layer compounds such as SnS2, HfS2
,
(4) (5) 

and has 

therefore been used in this instance to grow GaTe single crystals. 

Single crystals of CdI
2 
and SnS

2 
for use in the experimental work as 

described in chapter 6 have also been grown using a vapour phase 

technique and therefore this method will be discussed in some detail. 

2.2.1 Growth from the Vapour Phase  

This method avoids most of the difficulties encountered in growing 

materials of high melting point or showing appreciable dissociation at 

the melting point or which melt only at elevated temperatures since it 

can be used to obtain crystals at much lower temperatures than from the 

melt. Crystals can be grown from the vapour phase by using either a 

forced convection method as in the growth of ZnS platelets as discussed 



26. 

by Cusdin
(6) 

or by using a closed tube method in which the material 

is-transported by virtue of a free energy difference between points at 

different temperatures, with or without the aid of a transporting agent. 

Schafer (7) has studied both the experimental and theoretical aspects 

of these methods and as the closed tube technique has been used to grow 

the single crystals of GaTe, CdI2  and SnS2  used in this work, it is of 

interest to discuss the various parameters, involved in the transport 

reactions, which are required to grow well developed single crystals. 

The factor characterizing the transport reaction yield m is given by 

= AP.L. 

where AP = the potential difference between the vapourization 

and crystallization part of the system. 

L = system conductance 

AP is a function of the chemical parameters of the system and can be 

written as AP(Tl'  T2, AG, Gi ) where T1 is the vapourization temperature, 

T2 is the crystallization temperature, AG is the free energy involved in 

the reation and CT is the concentration of the transporter. L, on the 

other hand, characterizes the conductance of the system with respect to 

the vapour transport between the two chambers and is a function only of 

the geometrical parameters of the system. i.e. the length of the tube 1, 

the cross-section A, and the specific conductance 0 which characterizes 

the physical nature of the transport mechanism, whether diffusion, laminar 

or convection flow. 

Thus 

= AP(TT2' A G' CT) . L(l, A, 0 ) 

To find m it is necessary to derive expressions forAP and L. It is 

possible to find AP by forming the expression 

AG = AH - TAS = - RT inK. at T1  and T2 
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where 	0 H = the heat of reaction 

AS = entropy change 

R = universal constant 

K = equilibrium constant. 

and also by observing the conditions imposed by CT  on the partial 

pressures of the components occurring in the explicit expression for K. 

Important information can already be gained from the expression 

d In K = A H 

dT 

 

RT
2 

which will determine whether the reaction will tend from hot to cold or 

vice versa, depending on whether d In K is positive or negative 

dT 

respectively. 

If All >0 (i.e. endothermic) where, K increases with temperature 

transport will occur from hot to cold. If dl-1 <0, however, transport 

will occur from cold to hot. 

It is much more difficult to derive an explicit expression for L 

because transport of the vapour can be effected in three ways. 

1) By diffusion, if narrow tubes are used and if the total pressure 

is small e.g. 10 3 - 3 atms.. 

2) By thermal convection, if pressure a  3 atms. and for larger 

bore tubes, particularly when the tubes were inclined to the 

horizontal. 

3) At very low pressures <10 3 atms., the mean free path of the 

atoms becomes comparable with or greater than the dimensions 

of the tube and laminar flow tends to take place. 

Which mechanism prevails depends largely on the transporter concentration, 

CT which determines the total pressure and on the geometry of the system. 

Since there is usually an overlap between several of these mechanisms and 

the exact temperature 
distribution along the tube plays a role also, it is 
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usually very difficult to arrive at an analytical expression for L. 

From the work carried out bySchafer(7) and Nitsche(4) for a large 

range of compounds including the layer compounds GaS, GaSe, CdI2  and 

SnS2, it was found that all reactions took place from hot to cold and in 

most instances iodine was used as the transporter, as it was found to 

have the strongest transporting effect. Another reason for using 

iodine was that it occurs in solid form at room temperatures and as 

such ,is very easy to handle. 

GaTe has not been previously grown using such a technique but 

Leith et al(3) used a closed tube method with I
2 

as the transporter to 

grow GaS and found that as long as.the halogen concentration remained 

above a certain value platelike crystals of GaS were formed whereas when 

the concentration was reduced ribbon and needles were the dominant feature. 

Similar results have been reported on SnSe2  by Said
(6) 

and also 

on GaS and GaSe by Nitsche
(3) 

where by varying the concentration of the 

transporter the quality of the crystals was found to vary markedly. 

As this method has proved so successful for both GaS and GaSe which 

have a similar structure to GaTe and since thin platelets are required 

for the electrical work it was thought that this would be an excellent 

method of growing GaTe single crystal platelets also. 

A complete review of the growth of platelets by vapour phase techniques 

is given by Schafer(7) 

2.2.2 	Growth from the Melt  

Thus far)this has proved the most satisfactory method of growing 

III - VI compounds and GaTe single crystals for use incptical and 

electrical work have been produced using this technique. 

Thomas et al
(8) 

grew GaTe single crystals, typically 4 x 5 x .1 mm. 
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from the melt after the constituent elements had been mixed in stoichiometric 

amounts, but thought that they showed slight signs of oxidation in air and 

were of poor quality. Fielding et al(9) also grew GaTe by fusion of 

stoichiometric proportions of gallium and tellurium in evacuated and 

sealed quartz tubes, the resulting boules being zone refined at a temperature 

approximately 100-200°C below the melting point. Graphite coated boats 

were used for the zone refining to prevent sticking to the sides and only 

polycrystalline boules could be produced. However it was possible to cut 

crystals of 	10 mm3  vol. from such boules and these proved large enough 

to be used for their electrical and optical measurements. 

The above technique is the simplest method of growing crystals from 

the melt but produces only very small single crystals and more refined 

techniques are required to produce larger samples. 

Tatsuyama et al
(1) 

have used a vertical Bridgman technique to 

grow single crystals of GaTe. They placed the stoichiometric ratios 

of gallium and tellurium in an evacuated quartz tube which was then 

lowered, at a predetermined rate, through the melting point of GaTe 

and allowed to solidify. The lowering rate and the temperature 

gradient at the melting point are very critical and must be such as to 

prevent constitutional supercooling or dendritic growth. The boules 

which were produced were found to be monocrystalline but full of strains. 

Beck and Ilooser have also produced single crystals of GaTe using a 

vertical Bridgman technique but have since produced
(2) 

a more 

sophisticated highly successful, method of manufacturing large dislocation 

free single crystals. of GaTe using a modified Czochralski technique 

where the rotation and pulling of the seed crystal is carried out using 

rotating magnetic pole pieces. 

A further modification has been suggested by L.A. Sysoer(lo) et al 
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where a powder of GaS in a graphite vessel is placed on a heating element 

of a specially designed autoclave,After heating and removal of excess 

moisture and other gaseous impurities CeTe
2 

is introduced either alone 

or with nitrogen to give a total pressure of 30-40 atmosphere. The 

sulphide powder then undergoes superheating and melting, followed by 

cooling which takes place in such a manner that a single crystal of 

GaTe germinates at the bottom of the vessel and grows upwards. 

The latter two methods have produced the largest single crystals 

(8-10 cm. long and approximately 1.2 cm. in diameter) but all of the above 

techniques have successfully produced single crystals of GaTe of varying 

sizes and quality. 

2.3 	GROWTH TECHNTOUES EMPLOYED  

2.3.1 Choice of Method  

Several of the above mentioned techniques were used for the growth 

of GaTe single crystals with varying degrees of success. 

As the Czochralski(2) method of pulling from the melt had proved 

successful in the growth of GaTe and as this is the best known method of 

producing large dislocation free crystals (because the growth interface 

is not in contact with the crucible sides) this was the first method 

used. 

Stoichiometric amounts of Ga and Te were placed in an alumina 

crucible and boric oxide was placed on the surface to prevent any loss of 

Te. A platinum seed was then dipped in the melt and numerous turning 

speeds and pulling speeds were attempted, all without any degree of success. 

Several polycrystalline samples were produced but no single well defined 

crystals were formed. It was not possible to produce the refined 

equipment used by Mooser and Beck
(2) and therefore further work using 
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a Czochralski technique was abandoned. 

- The next technique attempted was a vertical Bridgman method as 

suggested by Tatsuyama et al 
(1) 

 from which, it was thought, large single 

crystals could be produced. The thin devices necessary for the electrical 

measurements could then be cleaved from the larger crystal. However, 

since thin crystals were required a vapour phase technique similar 

to that employed in the growth of GaS and GaSe(3) was also attempted. 

2.3.2 Vertical Bridgman Technique 

a) Apparatus for crystal growth  

The furnace used in this method of growth was a 2 zone furnace, similar 

to that used by Cusdin 
(6) 

in the growth of ZnS, capable of operating 

up to 1500°C. The windings consisted of 161 turns of 0.8 mm. diameter. 

platinum/106 rhodium wire and these were wound on a 7 mm. outside diameter 

Morgan sintered alumina tube, which was then encased in a layer of high 

purity alumina cement. Four platinum/rhodium thermocouples were embedded 

in the alumina cement and temperature control was achieved by using 

two Ether Transitrol type 991 anticipatory controllers fed from two of 

the thermocouples. Power was fed from a twin track 4.2 KVA variac and 

the temperature variations in the furnace could be controlled to within 

 
- 10  i C in the short term. The furnace was used vertically and a variable 

speed motor capable of pulling speed from 1 mm/hr to 10 cm/hr was attached 

to the top of the furnace and a platinum wire wound round the motor 

pulley. 

To produce high quality crystals it is imperative tot- 

1. Use ultra high purity starting materials 

2. Take great care in cleaning the growth tube. 

Gallium 5N and tellurium 6N were always used as the starting materials 

and were weighed out in an autobalance in their stoichiometric ratios 

before being placed into the bottom of the growth ampuule. Quartz tubes 
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Fig 2.1. 	Growth Ampoule 
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of diameter 17 mm. and length 15 cms. were used to manufacture the ampoules 

and these were first etched in a 10% H.F. solution and then rinsed in 

deionized water, degreased using I.P.A. and teepol solution and then 

rinsed once more in deionized water. The 17 mm. tube was then tapered 

as shown in diagram (2.1) and a 9 mm. tube was attached to the upper 

end to produce the completed ampoule - figure (2.1.(d)). 

The ampoule was then evacuated without any GaTe present and heated 

with an oxy-hydrogen flame to drive off any chemisorbed impurities in 

the interior of the tube walls. The latter step is extremely important 

as any slight impurity will lead to spurious nucleations in the boules(11).  
• 

The stoichiometric amounts of Ga and Te were then placed in the ampoule 

by means of a small bore glass tube. The 9 mm. diameter tube was then 

constricted to a 1-2 mm. diameter near to the join with the 17 mm. 

diameter tube and the complete ampoule was evacuated to 107 atmospheres 

when the constriction was sealed off. 

2.3.3 Procedure and Conditions for Growth. 

The temperature profile of the furnace was first set by using a 

platinum/rhodium thermocouple enclosed in a 17 mm. diameter tube to ensure 

similar boundary conditions as during the growth run. A typical growth 

curve is shown in figure 2.2 whereAT at the growth interface i.e.-the 

melting point is 6°C/cm. The optimum lowering speed was typically 

5 mm/hr. and a run usually took about 70 hours. 

The crucible was first lowered to a 900°C and kept there for about 

24 hours while it was shaken and stirred to ensure good mixing of the 

materials. It was then lowered through the melting point of GaTe by 

means of the motor at the predetermined rate. 

The rate at which the ampoule was lowered was extremely critical in 

eliminating constitutional supercooling and dendritic growth. 
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Brice
(11) 

has considered this by assuming the linear rate of an 

advancing plane interface to be f. Then writing down a heat balance 

equation of the form 

f. Zitiv = Ks 
,dT

s 	
KL  dTL  	(2.1) 

dx 	dx 

and assuming heat conduction only, where Hv is the latent heat per 

unit volume, Ksand KL  are the thermal conductivities in the solid and 

liquid GaTe in which there are temperature gradients dTlf and dTL 

dx 	dx 

respectively equation (2.1) enables the maximum possible growth rate to be 

evaluated. 

The temperature gradient in the solid is fixed due to the furnace 

specifications and to avoid dedritic growth and spurious nucleations 

dTL must be positive therefore: 

dx 

Tar 

< Ks  

Z Hv 

for GaTe typical values are dTs 
6°C/cm 

   

dx 

Ks = 10.0 J/M. Sec °K 

LIHv = 2.0 x 103  Joules 

This leads to a maximum permissible growth rate of a 1 cm/hr. and 

although only a very approximate calculation shows that a lowering rate 

of 5 mm/hr. is well within the permitted speed. 

A must more stringent condition imposed for the elimination of 

constitutional supercooling (Brice, Chapter 2) assuming a limited 

amount of stirring in the melt (which could be supplied by convection 

dT
s 

dx 
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currents due to temperature and concentration gradients) generally 

leads to a similar order of magnitude for the maximum permissible 

growth and hence lowerino rate. The above simple calculation is thus 

usually sufficient to show approximately the maximum permitted lowering 

speed. 

Apart from these obvious restraints the other source of difficulty 

arises in theeampoule itself-as the liquid solid interface will always 

be in contact with the ampoule sides. In spite of the fact that great 

care was taken in cleaning the tube there is still a possibility that 

there may still be some irregularities left on the surface and these 

could lead to spurious nucleations. To reduce the effect of such irregu- 

larities it has been suggested
(11) 

that one should use an ampoule of 

low thermal conductivity which would lead to a low radial temperature 

gradient and conseauently will provide an interface which is convex to 

the liquid. Any spurious crystal nucleated will thus be crowded out by 

the main crystal. 

Quartz has been used to manufacture the ampoules and has a thermal 

conductivity, at approximately 800°C, of 2.67 /m.°K sec., whereas GaTe 

has a thermal conductivity of only 8.9J /m°K sec., and this could be 

one of the reasons why it was never possible to grow a completely 

monocrystalline boule. 

It always proved impossible to grow a large perfect, single crystal 

boule and typical specimens usually contained several large single crystals 

which could be extracted quite easily. Plate. (1) shows one such crystal 

of dimension 5mm. x 3 mm. x 1 mm. It was always possible to find 

several smaller crystals also in a typical boule although in some 

extreme instances the boules were merely polycrystalline masses from 

which no sizeable single crystals could be obtained. 
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Laub photos have shown that the samples used were all single crystals 

but containing strains. All of the crystals cleaved very easily along 

the direction parallel to the layer planes, and either by using a sharp 

scalpel or Sellotape, samples varying in thickness from 2pm. to 1 mm. 

could be produced. 

Several of the crystals grown by this method were sent to Birmingham 

University for a mass spectographic analysis and the results confirmed 

that the only impurities in concentration greater than 1 p.p.m. were 

Se - 4 p.p.m, Si - 17 p.p.m. and Al - 2 p:p.m. 

2.3.4. Vapour Phase Growth 

The Bridgman technique was employed in growing single crystals of 

GaTe as it had already proved successful for Tatsuyama et al
(1) 

however to get the necessary thin platelets for the conductivity switching 

experiments the large single crystals so formed had to be successively 

cleaved, which could lead to damage and surface dislocations. 

It was felt that since these thin crystals were required a vapour 

phase type of growth could be used to grow GaTe, 

and the crystals grown employing such a method could be used in the 

"as grown" state. 

The ampoules were once more made from 17 mm. bore silica tube and 

were of 20 cms. length. They were cleaned in an exactly similar method 

to the previous case but as the closed tube vapour phase method involves 

a transporting agent, iodine, a slightly different technique is used to 

seal off the tube after evacuation. 

The ampoule was in fact, evacuated without any of the material 

present and was flame polished to reduce the number of possible sites on 

the ampoule walls. Iodine 4N8 was then placed into the ampoule along 

with the constituent elements by means of a narrow bore tube, thus 
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ensuring that all of the waterial reached the bottom of the ampoule without 

touching the ampoule sides. Once the tube was filled it was "roughed out" 

and all of the excess water vapour (plus a slight amount of 12) was 

driven off and captured in a liquid nitrogen trap placed between the ampoule 

and the pumping system. The ampoule was then immersed in liquid nitrogen 

and evacuated to 10 5  torr and sealed, thus ensuring that no more of 

the 12 escaped from the ampoule. 

A similar 2-Zone furnace was used but in the instance was used 

horizontally and the temperature profile was adjusted until the(temparature 

T2 at the growth end of the tube lay between 730-800°C and the vapourization 

temperature T1  lay between 830-870°C i.e. AT lying between 30°C and 140°C. 

As shown by Schafer(7) the transport rate is a complex function 

dependent on many parameters and from thermodynamic consideration a 

necessary condition for the transport of the solid is that the gas compo-

sition at the starting (vapourization) end must be different from that 

at the final solid. By considering this condition for GaTe the reaction 

equation is though to be of the form 

2 GaTe (s) + 	
2
(g) + 2 Ga13(g) 

The reaction goes from Right - Left at T2  and Left - Right at T1. 
1. 

The Gal
3 

has been identified in the form of a yellowish liquid at 

the completion of the reaction and is thought to verify the above 

equation. 

T1 and T2 were optimized to prevent supersaturation and polynucleation 

(if T1 
and T

1 
- T2 are too large) or to prevent microcrystallinity or no 

transport at all (if T1  and Tl  - T2  are too small). The optimum conditions 

were found to be T1 ='840°
C 'T

2 
='780°C and T = 60°C. as shown in 

figure (2.3) One of the most essential parameters in the growth is the 
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uniformity and stability of the temperature of the system in order to 

prevent the re-evaporation of crystals from the warmer parts of the 

tube. 

It was also found that the transport rate and hence the type and 

quality of the crystals produced depended greatly on the I
2 concentration 

similar to that found by Leith et al(3) in the growth of Ga S. In previous 

work on layer compounds and other materials grown using this method (4) 

5mg./cc. of I2 was found to be the optimum concentration but in this 

instance when 5mg/cc was used this led to too high a transport rate and 

gave rise to polynucleation and intergrown crystals. With CT < 1 mg./cc 

it was found that no transport took place at all but that a concentration 

of 1 mg/cc. gave good well defined platelets of GaTe over the time 

allowed for a typical run i.e. 20-30 hours. 

Several different types of crystals have been found using such a 

technique and, unlike GaS(3) which only grew at the extreme cold end 

of the tube, GaTe crystals grew spread out over a wide range of 

temperature, typically from 15-19 cms. from the hot end of the tube as 

shown in figure (2.3) 

Typical crystals grown were 

1. Needles 

2. Flakes 

3. Platelets. 	(See plates 2.2a and 2.2b) 

Most of the platelets and flakes have optically perfect surfaces 

but several have parallel striations along them similar to those found 

in ZnS platelets and was thought to be due to a twinning effect, which 

has been verified by X-ray Laud photos. The greatest disadvantage of 

such a method is that the crystals tend to contain a large amount of 

the transporting agent. Samuelson
(12), in fact found 200-600 p.p.m. of 
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. Fig. 2.1+a 	Comparison of the arrangehient of layers in the structure.: 
of (a) GaS, (b) a-GaSe, (c) 0-GaSe and (d) GaTe. 
In part after Basinski, Doye and Mooser (1961). 

• Ga, -0 S, Se or Te. 

Ga Qm 

•\ / 
• 
' JA

,  
 ;-- 

\ \ 	, 
\L>b.  

- - 	r  

Q .  ft,. 
_C 

'74  • 4.- Lt  
	The GaTe structure (monoclinic), showing the two kinds 

of 



42. 

chlorine in ZnS when HC1 was used as the transporter and Nitsche(4) 

has reported finding up to 100 p.p.m. 12  in CdS platelets, but on 

testing the GaTaplatelets only 8 p.p.m. 12  was detected which was less 

than the Si content of such crystals which was 10 p.p.m. 

The size of the crystals varied from the very long thin needles 

to platelets of area 5 mm. x 2 mm. and thickness from 1-30pm. All of 

the GaTe crystals produced were found to be p - type and devices for 

the electrical experiments have been made using crystals grown by both 

the Bridgman and vapour phase techniques. 

Single crystals of CdI2  and SnS2, whose conductivity switching 

properties are described (and compared with those of GaTe) in later 

chapters, have also been grown employing a vapour phase transport technique. 

They have been grown in an exactly similar manner and under exactly the 

same conditions as described by Nitsche(4) and, as such, the experimental 

detail will not be described here. 

The crystals produced were free from surface dislocations and the 

maximum area varied from lcm x 2 cm. for SnS
2 to 5 mm. x 3 mm. for CdI2 

and both types had thicknesses varying from 1-701.1.m. 

2.4 STRUCTURE AND PHYSICAL PROPERTIES OF GaTe  

2.4.1 Structure of Gee  

Layer compounds comprise of a number of distinct groups each with a 

corresponding structure as discussed in section 1.2. GaTe is a member of 

the GaSe-type which is characterized by having four atomic sheets within 

each layer as shown in figure 2.4 with covalent bonding within the 

layers and a weak Van der Waal's type bonding between the layers. 

The GaSe-type compound is the most understood of all the above structures, 

especially GaSe itself which has been extensively investigated by 
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Fivaz and Mooser(13). The structure. and the chemical bonding in GaTe, 

however, have only been considered very briefly with the notable exception 

of Pearson'
(
s
14)

work. 
 

GaTe is a polycationic material with Ga-Ga bonds within the layers 

and although, in general, such materials are metallic GaTe is a semi-

conductor as the bonds between the cations do not extend throughout the 

whole structure. GaTe, in fact, is a very interesting example of such 

a compound where portions of the structural units consisting of the Te - 

Ga - Ga - Te planes of atoms (figure (2.4(b)) extending indefinitely 

in the b - direction are joined together by other Te Ga - Ga - Te 

strips in which the Ga Ga bonds lie approximately at right angles to 

the first Ga - Ga pairs and hence satisfy the above criterion for 

polycationic semiconducting compounds. 

Figure (2.4(b)) also shows the unit cell of GaTe to be of a 

monoclinic type with a single 2-fold axis along the b-axis. The lattice 

spacings have been shown to he a = 12 R b = 4.043, C = 14.88 R and 

p. 100 (15)and the Ga - Ga and Ga - Te bond lengths are given by 

Pauling(16) as 2.52 and 2.82 R respectively. 

No attempts have been made to calculate the lattice constants for 

the samples used in this work as, being in the form of thin platelets 

or leaves (the thickest sample grown was 1 mm. thick) 'With the only axis 

of symmetry within the planes, it has proved very difficult to produce 

good quality X-ray Lau!! photos. In fact to show the 2-fold symmetry 

axis it was necessary to use a very low angle reflection technique on an 

electron microscope which produced the photo shown in plate 2.3 - the two 

fold symmetry axis is perpendicular to the page. 

2.4.2 Physical Properties of GaTe  

The melting point of GaTe has been found from D.T.A. studies to be 
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827°C whereas the phase diagram (figure 2.5) of the GaTe system as completed 

by Elliot
(17) 

gives the melting point to be-835°C. Several other 

authors have quoted different melting points lying between 8240(18) 

and 836 (19) and the above result seems to be in reasonable agreement 

with these. 

The density, specific heat, and thermal conductivity of GaTe are 

very important parameters in the thermal calculations of conductivity 

switching made in chapter 6 and fortunately in recent years these have 

been investigated quite thoroughly. 

In this study the density of GaTe was found to be 5.3 -.2 gm/cc 

from the normal weight/volume method and this ti:es in with the other 

reported value of 5114 gms/cc found by Astachov et al
(18) 

The thermal conductivity has been found by Spitzer (2b)  toshow a 

large anisotropyl in that parallelto the plane the thermal conductivity 

has a value of 8.9 J/m sec°K and is approximately seven times greater 

than that between the planes. The result of chapter 6 using thermal 

calculations to give a best curve fit to the I-V characteristics imply 

that the value of thermal conductivity of the samples used was a 

10 J/m sec.°K. 

Finally the specific heat of GaTe has been investigated from 10- 

300°K by Badziev and Sharifov(21)  and was also investigated by Fedorov 

and Fedorov from 300-700°K, and found to vary only slightly over this 

range. The value given by both imply that the heat capacity of GaTe 

lies between .23J/gm°K and .25 J/gm°K at room temperature. 

The layer compound GaTe has thus been grown successfully and a number 

of the physical properties of the material have been evaluated and show 

reasonable agreement with previous results. 
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CHAPTER 3 

3.1. 	INTRODUCTION  

As it was necessary to produce ohmic contact to all samples for 

future d.c. electrical measurements the first experiments were carried 

out, using an a.c. technique to determine the electrical nature of the 

metal - semiconductor interface. 

Several different contact materials were used and different methods 

of device fabrication have also been attempted, as discussed in section 3.4. 

All the measurements were carried out in vacuo in a non-magnetic cryostat, 

as depicted in figure 4.3. The range of temperature covered was from 

77 - 400°K and the frequency range considered was from 70 Hz. to 5 M. Hz. 

The a.c. capacitance and conductance measurements were made between 

the layers and it was found that the results on low resistivity samples 

( pi;,5 102  cm.) varied quite significantly in some instances from 

those on the high resistivity samples (10
2 
- 107  ac n .cm.) 

For most of the low resistivity samples the measurements are compatible 

with an interfacial polarization layer being formed, possibly due to the 

accumulation of charge carriers at impurities within the bulk, whereas 

the effect in the higher resistivity samples is much less marked and 

the variation in capacitance over the frequency range is very small. 

The other low resistivity samples exhibited quite extraordinary changes 

in capacitance with frequency and also had a low frequency value of E', 

the dielectric constant, which could not be explained in terms of a 

purely bulk phenomenon. These results can also be explained in terms 

of an interfacial polarization layer but in this instance it is thought 

to be due to the accumulation of charge at the contact, possibly due to 

a slight oxidation effect on the GaTe surface. 
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The conductivity results, however, were such that at low temperatures 

and high frequencies the conductance G, could be shown to vary with 

frequency according to 

G 	(Ji5c 	where x varies from . 5 - 1.0 

and is dependent on the sample and the exact temperature considered. 

• This can be explained in terms of a thermally activated hopping mechanism 

where charge is transferred by "hopping" between random sites(I) 

3.2 MECHANISMS OF POLARIZATION  

Several mechanisms of polarization can exist in a dielectric and can 

take the following forms
(2) 

1. Assuming that matter consists of positive atomic nuclei surrounded 

by negative electron clouds, then upon application of.an external 

applied field the electron cloud will tend to be displaced with 

respect to the positive core causing the atoms to take on an 

induced dipole moment and leads to an "electronic polarization" 

phenomenon. 

2. When a molecule is made up of atoms of different types then, 

because of the interaction between them there is a redistribution 

of the electrons whereby the clouds will be displaced eccentrically 

towards the strongly binding atom and thus give rise to a configuration 

where a positive charge is separated from a negative charge by a 

small distance, leading to an electric dipole. Under the influence 

of an externally applied field the atoms will tend to move, hence 

causing a change in the dipole moment and lead to an "atomic 

polarization". 

An extension of case (2) is when the molecule as a whole rotates 

about its axis of symmetry so that the dipole aligns itself 
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with the field and this leads to "orientational polarization". 

4. A mechanism which is completely different from the previous cases 

is- the so-called interfacial or space charge polarisation. The 

above cases are all due to charges locally bound in the atoms, 

molecules or in the structure of the material, whereas in this 

instance the polarisation arises because of the movement of 

free carriers through the material. When the motion of such carriers 

is impeded either because they cannot be freely discharged or replaced 

at the electrodes then this leads to a local accumulation of charge 

which will induce an image charge on the electrodes and give rise 

once more to dipole moments. 

The first three types of polarization processes will not be 

considered further as they are not thought to apply to the case of 

GaTe. They can all be accounted for in terms of a Debye type of relaxation 

model as discussed, for example, by Daniel p.18(3) The fourth process, 

however, cannot be explained in terms of a simple Debye model and a 

further technique suggested by Maxwell
(4) 

and developed further by Wagner(5) 

must be considered in this instance and will be used to explain the di-

electric results on GaTe. 

3.3. MAXWELL WAGNER 2-LAYER MODEL 

The classic example of an interfacial polarization process is the 

Maxwell-Wagner 2-layer model as depicted in figure 3.1 and described in 

appendix (A). In general to investigate the dynamic properties of 

dielectrics, two quantities are introduced (both frequency dependent) 

• 
to represent the relative permitivity C as 

= 8.„ 	
(1) 

 
where E is determined by the magnitude of the "in-phase" component of 
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the current and is usually defined in terms of the loss angle tan& 

where 

tan8 = 

For the Maxwell-Wagner 2-layer model as described in appendix (A) 
C' 	C' 

C = Cm+ 

C 
1 	(c' - 

2 % 
tat 

 (RL 	) 	• a -Ft.) T / Co 1 2 

where 	= static value of dielectric constant 

c',„,= value of the permitivity at infinite frequency and 

is also constant. 

By comparing the above frequency dependence of c' with that found from 

a Debye (3) type calculation one sees that they are indistinguishable and 

thus measuring c alone is not enough to determine the dominant 

polarization process. However c"  as calculated for an interfacial 

polarization process contains an extra term, inversely proportional to 

frequency, and by comparison with the value found from a Debye type 

calculation one can distinguish between the madhanisms. 

3.4. DEVICE FABRICATIONS  

The GaTe samples were very small and extremely fragile being in 

the form of very soft leaves which tear easily. They were always 

handled with vacuum tweezers and before the contacts were applied the 

samples were rinsed in alcohol, trichloroethylene and distilled water. 

In the later experiments it was found necessary to cleave the samples 

just prior to 

(2)  

1 + 2 2 c.) 
(3)  

(4)  
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evaporation of the contact material as a slight oxidation was thought to 

be taking place on the GaTe surface. The contact material was varied 

between Au, Ag, Sn, and In in the original experiments but after several 

measurements it was found that they all gave the same effects and thus 

indium was used throughout the rest of the experiments because of the 

• 	 ease of evaporation and also its availability in the laboratory. 

In most instances a single contact of .875 mm2 area was placed on 

opposite faces of the sample but in some cases a 3 contact configuration 

with a guard ring was used. However after carrying out several d.c. 

experiments it was found that bulk conduction always dominated and hence 

a 2-contact configuration was used in subsequent experiments. All the 

contacts were evaporated under a vacuum of 	10 5 torr, through a 

mask which could provide circular contacts of area varying from 

.5 to 3 mm.2, the thickness of a typical contact being 2000-R. Once 

the contacts had been evaporated, gold wire of diameter . 0015" was 

attached to them by means of silver dag and the device was completed 

by attaching these to a transistor header as shown in figure (3.2b). 

3.5 EXPERIMENTAL TECHNIQUE 

All samples used in the following measurements were free from surface 

defects (as far as could be ascertained under 40x magnification) and 

varied in resistivity from 10 - 107  Q.cm. perpendicular to the layers. 

The thickness of the crystals was always measured after applying the 

contacts, using a moving microscope capable of measuring to within I 

0.2 p.m. Measurements were made with the samples in an evacuated cryostat 

as depicted in figure (4.3) and the temperature could be varied from 

77 - 400°K by means of a small heater embedded in the copper block as 

shown in figure (3.2a). The temperature was measured by means of a 
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chromel/alumel thermocouple mounted as shown in the figure (3.2a) in 

order to measure the exact temperature of the sample itself. The 

circuit diagram for a.c. measurements is as shown in figure 3.3. where 

all measurements were made using a very low applied voltage (^,.1V) 

and all connections were made using screened coaxial leads. 

3.6 EXPERIMENTAL RESULTS  

The dielectric results can in general be split into three distinct 

regions:- 

^ 
1(a) Low resistivity samples (p:510

2 
 lit.cm.) where C was found to 

vary markedly with frequency and the low frequency value of 43 

was inordinately high; in some instances >5 x 104 at room 

temperature. 

1(b) Low resistivity samples where C varied much less with frequency 

and the low frequency value of
/ 
was around 100 at room 

temperature. 

2) 	High resistivity (102< p< 107acm)- samples where the variation of 

C with frequency is very small and the low frequency value of 

U is 	3 0 at room temperature. 

They can however all be related to an interfacial polarization 

phenomenon, the latter two being due predominantly it is thought, to 

accumulation of charge at impurities in the bulk whereas the former is 

thought to be due to charge accumulation at the electrodes. Said
(6) 

has found an exactly similar type of behaviour for SnS
2, as has 

Nadkarn and Simmons(?) in their work on Au-Mo0
3
-Au sandwiches. 

A typical example of a low resistivity (p = 80r/cm) sample where C 

varies markedly with frequency is shown in figure (3.4). 

As shown, the capacitance at high frequencies varies only slightly 
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with temperature but the low frequency capacitance varies a great deal 

with temperature and at room temperature corresponds to a low frequency 

value for C of 2000. The corresponding plot of C is as shown in 

figure 3.5 where the shape of the curve is in exact agreement with that 

expected from an interfacial model, as discussed by Von Hippel(8) • 

Several samples have been tested and in some instances at high 

temperatures,U at the low frequency end has been >5 x 10
4 
whereas at 

the high frequency end it falls to <100 i.e. a change of >2 orders of 

magnitude. 

Figure (3.6) shows the C versus frequency plot for another low 

resistivity sample ( p = 565/cm at room temperature) but in this 

instance the low frequency value of C is ^,100. The variation of C 

with frequency is still very similar to that of the previous samples but 

much less marked. The C ' variation with frequency and temperature for 

/1 
such a sample is shown in figure (3.7) and both C and e show a similar 

tendency to the last sample also. 

The last two cases are quite similar to each other in that the 

contact is thought to dominate to a greater (la) or lesser (lb) extent 

but in the higher resistivity samples (102< p <107acm) the C versus 

frequency is as shown in figure 3.8 where the variation of C with 

I/ 
frequency is very small and the G and C variations with frequency are 

as shown in figure (3.9) and (3.10) 

It is thought that all the above types follow the interfacial 

polarization type of process, but in the latter case the relaxation is 

much less obvious, whereby even at the highest temperatures considered 

the e
/ 
value only varies from 32 - 17 over 5 orders of frequency . 
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3.7 DISCUSSION OF RESULTS  

- In all samples irrespective of whether they are high or low 

resistivity there is no variation of C or G (the conductance) with time, 

which implies that the polarization is due to the movement of electrons 

// 
(or holes) rather than ions. Also the fact that 8 at low frequencies 

is inversely proportional to frequency implies that free carriers will 

dominate the polarization phenomenon in all cases, irrespective of the 

value of resistivity. The essential difference between la), lb) and 

2) lies in the low frequency magnitude of e. where for case la) the value 

of C is so high that no bulk process could possibly account for it. 

In actual fact these results are compatible with the formation of inter-

facial barriers at the contact as suggested by Simmons et al(9). In 

this instance samples which have produced such results have been washed 

in distilled water, alcohol and triclibmthylene before attaching the 

contacts to them and apart from this had no other surface treatment. 

Thomas
(10) 

et al have reported in some instances that, after some time 

GaTe has shown a tendency to oxidise in air and this, possibly is the reason 

why, instead of producing perfectly ohmic contacts, the contacts have 

been partially blocking. Such a device can be envisaged as being made 

up of a bulk material sandwiched between two high resistance layers 

formed between the specimen and the electrodes. Such a configuration is 

depicted in figure (3.1a). Simmons et al
(9) have completely analyzed 

this in terms of the frequency and temperature response and all the results 

of section la) agree exactly with his findings, wherein the low frequency 

value of capacitance is due to the contact layer, whilst the high 

frequency value of C tends towards the bulk value. 

After these initial experiments all other measurements were made on 
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samples which were freshly cleaved just prior to the evaporation of £ 

the contacts and as shown by the results of section lb) this leads to a 

great reduction in the low frequency value of t . Such a value of 

is possible from a bulk process and the effect of the contacts, although 

possibly not completely nullified, does not dominate the polarisation 

process, and it is possible as suggested by Anderson
(2) 

that such a 

variation in capacitance could be due to space charge accumulation at 

impurities within the bulk. Simmons (ref. 9, p. 542) has in fact, suggested 

a series of experiments to determine the extent of the electrode effects 

where at high temperatures and low frequencies when the contact is domin- 

ating, the capacitance should be independent of insulator thickness and 

dependent only on the area of the contact. At high frequencies and low 

temperatures however the capacitance should be dependent on both the 

area and the insulator thickness. -No detailed study of this has been 

made but the results from experiments carried out on 7 separate samples 

are shown in figure (3.11). The capacitance was measured at 1 MHz. and 

100°K and the resistivity of the samples varied from 120 - 104  cm. 

As shown the high frequency value of 6 is 10 + 2 which is slightly 

greater than the value of 7.3 found from optical measurements(11) 

The low frequency measurements on the low resistivity samples have also 

followed the expected trend where the capacitance is dependent on the area 

of the contact but varies only slightly with thickness - these measurements 

were only carried out on two samples, however, and are therefore not 

completely conclusive. 

The high resistivity samples, on the other hand, show no large £ 

values at low frequencies and C is shown to vary only slightly with 

frequency. This is thought to be due to the accumulation of charge at 

impurities within the sample where in some instances, in these high resistivity 
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samples, the relaxation process has not been obvious even at the highest 

temperature and lowest frequencies considered. 

D.C. bias experiments have also been carried out to verify the 

above ideas and it was found that for the cleaved samples the variation 

of C and G with increasing voltage was negligible whereas for the low 

resistivity samples which had not been cleaved, C and G, varied greatly 

with the applied voltage as shown in figures (3.12) and (3.13) where the 

high C at low frequencies is thought to be due to the barrier layer at 

the interface. 

Thus it was decided, throughout the remainder of the experiments to 

use samples with resistivity>10
2
Slcm. between the layers and also to 

cleave each sample just prior to applying the contacts to ensure that 

one gets the bulk rather than contact limited results. 

3.8 A.C. CONDUCTANCE RESULTS  

The a.c. conductance of devices has been measured over the frequency 

range 70 hz to 5 M hz. and from 77 to 400°K. For a particular device' 

the results have shown the conductance to vary as a low pc)Wer of frequency 

given by 

G otie 	 (5) 

where x varies from 0 - 1.0 depending on the frequency range 

and temperature considered. A typical G(a.c.) versus frequency plot is 

shown in figure (3.14) where at the low frequency high temperature end 

G a.c. is approximately constant over 2 orders of magnitude and at the 

lowest temperature considered Gatt)
.92 

over the complete frequency range 

covered. Also at low temperatures and high frequencies G a.c. has a 

relatively small dependence on temperature as shown in figure (3.15 ) 

where the activation energy associated with this process at 106  Hz. is 

.033eV. A corresponding plot of log G versus 1 is also shown for 
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105 Hz. and 104 Hz. where the activation energies were .05 eV and 

.08 eV respectively. All other samples have given the same results where 

at high frequencies i.e. ^l10
6 
Hz. the activation energy is always less 

than .05 eV. 

Thus over the frequency range covered the experimental evidence 

favours a thermally activated hopping mechanism similar to that 

considered by Pollock and Geballe(1), for compensated Si at low 

temperatures. In this process conduction is due to the movement of 

carriers by discontinuous "hops" between well defined localized sites 

within the solid and Pollack and Geballe, by considering hopping to occur 

exclusively between pairs of majority impurities, have predicted that at 

low temperatures G °ICU 	(or less if multiple hopping occurs). This 

agrees well with the high frequency low temperature results on GaTe 

but in order to explain all the experimental results on GaTe it is 

necessary to consider an approach used by Jonscher(12) who has 

developed an alternative approach to the Pollack-Geballe method of 

finding the frequency dependence of conductivity. By considering the 

mechanism in terms of a stochastic sequence of hopping current pulses 

and by Fourier analyzing them to give the frequency dependence of the 

conductivity found experimentally, be has shown that the exponent in 

the above equation (5) can never be greater than unity and that at 

the low frequency end it can vary from 0.0 at high temperature (i.e. d.c), 

through 0.5 at intermediate temperatures, and tends towards 1.0 at 

around 100°K. This is precisely the dependence that has been found 

experimentally for GaTe as shown in figure (3.14) and also for glassy 

V205 by Linsey et al
(13). In fact the results on GaTe at the lowest 

temperatures and highest frequencies considered have varied from sample 
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to sample but down to 770K and up to 5 M hz. no value of n has been found 

to be greater than unity; the largest value being 0.92, which also agrees 

well with the predicted behaviour. 

Thus, although the frequency and temperature range has been quite 

restricted, the above results on the temperature and frequency dependence 

of a.c. conductance along with the low associated polarization effect in 

these high resistivity samples; have been considered as sufficient evidence 

of a hopping type mechanism where conduction takes place by an impurity 

type hopping process between localized states situated in the band gap. 

• 
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APPENDIX A 

MAXWELL-WAGNER TWO-LAYER MODEL  

When free carriers are visualized as accumulating at a discontinuity 

in a dielectric the simplest method of describing this is in terms of 

the Maxwell Wagner two-layer condenser model (see figure 3.1). 

In this instance the two layers can be said to be made up of one 

layer due to the bulk material itself and the other due to the electrode-

semiconductor interfaces as shown in figure (3.1a). 

If the contact area = A and if the bulk region has a relative 

permitivity 	and electrical conductivity Cr and the metal-semiconductor 

region has a relative permitivity E2 
1 
 and electrical conductivity 02  

where d1 and d2 are the respective thicknesses of the bulk and metal - 

semiconductor regions then when an external field is applied the flux 

density must be continuous across the layer interface so that 

6 	= C2 1 E
2 	(3.1) 11 IL1  

when the condenser is fully charged a current will flow and this must be 

continuous also so that 

61E1 = Cr2E2 	(3.2) 

From the equivalent circuit (figure (3.1C) it is obvious that 

 

V = V1 + 

 

(3.3) 

and 

 

I = C1 dV1 * V
1 

 

dk 	R1  

= C
2 dV2 	V2 

dt 
	

R
2 

(3.4) 

C1 
 

El 1  A 	C
2 

= E
2 

1  A 

1 C12 



Solving (3.4) for V1  and V2  

V1  = V R1  

R1+ R2 

V2 = V R  
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R
1 	

d
1 	R

2 
= d

2 

A Cr1 	A Cr 2 

1 	

t 1 - (1 - C2  R2 ) e 7  

1.-  

I

1 - (1 - 
Cl  R1  ) e i 1 1 	T 

T' 

3.5 

3  6 

where ir = CR and is the relaxation time. 

By using figure (3.1c) it is possible to determine the frequency dependence 

of the permitivity as follows: 

Y 

 

3.7 

 

Y1 +Y2 

= (i 	+ it)ci  ) ( 1 	+ jcoc2  ) 	3.8 

R1 
	

R
2  

1 + 1 	+ 	+ C2) 

112 R
1  

••• 

- 6.)2 T 1- 0)2vi + 2) - jwT (1-021172) +jW(r + 1 r2)  

1 + G32 9 
 

3.9 

Y = 1 

R1+ R2 

where le
1 
 = C

1 
R
1 	and T2  = C

2 
R
2 

But by definition (see for example Anderson(2)  p.16 ) the admittance of 

the above equivalent circuit is given by 
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j to (el 	j ell ) co  
(3.10) 

Co 

 

/Ceo 

  

     

+ d2 

and equating (3.9) and (3.10) 

• 
	 el  = 	1 	1 + T2 - T +

2
Tel  T2 	(3.11) 

Co (R1 + R2) 	(1+632  72) 

ate°. 0 

el  =Es =?'1 +T2  - 

co (R1  + R2) 

at W=00 

El = c40 	= Tl  72 	1 

cO (R1 + R2) 

and substituting in (3.11) 

+ es - eco 	 (3.12) 

and also from (3.9) and (3.10) 

Ell 	1 	(3.13) 
(es - E%. ) 

CO Co(R1 + R2) 
	

1 + CJ2 
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CHAP= 4 

4.1. INTRODUCTION 

There have been very few reports published on the Hall effect in 

GaTe single crystals, and in the results available(1)(2)(5),  there 

appear to be several conflicting ideas. Due to this uncertainty in the 

mobility values it was decided to carry out a series of experiments to 

calculate the mobility both within and perpendicular to the layers for 

several GaTe single crystal samples. 

All measurements have been carried out with the magnetic field 

applied perpendicular to the layers and it was found that above a certain 

temperature, the results (within the layers) were compatible with the 

mobility being limited by lattice scattering. 

The resistivity perpendicular to the layers has also been investigated 

and from the relationship 

R 
	(4) 

Pin  

a value for the mobility between the layers was found. It appears to have 

an exponential dependence on temperature similar to that obtained with 

a hopping type conduction mechanism, where the activation energy is 

thought to be due to the energy required to move from one layer to the next. 

4.2 CHARGE CARRIER MOBILITY IN SEMICONDUCTING LAYER COMPOUNDS  

GaTe, as discussed previously, has a layer structure characterized 

by covalent bonding within the layers and a weak Van der Waal type bonding 

between the layers, and for such materials normal transport theory no 

longer holds. 

• 

Fivaz and Mooser(5) have considered the free carrier-phonon interaction 
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within such materials and have suggested that such a structure can be said 

to have a potential distribution of the type shown in figure (4.1) 

where within each layer, but outside the atomic core, the potential is 

low and varies very slowly with position. Between the layers, however, 

the contribution from different atoms add up to give a fairly wide and 

high potential barrier. Charge carriers are thus thought to move in 

a series of parallel potential wells in which they have local levels 

whose energies depend on the real width of the wells. 

The energy spectrum of these free carriers can be shown(5) to 

consist of an effective mass term plus a tight binding term giving, 

E(p) = px2  + py
2 
	2Iz  (cos pzdz 	- 1) 	(4.1) 

2mx  

 

11 

where pi = mor,cntum of the carriers where i = x,y,z 

mx = effective inertial mass within the planes 

Iz = small overlap energy associated with the weak Van der 

Waal's bonding.  between the layers 

dz  = the layer spacing. 

The density of states derived fro.n such a spectrum is given by: 

D(E) = MxN z - 1 
cos (1 - E 	) for 0 E 4Iz  

 

 

2h 2  112  

= MxN z  

2TrI 2  

 

2 Iz  

 

....f4:2) 

   

for E 4I 

where Nz  is the number of layers per unit length in the z- direction. 

By considering the above, Fivraz and Mooser have shown that for case 

(a) E :•5 41z  , the binding energy between the layers is such that the 

material can still be considered as a 3-dimensional body . 

• 
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b) for E ' 4Iz._ however, the material can be thought of as being 

made up of independent layers and the carriers are thought to move within 

these layers having effectively only two degrees of freedom. 

Evraz and Mooser
(6) 

have used this theory, accounting for the large 

anisotropy of the physical parameters of layer structures, to determine 

• 
the scattering mechanisms responsible for the mobility temperature. 

dependence shown in such materials. They have found for short range 

interactions that accu.stic phonon scattering leads to a charge carrier 

mobility which is inversely proportional to temperature, unlike in a 

normal isotropic material where g ceT-3/21  and is given by 

Irxx = e 	
2 	

Nx  Me  Sx2 	

• 	

1 	(4.3) 

2i, 	M.; 

	

x 	Ex2 
	

KT 

where Nx  = the number of cells per unit layer area 

Mc  = mass of the cell 

S = the velocity of sound within the layer 

Ex  = deformation potential. 

In the optical phonon case, short range interactions are due to the 

coupling of the charge carriers with the homopolar optical mode 

(homopolar implying that there is no first order dipole moment associated 

with this mode) and leads to a mobility of the form 

9 

• m 

	
, ilw/KT 
te 	- 1 ) 	(4.4) 

. 
g hW 

9 
where t W is the phonon energy and g is a coupling constant whereby 

if g2> 2 then the carrier is self trapped within the lattice due to the 

very strong carrier lattice interaction. 

For long range interactions, however, where the lattice vibrations 

give rise to polarization waves to which the carrier couple via long 
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Fig, 4.4 Normal 5-contact Hall configuration 

TABLE 4.1  

Sample 11 	to plane 

in cm2V V.sec. 

mr)bilWtirmendicullrT crit. 

in cm2/V.sec. 

11 6o 2.0 5 x 10- 1 240°K 4.4 x 1016 

15 15 1.9 200°K 1.7 x 1017 

13 70  2.0 3.2 x 10 222°K 2.36 x 1016 

17 111  to b axis 
100 

1.75 220°K 1.8 x 10
16 

19 48 2.0 3 x 10 2 260°K 3.4 x 1016  



86. 

range coulombic forces, then polar optical phonon scattering 

dominates and the mobility is given by 

kT f 041AT 1)  
e 	1 	ta k E 

11,0c = m 	
2 Yr J. + 

. 	(kT" up.  
x  

 

(4.5) 

 

where Y is the coupling constant in this instance. 

At sufficiently high temperatures (reference (6) p. 750) optical 

phonon scattering dominates and one can see that around T = To the 

temperature dependence can be expressed as 

„ 	0 
T -n 	(4.6) 

To , 	
(1"/kTo) e(1"),/kTo)  

where Whom = npol - 1 = ( 1"),/kTO - 1) 
	 (4.7) 

Figure (4.2) shows the dependence of the exponent n on the lattice 

vibration energy hw. For short range interactions n = I for acoustic 

phonon scattering and n >1 for homopolar optical mode scattering 

and for long range interactions n
pol 

= n
hom 

1. 

EXPERIMENTAL TECHNIQUES FOR HALL MEASUREMENTS 

In order to obtain experimental values for mobility it is necessary 

to measure the Hall coefficient of the crystal. All the measurements 

were carried out in a non-magnetic cryostat as depicted in figure (4.3). 

The range of temperature covered was from 77°K - 380°K and the normal 

5-Contact Hall configuration was used as shown in figure (4.4). 

Contact was made to the bar shaped samples by first evaporating 

20-100 1m. diam. indium dots around the edges and then joining gold 

wires to these by means of silver dag. All the contacts were tested and 

only those which exhibited ohmic behaviour were used throughout the 

experiments. 
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A 9 volt battery was used as the stabilized power. supply. The 

temperature was measured to within + 1°C by means of a chromel/alumel 

thermocouple, the current with a Keithley 610 B electrometer, and the 

Hall voltage was measured using a potentiometer capable of measuring 

down to 10 7  volts. 

In order to minimize errors due to possible temperature gradients 

set up in the material the current was taken in both the forward and 

reverse directions and also the magnetic field was used with both normal 

and reversed polarity. The voltage between C and B in figure 4.4. was 

always noted before each measurement to ensure that it was zero with no 

applied magnetic field. If it was found to be non-zero it could be 

balanced out by using a variable resistor connected between C and D 

which could effectively align C and E. Measurements were made with the 

magnetic field equal to 5KG and with the temperature both increasing 

and decreasing. 

4.4. 	RESULTS AND DISCUSSION  

4.4.1. Results  

All samples used were found to be p-type and all but one of the 

mobility measurements were made with the current flowing in the plane, 

along a direction perpendicular to the b-axis (one measurement was made 

with the current flowing parallel to the b-direction in the plane). A 

typical resistivity (p) versus reciprocal temperature (T) is shown in 

figure (4.5a) for the case of current flowlr  to the b-axis and in figure 

(4.5b) for flow parallel to the b-axis. The curve depicted by figure (4.5c) 

is that of p vs 1 — for current flowing perpendicular to the plane and is 

seen to differ markedly from the previous two curves i.e. although the 

resistivity is directionally dependent the anisotropy within the layer 

is relatively small. 
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Variation of mobility within the layer, with temperature 
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0. 

The Hall voltage (VH) was always found to vary linearly with 

applied magnetic field (B) and a typical VH  versus B plot is depicted 

in figure (4.6) for two different applied voltages at room temperature. 

All the following measurements were made using low applied fields so 

that only ohmic conduction has to be considered. The Hall coefficient Pt., fl' 

1 versus y s shown in figure (4.7) and p, the carrier concentration, 

1 versus y in figure (4.3). The Hall mobility is 'lotted versus temperature 

in figure (4.9) and above about 200°K is seen to obey equation (4.6) 

with n a-; 2.0. 

Now, as pointed out by Atakishiev and Akhundov (7)  , the tensor 

components of RH  in an anisotropic media are related by a constant factor 

independent of temperature and since this factor is unknown it shall 

be assumed to be unity in this instance. Using the results of figure 

(4.5c) along with equation (4.1) it was possible to calculate the 

temperature dependence of the mobility perpendicular to the planes as 

shown in figure (4.10). Table (4.1) shows the different n values for 

mobility within the layer, the temperature Tcrit, above which lattice 

vibrations begin to dominate in the scattering process, and also the 

variation in room temperature carrier concentration. 

4.4.2 Discussion of Results  

From figures (4.5 a,b,c) it is obvious that the electrical 

resistivity is directionally dependent. From (4.5a) and (4.5b), however, 

it would appear that the resistivity within the layers varies only slightly 

with direction and in fact in the most extreme case of current flow.k
r 

to the baxis and 11
1 to the b-axis the variation in resistivity is only 

approx. 4 times. This does not give an exact picture as the figures 

(4.5a) and (4.5b) were for different samples but the result is represent-

ative of the few available on several other GaTe samples i.e. within the 
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planes the resistivity varies only slightly with direction. This has 

also been verified by Brebner and Mooser
(2) 

who found that the 

resistivity
r 

to the b direction was approx. 5 times that parallel to 

the b-axis. The ratio of the resistivity perpendicular to the layer, 

to that within the layer however is much more marked and has been found 

to vary from 10
2 
- 104 dependent on the sample. This is characteristic 

of such layer compounds and has been shown to hold for CdI2  also where 

Lim 
(8) showed 	f?",16

4
, = 500. 

Due to the shape of the as grown crystals, which tend to have their 

long directions perpendicular to the b-axis, all but one of the Hall 

mobility measurements have been made with the current flowing in this 

direction (in the other instance the current flow:1.4s111 to the b-axis.) 

The mobility values found within the layers were in good agreement 

with those found previously by Brebner and Mooser(2) and as is obvious 

from table 4.1 the mobility always seems to be limited by lattice 

scattering above a certain critical temperature. T crit. Below this 

temperature the mobility varies according to RIAT 3/2 which can be 

shown (reference (9) p. 428) to be compatible with an impurity type 

scattering process where the turnover temperature in figure (4.9) should 

give the associated impurity energy,equal to .02eV in this instance. 

By comparing the experimental data on the GaTe crystals used, with the 

theory of Fivaz and Mooser
(6) 

one can find out which scattering mechanism 

limits the carrier mobility above T crit. The plot ofil versus T in the 

layer has given values of n varying from 1.75 (parallel to b-direction) 

to 2.0 (1
r 

to b-axis) above T crit. and from figure (4.2) it is obvious 

that if these results are to be explained in terms of interactions with 

polar optical modes then the value of the phonon energy bw would be approx- 

imately .07eV for n 	2. This is a very high value and would only be 
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met in compounds with light components such as oxides (e.g. ZnO, NiC) 

but would not be found in GaTe. Also as the exponent n is>1 the 

mobility cannot be limited by acoustic phonon scattering and hence it is 

thought that the characteristics can be interpreted in terms of a short 

range interaction, coupling the carriers to those homopolar optical modes 

• 
of the lattice which modulate the layer thickness i.e. the optical phonons 

which are polarized in a direction perpendicular to the layer planes. 

The above conclusion rests on the strong temperature dependence of the 

carrier. mobility. There are, however, several other mechanisms, as dis-

cussed by Egerton(10p. 25, which have led to large n values for other 

materials. 

. In the lead salts, for instance, values of n > 2 have been found..and 

numerous explanations have been nut forward to explain this. The reason 

now accepted for the large variation of mobility with temperature in such 

materials is due to scattering by acoustical phonons taking into account 

interactions between valence and conduction bands also as discussed by 

Krishnamurphy and Sirba
(10. This, in fact, can only occur with narrow 

band gap materials such at PbTe, or InSb, and requires a + ve clE2 . 
dT 

This type of mechanism is thus not thought to dominate in GaTe as 

Eg = 1.7 eV at room temperature and 	is - ve. 
dT 

In diamond-like semiconductors such as Ge and Si high values of 

exponent n have also been found for hole mobilities and these too have 

been explained in terms of several mechanisms including one by Herring
(12) 

who accounted for it in terms of inter and intra valley acoustical 

scattering which led to n values from the normal 1.5 to 2.7. Ehrenreich 

et al (13) however, have also considered the problem and have produced a 

theory whereby the larue n values can be obtained if scattering by 

acoustical and homopolar phonons is taken into account. This agrees 
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very well with the mechanism discussed above for GaTe where scattering 

• 
above T crit. is thoughtto be due to homopolar optical phonons. In our 

case the contribution due to acoustical phonons is not so great as in 

Ge or Si, because of the large anisotropy associated with layer compounds. 

Because of the large difference between the strength of the inter and 

• , 	
intra layer bonding the relevant potential gradients are much larger in 

these layer compounds and because the coupling of the free carriers to 

the optical modes is proportional to the vertical gradientWellisj> than 

the horizontal potential gradient on which the acoustic mode coupling 

depends) then only homopolar optical mode scattering dominates. 

Assuming from the above discussion that homopolar scattering does 

dominate then using equation (4.7) at 300°K, 11(0, the vibrational 

energy is given as .04 eV. perpendicular to the b-axis and .03 eV 

parallel to the b-direction. The important consideration is now to 

decide whether the carriers are self trapped within the lattice or still 

behave as free carriers. This of course, is dependent on the value of 

g
2, the coupling constant. From equation (4.4) g2 m* .173 r 

to b-axis 
m 

and g
2 m• 

= .065 111 to the b-axis. Unfortunately no value of m* for 

holes in GaTe has been found in the literature and therefore no estimate 

of the exact value of 52 is possible. However to ensure that the carrier 

is not self trapped within the lattice then g
2 

must be 4:-;. 1 and thus 

m) 0.346. For GaSe, a very similar material to GaTe, m*  for holes 

is .44
(8)

- m 
and thus if GaTe has a m

e 
ratio of approximately the same 

m 
value the carrier will remain free. 

From the resistivity measurements perpendicular to the layer, the 

mobility in this direction has also been calculated from equation (4.1) 

and the temperature dependence is as shown in figure(4.10) where the mobility 

increases exponentially with temperature and follows the relationship 

A exp -E 
RI' 
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where E 	.C6eV offer the temperature range covered. This is similar 

to-the results on SHE by Gowers
(14) 

where E 	.18eV from 250-330°K 

and on InSe by Atakishiev and Akhundov(7) where E = .1eV above 300°K. 

This energy is assumed to be the energy required to move a hole from 

one layer to another and thus in the direction perpendicular to the layer 

• 
	

the conduction seems to be a form of hopping whereas within the layers 

a band conduction mechanism exists. 

Thus the above results can be summarised as shown in table (4.2) 

TABLE 4.2  

Room Temperature = 296°K 

Resistivity in 

plane 

Resistivity 

perpendicular 

Mobility in 

plane 

Mobility perpen- 

dicular to plane 

P 

1-104  )c.cm 10-107Q cm. 10-100 

cm
2
/V.sec. 

.01- 	.5 
cm
2
/V sec. 

10
15
-10

17 

per c.c. 

where the layer structure is the cause of the large anisotropy associated 

with the electrical results. This pronounced anisotropy also affects the 

motion of the free carriers in the system such that within the layers, 

above a certain temperature, the mobility is limited by a short range 

interaction coupling the carriers to homopolar optical phonons 

wfiieh Are polarised: pormally to the. layers._.. Perpendicular to the 

layer, however, the mobility does not follow a band conduction process 

but instead exhibits a thermally activated type of mechanism. 
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CHAPTER 5 

	

5.1. 	INTRODUCTION  

The first half of this chapter is used to give a brief review of 

the d.c. conduction mechanisms which can be invoked to explain the 

experimental results on GaTe single crystals as described in the latter 

half of the chapter. A similar review has been given by Hargreaves(1) 

for ZnS and by Anderson
(2) 

for thift dielectric films and thus, apart 

from the description of the Poole-Frenkel(2)(4) effect, no great detail 

has been included. 

In the later sections the d.c. conduction results on a number of 

virgin crystals (i.e. samples which have not been switched) are 

described. As seen from section 5.3.3 the dominant mechanism is the 

Poole-Frenkel type where In I/ V a V .and this fact is used later in 

connection with the bistable switching process as discussed in section 

6.4.5. 

	

5.2. 	CONDUCTION MECHANISMS  

	

5.2.1 	Low Field Conduction  

Throughout the following review conduction by electrons only will 

be considered although conduction by holes can be equally well applied 

to the theories. 

The accepted theory of semiconductors is due to A.H. Wilson(5) 

who, by considering the energy band picture has shown that in such a 

material at absolute zero all the allowed bands are either completely 

filled (the valence band) or completely empty (the conduction band) and 

as such no current can flow and it will act just like a perfect insulator. 

However as the temperature is increased electrons may be excited into 

the conduction band either across the forbidden energy gap, Eg, (intrinsic 

conduction) or from an impurity level in the energy gap (extrinsic 

conduction). Most semiconductors, in fact, owe their conductivities 
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to impurities at the normal temperatures considered and their conductivity ' 

is very dependent on the amount of impurity present. 

The electrical conductivity, 0 , for such a material can be given by 

0 = n e 	 (5.1) 

• 	 where n is the number of electrons/unit volume in the conduction 

band, e is the charge on the electron and ti is the mobility. 

By considering the variation of conductivity with temperature 

Mott and Gurney
(6) 

have shown that information about the depth and number 

of traps present in the material can be obtained by formulating the 

equation 

0 . 0  o exp -46,E 	(2) 

KT 

where AE is the activation energy associated with the process. 

5.2.2. 	Single Carrier Space Charge Limited Currents 

The solid state analogue of space charge limited currents in a. vacuum 

diode is the space charge limited current found in an insulator (or 

semiconductor) as was originally considered by Mott and Gurney
(6) 

as a direct consequence of the band theory of solids. 

Since the publication of this original work in 1940, on trap free 

insulators, numerous workers have extended the theory to cover the 

case of insulatbrs with traps(7)(8) and also semiconductors(9). 

From their simple theory Mott and Gurney
(6)

, assuming-a one-dimensional 

case which neglected the diffusive current term, considered only carriers 

of one sign and idealized the ohmic (injecting) contact, found that the 

space charge limited current density in the absence of trapping effects 

is given by 

J = 9 µC  V2 	 (3) 

8 	a3 
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• 

where V is the applied voltage and a is the sample thickness. 

Rose(7) and Lampert 	however, extended this theory to cover the 

case of an insulator with traps and Rose analyzed this in terms of three 

different types of trap distribution. 

a) Shallow traps in thermal equilibrium with the conduction band. 
• 

b) Traps which are uniformally distributed in the energy gap. 

c) Traps whose population decreases exponentially away from the 

conduction band edge. 

Rose(7)  suggested that all the injected charge in these cases no 

longer remains in the conduction band but that some would fall into the 

traps and by analyzing this situation for case (a) above, found that 

the current density for space charge limited currents was of an exactly 

similar form as equation (3) where if the fraction of charge remaining 

free is 

J = 9 11E v2  e 
8 	a3  

where 0 is independent of voltage, a is the sample thickness and E. 

is the dielectric constant. 

For cake (b) however the injected charge can be envisaged as being 

distributed in three distinct ways viz. free charge in the conduction 

band, trapped charge above the new Fermi level and trapped charge 

condensed between the original Fermi level and the new one. The condensed 

charge will be, by far, the greatest proportion and the new position of 

the Fermi level is assumed on the grounds that all the charge is 

condensed. 

By analyzing this situation Rose(7) found that the current density 

J is once more given by 
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• 

J = E V2  e) 
8 	a3 

where 0 is now dependent on applied voltage and given by 

= e n d 
co 

e 

VC 

• where °Lis a constant and current density is no longer proportional to 

V
2 
. In general in the more realistic case of an exponential distribution 

of traps the exponent of V is found to be much greater than 2 and in 

general 
Tc + 1 

J 0( V 

where T
c 

is a characteristic temperature associated with the trap 

distribution such that 

n
toC  exp 	- E 

KTc 

where n
t 

is the number of traps per cm3 per unit energy range and E 

is measured from the bottom of the conduction band. Lampert
(8) 

has 

found an exactly similar dependence of J on voltage but has considered 

this in terms of a single discrete level at energy E below the conduction 

band and where the cese of n > 2 is due to all the traps being filled. 

In general, due to the variation of the exponent value the best 

criterion in deciding whether a current is space charge limited is 

by considering the a 3 dependence. 

All of the above workers have made numerous simplifying 

assumptions including the boundary condition that the injected charge 

at the cathode is infinite but Hill
(10) has recently shown that even 

under conditions where there is not an infinite supply of carriers at 

the electrode the Mott and Gurney I ec V
2 
law still holds.. 

(5) 

(6) 
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A basic requirement for the conduction to be limited by space charge 

is that the concentration of the thermally generated carriers should be 

less than that of the injected carriers. Thus at low voltage levels 

the current will in general be carried by the thermally generated carriers 

until at some critical voltage the injected charge will dominate and the 

current will become space charge limited. 

The cross over voltage can be obtained by equating the ohmic and 

space charge limited currents 

J = ne p V 	 (7a) 

A 

J = 9 	v2 - 

8 	a3  

(7b) 

and this gives V crit. . 8 e n a2 

 

(8) 

 

9 	E 

Both Wright
(11) 

and Rose(7) have, thus, used space charge limited 

currents as a powerful weapon in determining the nature and position of 

the dominant trapping levels in insulators and semiconductors . Roberts 

and Schmidlin
(12)

, however, have shown that consideration of the activation 

energy associated with the ohmic region is not sufficient to determine the 

trap depth and have shown that the activation energy associated with the 

space charge region must also be taken into account to identify the 

dominant trapping levels() unambiguiously. By considering the above 

activation energies it is also possible to determine whether or not the 

material is compensated - if the activation energies are equal then the 

conduction is extrinsic but if the activation energies are different 

then the material has a compensating level present also. 

5.2.3 Schottky Emission 

This is field assisted emission over the potential barrier set up 
at a metal-insulator interface as shown in figure (5.1). As abrupt 
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charges in potential at such an interface are unrealistic in actual fact 

the potential step will charge smoothly as shown by the line AB in the 

diagram. This arises because of an image force effect and is due to 

the metal surface becoming polarized after the release of an electron. 

e
2 

This surface then exerts an attractive force  	on this 

• 	 16 Eoex2  

electron and the potential energy of such a carrier is 

16 E0 fx 

where x is the distance of the electron from the interface. If an electric 

field is then applied at the junction the interaction between the field 

and the image force will lower the potential barrier as shown in the 

figure by the line AD and the overall lowering of the barrier is given by 

. 	A0 s 
2 	1 

F2 = p s  F2  

   

where A s  is the Schottky constant and the current density is given by 

1 
J = A. 	exp - 0 	exp 13 F2  --- 

KT 	KT 

where A = 4 rem (KT)2 	and is known as the Richardson-Dushman constant. 

h2 

Simmons
(13), however, has pointed out that this only applies if 

the electron free path length is of the same order of magnitude as the 

insulator thickness and if the insulator is much thicker than the free 

path of the electron then 

1 
A = 2e [ 2 g  mkT1 2  

h
2 • 

Lamb
(14) has shown that due to uncertainties over the barrier shapes, 

tunnelling currents and space charge effects a rigorous fit between 

theoretical and experimental results cannot be expected. 

- e
2 

(9) 

V 
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5.2.4 Tunnelling 

In figure (5.3) mechanisms (b) and (c) the Fowler-Nordheim and 

direct electrode-electrode tunnelling are depicted and are both 

highly important mechanisms in thin devices under the application of 

high fields. Both have a similar type of current-voltage relationship 

of the form 

J oc  A Vn  exp - B 

V 

where A and B are constants and n lies between 1 and 3, the exact values 

depending on the type of tunnelling considered. 

Also depicted in figure (5.3) is another type of tunnelling where 

the carrier is thermally activated to the top of the barrier at the metal- 

dielectric interface from where it can tunnel into the conduction band 

of the dielectric and hence through the material. Roberts and Polanco(15) 

have analyzed this situation and from their numerical results have 

shown that there should be an emperical relationship of the form 

1 
J
T.A.T. 	a exp. ( - 0 ) 	exp {( b 	+ C) V2  

/ 
KT 	KT 	KT 	1.2  

used to describe such a process where a, b, and c are constants and 1 is 

the tunnelling distance. 

5.2.5 Poole-Frenkel Effect 

This effect discovered by Poole(3)  in his work on mica and 

theoretically explained by Frenkel(4) involves a mechanism which is very 

similar to the previously described Schottky effect except that it is 

applied to the thermal excitation of electrons from impurity centres, 

in the bulk, into the conduction band. The potential energy of an electron 

in a coulombic field is 	- e
2 

i.e. four times greater than 

4 1T E. E x 
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that due to image force effects since the positive charge is fixed in 

space. Thus the Poole-Frenkel attenuation of the coulombic barrier in 

a uniform field is twice that due to the Schottky effect 

i.e. 	O F.F. = 	e3 	* Fl = 	PP.F. Fl 

VE.C. 
The field lowering  of the barrier will allow more carriers to be 

excited into the conduction band of the material and leads to an increased 

current density of the form 

J = 0 

where 0 o 
= n e µ . 

exp (- 0 P.F.) 	exp( P.F. F2 ) 	(10) 

KT 	KT 

Thus although the Poole-Frenkel and Schottky effects have the same 

type of current density relationship it should be possible to 

differentiate between the two quite simply by plotting  the logarithm 

of current density (ln J) versus F" 	and the slope should give 
KT 

either P.F.13 	or ps = P.F.P 	. 
2 

In fact, several modifications to the above simple form have been 

considered and it has been shown that in most instances it is extremely 

difficult to distinguish between the two mechanisms using  the above 

technique. Simmons
(13) has shown that for a situation where there is a 

distribution of shallow traps above the Fermi level and a set of low 

lying  donor below the Fermi level then this would lend to an anomolous 

value for the Poole-Frenkel constant PP.?. = 	P.F. (normal) 
2 

i.e. completely indistinguishable from the Schottky constant. Similarly 

Yeargan and Taylor 
(16)  by considering  the degree of compensation as the 

limiting  process have shown that for the extreme cases of no compensation 
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and complete compensation p = 	 P.F. and 0 P.F.  
2 . 	- 

for any intermediate case P P.F.  - 0R P.F. 
2 

respectively and 

By considering space 

charge effects Brown et al(17) have shown that the slope of the log. I 

versus V2 	plot would be anomolously high, (because of the effective 

reduction of the sample thickness due to the bulk space charge effects) 

and using the measured values of thickness would lead to values of p 

greater than the theoretically expected value. 

Hill(18) has suggested a reason for the anomalous 13 values found 

in the Poole-Frenkel experiments, with special reference to amorphous 

materials where there are numerous trapping states coexisting with the 

donors. He suggests that the reason for the discrepancy in the 

values in such instances is due to the fact that when the carrier is 

emitted from the centre it is trapped within the coulombic potential of 

the donor from which it was just emitted. If before the carrier is 

detrapped another carrier is released from a donor centre and is captured 

by the original (now empty) donor then one gets an effective donor 

motion. By defining effective velocities for the free carrier and the 

donor as Ve  and Vd  respectively the calculation of the Poole-Frenkel 

constant gives 

P P.F. anom. = 	P 
	

2V,  - Vid 
2 Ve 

and since the movement of the donor is dependent on the movement of the 

first electron then Xi < Vd  and 

13 P.F. 

2 

Jonscher(19)  has considered the Poole-Frenkel problem from a 

completely different standpoint. He has suggested since the slopes of 

the Poole-Frenkel plot for SiO do not lead to a constant value for 

when interpreted in terms of an ambient lattice temperature T o, that 

P eff. < P.F.. 



instead of using a plot of In I (or In I/v) VS ITto determine the 

value of 13 one.should assume a constant value of p and consider the 

variation in slope as being due to a change in the effective 

temperature of the carriers. The slope in such an instance would be 

e3  
given by 	

ep 
where 	P= 	 

	

.1 d2 KTc 	 E.E.  
and T

c is the effective temperature of the carriers within the coulombic 

centre. 

Three other important investigations into the Poole-Frenkel effect 

have been carried out by Jonscher6)) and Hartke(21) for the three-

dimensional case and by Hill
(22) 

who has considered both the high and low 

field conditions for amorphous and crystalline materials over a wide 

temperature range. 

Jonscher(20) and Hartke
(21) 

have considered the fact that the emission 

probability is not the same in all directions and by considering the 

enhancement of the probability of escape to be obtained by integrating 

over the hemisphere of possible escape 'directions centred on the 

direction of the field lowering of the barriers leads to an average 

emission probability of the form 

	

P = P
o 	

[ ea  ( a - 1) + 1 I 	(11) 

2  

whereas for the normal Poole-Frenkel case P = Po ea  where Po is the 

2 

probability of escape in any direction in the absence of the fial.d and 
1 

a = e P P.F. F2 	. This modification is due to the fact that in 

KT - 

the accepted model the maximum barrier lowering only occurs in one parti- 

cular direction in space and in all the other directions the carriers have 

to overcome a higher barrier. 
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Thus it is obvious from the above considerations that it is extremely 

difficult to unambiguously identify the Poole-Frenkel effect. 

However Hill
(22) 

has recently analysed the effect over a wide range 

of temperature and field and has shown that a single mechanism can indeed 

be used to explain all the results of Servini and Jonscher(23) on SiO 

• which had previously been very difficult to analise completely. 

By considering the situation as depicted in figure (5.2) where an 

ionizable impurity centre lies at E below the conduction band, under 

the application of an applied field the current density is given by 

fJ = e N(E) D(E) dE 

where E is the energy of the carrier in the centre, N(E) is the supply 

function and D(E) is the probability of emission of the carrier from 

the centre. Hill has considered three possible emission processes whereby 

at low fields and at finite temperatures it was possible for thermal 

emission over the potential barrier into the conduction band to take 

place as shown in figure (5.2(a)) At low temperatures and high applied 

fields this process has a low probability and the emission will take 

place by tunnelling when the field is sufficiently high 5.2 (b). Between 

these two extreme regions there lies a third possibility where the 

carrier is thermally excited to the top of the barrier and then 

tunnels through as shown in figure (5.2 (c)) which is very similar to 

the Fowler-Nordheim type of emission process. 

For the low field case Hill has derived four equations to describe 

the process, of the form 

-n In ( J exp 	T. ) 	= 	f (a) 
. . 

KT 

where a = j3 F2 	and of these four the most important cases are 
KT 

1) emission of a carrier from an impurity centre in the direction of 

(12) 
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applied field which will be especially applicable to ordered materials 

Where 

2 J 04 T 	exp - 0 ) 	a 	sinha 	(13) 

KT 

2) For disordered (amorphous) material where emission is spherically 

• symmetrical 

J 01- T3 	exp( - 0 ) 	-I ( a coia - sinh a ) 	(14) 

KT 

and in terms of this representation the normal Poole-Frenkel case is 

J oc T2  exp 	
2 

- 0 ) 	a 	exp cC 
	(15) 

KT 

The other case considered where appreciable current is carried by 

thermal field emission leads to a dependence of the current density of the 

form 

_ 
In J 404 T 	' 	 (16) 

From these considerations Hill( 2) has constructed a graphical method of 

deciding which of the above mechanism, if any, is the dominating one 

and has shown that by considering constant values of f (a) (i.e. constant 
1  
F2  T 

_1 
 ) J (or I) may be divided by T2, T3, T4  and the log of these 

factors plotted against 1 . One of these should give a straight line, 

and the slope of which gives 0 the donor depth and to determine f(a) 

and hence the dominating process, J T n  exp. (0) is then plotted 

KT 
against a and compared with a standard curve. 

Hill (24) has successfully explained all of Pool4s results on mica 

using a similar curve fitting technique, where the constant field/tempera-

ture characteristic was FT
-1. 

Thus to completely unambiguously decide that Poole-Frenkel is the 

dominant factor in a crystalline material will be very difficult but 
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Jonscher(25) has suggested that if the mobility is small (i.e. reducing 

the effect of impact ionization) then Poole-Frenkel effects should 

be found in single crystal materials. One of the few instances when 

it has been found was, in fact, in GaTe single crystals both along and 

through the planes by Abdullaev et al 
(26) 

5.2.6 Impurity Conduction 

All of the mechanisms considered above have involved movement of 

carriers in the conduction band but in some instances motion can take place 

within the band gap itself. 

An electron situateci in a donor level in a semiconductor or an 

impure insulator has a wave function localised about the impurity. 

Because there will be a small overlap in the wave functions between adjacent 

centres a conduction process is possible whereby charge transfer occurs 

through the centres themselves without activation into the conduction 

band. The conditions necessary for such a process to take place are 

the presence of both donor and acceptor centres such that the acceptors 

will remove electrons from the donors and thus allow movement of charge 

from an occupied tom u-occupied donor. 

There are two possible conditions to be considered:- 

1) Low concentration of donors:- 

For a low concentration of donors having localised wave functions 

Anderson (27) has shown that a thermally activated process is necessary 

for conduction to take place and can either be due to(i) A phonon assisted 

tunnelling effect or(ii) a thermally activated hopping type process. 

Miller and Abrahams
(28) have discussed the former case where carriers 

tunnel through the potential barriers assisted by a phonon to satisfy 

the energy conditions and for such a process the activation energy has 
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been shown to be 

E = e2 	( 4 TrNd ) a  (1 — 1.35K-  ) 	 (17) 

k - 3 

where K = degree of compensation = NA 
ND 

Mycielski 
(29)

, on the other hand, has considered the second instances 

of thermally activated hopping over the potential barrier in order to 

obtain better agreement between the experimental and theoretical values 

of the activation energy at the high temperature end. His findings 

have been used successfully to explain Fritzche's
(3o) 

results on genmoorinn. 

and imply that the rate limiting process is the interaction between the 

phonons and the electrons rather than the diffusion between adjacent 

sites. 

Pollack and Gebelle
( -11)  and more recently Jonscher(3 `) have 

investigated the case of a.c. hopping conduction and Jonscher has 

theoretically analysed the case over a large ranee of temperature and 

frequency. By considering hopping as a stochastic sequence of current 

pulses and Fourier analysing them he has shown theoretically that the 

a.c. conductance G can follow a relationship of the form G coclix  where 

x varies from 0.5 - 1.0 at the high frequency end depending on the 

temperature range considered. At the low frequency end x varies from 

0 - 1.0 tending towards 1.0 at about 100°K. This variation of G with 

frequency along with the temperature insensitivity of G and the very low 

polarisation effects are thought to be sufficient evidence of a thermally 

activated hopping process. 

Mott and Davis(33) and Hill
(34) have completely analysed the case of 

d.c. hopping especially applicable to amorphous materials and Mott and 

(33) Davis 	have shown that at low temperatures the hopping conductivity 
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is proportional to T and Hill has further analysed this to show that. the 

above relationship holds over a much wider temperature range than was 

first though by Mott and Davis and has recently successfully explained 

 the results of Adkins et al(35)  on amorphous carbon using such a 

technique. 

Over a large range of field and temperature Hill
(24) 

has shown that 

the hopping mechanism with a linear distribution of traps can be 

described by a relationship of the form 

T 	In 	T-2) 	sinh 0 FT
-1.25 
	 (18) 

As Hill(24) and Hargreaves
(1) 

have pointed out it is thus possible  

to distinguish between donor emission into the conduction band where 

oc exp (T Y), hopping conduction from traps where 	0 a:exp (T-11).. 

and as shown by Hill(34) hopping conduction from donor into traps where 

0 0:exp (T-1/7). However it is very difficult to distinguish between 

such cases merely by a temperature plot alone and a normalised field/ 

temperature plot similar to that discussed in section 5.2.5 must be used. 

2) 	Large Concentration of Donors = Mott Metallic Transition 

A high concentration of donors leads to a delocalization of the 

centres and a metallic type transition takes place where a critical 

concentration occurs. The activation energy for hopping reduces to 

zero and the resistivity will fall abruptly. 

Mott(36) has considered this and suggests that such an abrupt 

transition should occur at 

Nc = ( - .25) 3 
	

where a = atomic radius of the impurity. 

a 

A good example of such a behaviour has been found by Gildort(37) 

in his work on Sb2
Se
3 

and Hargreaves
(1) 

has used such a transition to 
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explain his low resistance "on-state" in the bistable switching found 

in ZnS single crystals. 

5.3 	EXPERIMENTAL DETAIL  

Most of the measurements were carried out in vacuo in the cryostat 

depicted in figure 4.3 in which the temperature could be varied over 

the range 77 - 400°F. In two instances, in an effort to detect the 

onset of intrinsic conduction, the range of temperature was extended to 

700°K by heating the samples in an oven in an argon atmosphere. 

All devices were prepared in an exactly similar manner to that 

described in section 3.4 and only samples free from surface defects 

were used. A high voltage Fluke type 415 B d.c. power supply was used 

as the stabilised source and a Keithley Type 610 B Electrometer was used 

to measure the current. The circuit diagram was as shown in figure (5.4) 

and screened leads were used throughout. 

5.3.1 Virgin State Properties  

It was found that the d.c. ohmic resistivity of the samples tested 

varies greatly from sample to sample but in general lay between 

102  - 107  Q.cm. between the layers at room temperature. The resistivity 

within the layers as found in Chapter 4 varied from 5 - 5000 Qcm. at 

room temperature but in this chapter all the measurements considered 

were made between the layers as this is the important direction when 

related to conductivity switching. All the V - I characteristics were 

found to be symmetrical about the origin and independent of electrode 

material. 

The most complicated V - I curves could be thought of as consisting 

of several different sections viz. 
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1. 	Low field region where I pc V 

	

- 2. 	Low field region where I ocV"5 - 2.0 

3. Intermediate field region where In/(I)) 02 /IF 

V  C17)1  
i.e. Poole-Frenkel. 

4. High field region where I is practically independent of 

voltage and in many instances could lead to current controlled 

negative resistance (C.C.N.R.) 

However similar to that found by Hill for SiO, the GaTe I-V 

characteristics (neglecting the C.C.N.R. regions) can also be explained 

purely in terms of a single mechanism from approx. 150°K - 400°K viz. 

the Poole-Frenkel Effect. Below approximately 150°K however, another 

type of process would appear to dominate and the results are thought to 

be compatible with a hopping type effect. 

5.3.2 Low field region 

This region can, in general, he characterised by a conductivity 

which follows the form 	0 = 0 o 	. kT 

temperature range 77 - 400°K there is normally one and sometimes two 

straight line portions in the conductivity (0 ) versus reciprocal 

temperature( 1 ) plot. Around room temperature the activation energy 

is given by Et  = .16 + .03 eV and a typical plot of log 0 versus 1 
T 

is shown in figure 5.5. where Zt = .18eV. This activation energy 

could possibly be associated with an acceptor level due to the substitution 

of a group V type impurity for Te or a group II type for Ga. 

From the simple hydrogen model as discussed in appendix 5(A) 

an estimation of the associated ionization energy for such a case would 

imply that for Et  = .16 eV then mp*  must equal .57. From the 

    

m 

mobility results of Chapter 4 it has been shown that for free carriers, 

- E where over the 

.37 < nip* 
	

for GaTe and the above value of .57 would seem to be 
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a reasonable fit. However if, as seems likely in this material, a 

certain degree of compensation exists then it is impossible to determine 

the depth of the acceptor level exactly without using the activation 

energy associated with the space charge also as suggested by Roberts 

and Schmidlin(12), and the above activation energy could be due to the 

effect of an acceptor plus acompensating donor level. 

The low temperature activation energy of .04 eV in figure 5.5. 

(the low temperature activation energy in general lies between .02 and 

.06 eV) could be due to several mechanisms viz. a very shallow acceptor 

level or as seems more likely a thermally activated process such as 

hopping or tunnelling where the caniensmove within the band gap itself. 

For such a process to take place a certain amount of compensation 

would indeed be necessary where the necessary spread in the acceptor 

level energies would be due to the random field of the charged donori33) 

According to the theory of Mott and Davis(33) such a hopping type process  
1 

should be characterised by a log (0 ) a T-;  law and to test this such a 

plot was made as shown in figure 5.6 (a) where over a short range of 

temperature the law would appear to be obeyed but unfortunately the 

temperature range could not be extended to lower values. In fact a plot 

of log 0 versus T -1/7 also obeys a straight line dependence over a 

short temperature range as shown in figure 5.6(b) and this would imply 

that hopping is taking place from acceptor into traps as discussed 

by Hill(34). 

Due to the very short temperature range concerned, however, and the 

1 
fact that all of the log (0) versus T

1 
T 

and
T 7 obey a straight line 

dependence over this region it is very difficult to decide unambiguously 

which of the above mechanisms best suit the experimental results. However 

it would seem probable at these low temperatures that a hopping mechanism 
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is taking place (possibly from acceptor to trap) and will occur either 

between loce2ised levels near the valence band or between compensated 

sites within the gap. 

The above conclusion can be borne out to some extent by the low 

temperature a.c. measurements where the Go( W*
8 

dependence implies a 

hopping process, as do the mobility measurements of Chapter 4. 

By extending the temperature range to about 700°K in an attempt 

to determine the onset of intrinsic conduction it was found, figure (5.7) 

that such a process did indeed occur at around 600°K, accompanied by 

an anomalous behaviour. Unfortunately these measurements have only 

been carried out twice and as such are not completely conclusive 

although they are supported by the work of Fischer and Brebner
(58) 

who have also noted a similar type of behaviour in GaTe monocrystalline 

samples, but have furnished no explanation for the result. 

In this instance in order to explain the anomaly a series of powder 

photographs were taken at various temperatures as shown in figure 5.8. 

where at 600°K the line spacing is seen to alter, implying a change 

in lattice spacing and consequent change in energy gap. It is thus 

suggested that, the energy gap decreases leading to an increase in the 

number of carriers available and a consequent drop in resistivity, even 

when the temperature is decreased. As the temperature is further decreased 

the energy gap stabilises at its new value and the impurity level eventually 

begins to dominate again where, in this case Et  = .14eV. The intrinsic 

conduction above 600°K indicated that the energy gap was 1.76eV. 

5.3.3. Temperature/Field Dependence  

A typical set of I-V curves over the temperature range 82-340°K 

is shown in figure 5.9 and all of the samples tested were found to show 
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a linear dependence of In I on fT over quite a large range of temperature 

and voltage. Such a plot is showri in figure 6.1CJ and another plot 

showing lh(I) versus 5is shown in (5.1Cb) also showing a straight 

V 
line dependence. Behaviour of the type where In I 04 .57 has been 

generally associated with a Poole-Frenkel or Schottky type mechanism. 

However move recently Roberts and Polanco (15)  have shown that thermally 

activated tunnelling (T.A.T.) as discussed in section 5.2.4 can also 

lead to a similar dependence of current on votage and this must also be 

considered as a possible mechanism. 

In fact there is some disagreement in the literature as to whether 
1 

ln I or In I 	should follow a linear relationship with (voltage)2  
V 

for the Poole-Frenkel effect but as shown in figure 5.11 for sample (21) 

at 197
oK both these relationships hold whereas the lnI vs V, graph 

follows a definite curve. 

Thus, in general, it is very difficult to distinguish experimentally 

between the above three mechanisms but by considering the following 

features of the I-V characteristics it is felt that the Foole-Frenkel 

rather than either r,f the other two dominates. 

1. The I-V characteristics are completely symmetrical about the 

origin and this would be very difficult to achieve if either Schottky 

or T.A.T. dominated as in both instances the current is dependent 

on the potential barrier at the contact. 

2. Samples were always greater than 21.1m. thick and this would tend 

to rule out a tunnelling mechanism. 

3. Lastly and most important of all is the fact that atIlow fields 

ohmic conduction is the dominant process and it is not conceivable 

that such a bulk limited process could give rise to an electrode 

limited process at higher fields. 
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By analysing the above results in terms of a Poole-Frenkel process 

an estimation of the Poole-Frenkel constant can be made from the In I 
V 

versus ../-V-plot from figure 5.10b (See Appendix B) 

-1 	1 
13  145°K = 4.1 x 10-4  e V cm2  V-2  

1 , 1 
2O3°K = 5.0 x 	e V cm2  

P 2500K = 5.18 x 10 4  e V cm2  V 1  

13306°K = 5.2 x 10-4  e V cm1  V 1  

These show that as the temperature is changed the P PF values do 

not alter very much although there is a tendency for the experimentally 

determined values to fall off at the low temperature end. This is 

similar to that found by Servini and Jonscher
(23) 

for SiO. In their 

case however at low temperature 1.3  PF experimental was approximately 

equal to the Schottky constant whereas in this instance as the 

temperature is decreased p exp  tends to p theoretical  which in this 
1 1 	. 

instance is 2.9 x 10-4 eV cm2  V-2  if an £ of 7 is assumed as suggested 

by Tatsuyama(39). The above values of p 	show a reasonable exp. 

agreement with the theoretical value especially considering the great 

difficulty that is usually found in achieving agreement between theory 

and experiment in such measurements. 

Although it is felt that from the above results the evidence 

favours a bulk limited ohmic current leading to a Poole-Frenkel type 

mechanism at higher fields it is worth mentioning at this point that it 

is also extremely difficult to distinguish between such a mechanism and 

a hopping process especially since several results which were originally 

described in terms of a Poole-Frenkel mechanism have since been shown(34) 

to follow a hopping law.' 

To distinguish between these two processes Hill( 
27) 

 has employed 

a curve fitting technique where he has shown that the temperature 
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• 

dependence of conductivity alone is not sufficient to discriminate 

between them e.g. at low temperatures both log 0- vs 1 and logervs T-1  

plot as straight lines. 

Using Hill's technique as discussed in section 5.2.5 one can see 

that the normal Poole-Frenkel process is characterised by a dependence 

of the form 

In 	J exp 	0 

KT 

T-n = f( 	(19) 

whereas hopping is characterised by 

- -t 	- In (J T 2) T 	04 sinh 0 FT 
1.25  

and thus the distinguishing feature is the functional dependence of 

1 
current on F2T 	and FT-1.25  respectively. It was found that the 

experimental results above approximately 150°K followed a Poole-Frenkel 

behaviour where n = 2 and f (F ) = 	c& exp 0( in equation (19). i.e. 

the results were compatible with a normal Poole-Frenkel behaviour rather 

than any of the variations as discussed in section 5.2.5 p. 108. 

No samples tested were found to follow the expected dependence of 

J a sinh 
FT-1.25 associated with hopping at about 140

o
K. However 

at the lowest temperatures considered the filed/temperature characteristic 

tends to 
FT-1.25 

rather than FIT
-1 
 once more implying that hopping is 

the predominant mechanism at low temperatures, but due to the short 

temperature range considered this cannot be considered as a conclusive 

result. 

To obtain the Poole-Frenkel results one must assume a constant 

value of F2T 1  and by plotting IT
-n 

where n = 2, 3, 4, versus 1 one 
T 

of the three should give a straight line, the slope of which gives the 

depth of the acceptor level associated with the process. As shown in 

figure 5.12 the best straight line is that associated with n = 2 where 0, 

the acceptor depth is .15eV i.e. very similar to the activation energy 

(20) 

found from the In vs. 1 plot of figure 5.5. When n = 3, 4, corresponding 

to the variations from the 
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normal Poole-Frenkel, the plots tend to be more curved. 

- Using the value of n = 2 and the activation energy of .15eV and by 

1 
plotting In IT exp exp .15 versus V2 	the hyperbolic function F(°() 

KT 
of equation (19) can be found by comparing the curve with a standard. 

The best fit, as mentioned previously, was found for a 2 expa 	versus 

1 
V2  as shown in figure 5.13 and all the I-V curves for  temperature 

140°N lie on this line. Due to the limited range of field and 

temperature over which it was'possible to measure current it was very 

difficult to differentiate completely between all the above variations 

but the results would appear to fit an equation of the form 

J o4 T2 exp ( -0' a 2 exp a 
\KT 

From the plot of figure 5.13 it is possible to obtain an experimental 

value of PP.F.also, and for several such plots a comparison between 

theoretical and the experimental value of 3 (found at log CC = 1) is 

made in table 5.1. 

TABLE 5.1  

No. Thickness 13 , is  P • r • 
theoretical P exp. 

9 7.811m 2.9 x 
_1_ 	1 .. 

10-4eV ceV-2  
1 	1 

4.5 x 10
4
eV cm2V 2  

11 3.011M II II II It 	II It 
1 

5 x 10-4eV cm2  V-2  

27 14.8 g m II 11 It It 	11 II 1 	i 
6.75 x 10-4eV cm2V-2  

81 16.5 11m n 

- 

il 

- 

It 

- 

11 	n 

- 	- 

n 

- 

1 	1 
3 x 10 4eV cm2  V 2  

28 10.441m It II II It 	II II 
1 	i 

3 x 10 4eV cm2  V-2  

Two of the samples show excellent agreement with theory and all of the other 

experimentally determined values also lie within reasonable range of the 

theoretical value. These results also agree with the calculated values of p 
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from the In I VS fir plot where P exp has always been found to be 
V 

such that la exp > 13  theory. 

In section 5.2.5 numerous reasons have been proposed to decribe the 

anomolous results associated with the Poole-Frenkel constant but in most 

instances have suggested that 0  P.F. 	P P.F. (theory),. 

From the present evidence it is thought that the results of sample 

(11) and (27), where P P.F. is much greater than that expected from 

theory could be due to the influence of space charge effects similar to 

that suggested by Brown et 
al(17) 

but this cannot be proved conclusively. 

Both InI and In I versus IV have been used to determine the 
V 

Poole-Frenkel constant experimentally and although there is disagreement 

over which should be used it is felt (equation 5.10) that the In I plot 
V 

should give the best results (Appendix B). 

Instead of using such plots to determine the value of p 

numerous authors including Hargreaves
(1) have suggested that a plot of 

In I vs IT should lead to an experimental method of determining thickness 
V 

(Appendix C) but it is thought in this instance that due to the experimental 

and theoretical discrepancies in P 2.F. this could lead to highly mis-
leading results (Appendix D) 

This is an extremely important point and will be discussed at some 

length in the next chapter with particular reference to bistable switching. 

5.3.4 Negative Resistance Effects 

At high applied fields large exponent values in the I ra 	V
n 

region have been found and often lead to current controlled negative 

resistance (C.C.N.R.) regions under certain conditions . 

This type of behaviour has also been found in numerous other 

materials as described in section 1.4.2. where the results have been 
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analysed in terms of impact ionization, double injection, zener breakdown, 

thermal breakdown and numerous other electronic and electrothermal 

medhanisms. However in this instance the above electronic mechanisms 

have been discarded rs possible causes of the C.C.":.R. as will be 

discussed in some detail in the next chapter when related to the 

initiating mechanism for conductivity switching (initiating mechanism 

for both static C.C.N.R. and conductivity switching are similar in 

origin(39) A and it has been decided that for GaTe an electrothermal type 

of mechanism would seem the most likely. 

A typical example of C.C.N.R. found in GaTe using a constant current 

d.c. source is shown in figure 5.14. To further investigate this effect 

a Tektronix curve tracer type 575 was used to drive the sample and 

simultaniously display the V-I characteristics as shown in plates 5.1, 

5.2 and 5.3 where in 5.2 a marked hystereses is in evidence. 

The static negative resistance characteristics of several 

chalcogenide glasses and semiconductors have been presented in several 

papers recently (40)(41)and  a detailed analysis including both the 

electronic and thermal contributions has been considered. 

In the following discussion a thermal analysis similar to that 

considered by one of these authors
(41) 

has been used to explain the above 

results, where the C.C.N.R. is due to the rise in current with 

temperature as is found in most semiconductors and insulators. 

When the voltage is applied to such a device the current increases 

linearly with applied voltage until Joule heating causes the 

temperature of the device to rise and the current increase becomes 

superlinear. The Joule heat is balanced out by heat transfer but the 

balance is only possibly up to a certain voltage Vt
, because of the 

greater rise of Joule heat with temperature as compared to the linear 
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temperature dependence of heat transfer. At Vt  instability arises but 

by using a suitable large resistor this can be prevented and a stable 

operational state can be established along the C.C.N.R. region. 

In general the differential equation describing the thermal and 

electrical continuity in a system with internal heat generation cannot 

be solved explicitly for the case of a resistivity which is exponentially 

dependent on temperature and Collins(40) has formulated a pair of 

equations which can still express the appropriate interdependences but are 

solvable.' 

The temperature dependence of resistance in this case can be written 

as 

I 
V 	R ( G ) 	Ro exp [E 1 - 1 )1 	 

eo 	
(21) 

where Ro is the resistance of the device at ambient temperature e 

By assuming the temperature increase in the active region of the device 

to be proportional to the power dissipated and inversely to the surface 

area of the region and the thermal conductivity of the surroundings, 

then 

o 	- Q o  = Ao = RT  I.V. 

where RT  is the thermal resistance of the device. By numerically 

solving the above equations one can find the relevant theoretical I-V 

characteristic for a given device and compare it with the experimental 

resut. 

Such a plot is shown in figure 5.15 for a sample of thickness 

16 pm and Et  = .18 eV as found from thelnOVS 1 plot. From the curve 
T 

it is obvious that the theoretical and experimental points are in 

excellent agreement and the value of thermal conductivity K, which gave 
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the best fit was 10 J/M°K sec which is very close to that value found by 

Spitzer 
(42) 

 of 8.9 d/°K M sec. 

However it was iound for turnover fields greater than 5 x 103V/cm,  

that the turnover voltage and current varied greatly from what one would 

normally expect from a purely thermal model and it .wab_ thought that 

another process should be added to the thermal mechanism to give a better 

agreement with experiment. 

In fact, if in equation (21) the Poole-Frenkel effect is taken into 

account in the calculations an excellent fit between theory and experiment 

is found. This seems to be quite reasonable in light of the fact that 

the Poole-Frenkel process in the dominant electronic process at such 

field strengths. Equation (21) now becomes 

1 
V = IRoexp 	21E -

KRF
- 1! 	(22) 

Go 

and by using the experimentally determined value of P P.F. as found from 

a plot similar to figure 5.13 an excellent fit between theory and experiment 

was found as shown in figure 5.16. 

It was discovered at these high fields that the turnover current 

It = aI
o 
where I

o is the current with no self heating and a is a 

constant for any given field strength. Under low applied fields and a 

purely thermal theory It  = eIo where e = 2.718 whereas as shown in 

figure 517 for fields > 5 x 103 V/cm, a is greater than e and tends to 

a value of 5 at 4 x 104 V/cm. Suntola(41)  has in fact found a = 20 

at 7 x 105 V/cm for a GeTe amorphous sample. 

Considering the simplicity of the above analysis and the 

assumptions made an excellent fit between theory and experiment has been 

found and this it is felt is sufficient proof that the initiating 

mechanism is electrothermal in origin. 
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APPENDICES 

5.A IONIZATION ENERGY OF IMPURITY LEVEL 

It is possible to theoretically determine the ionization energy 

associated with an acceptor type impurity in GaTe by using the simple 

hydrogen model as considered for instance, by Wang(43) where 

E = 13.6 mp'  

K2 m 

where mp*  is the effective mass and K is the dielectric constant 

of GaTe, (taken as 7 in this instance) 

The experimentally determined values of activation energy was found to 

vary from .13 - .19 eV and in order to achieve these values 

.46. <  my7,  4, .684. This would appear to be of the same order of 

magnitude as that expected from the results of chapter 4. 

5.B EXPERIMENTALLY DETERMINED VALUE OF POOLE-FRENKEL CONSTANT 

From section 5.2.5. for the Poole-Frenkel Effect I ex F exp (- 0 )3(  
\ KT 

1 
exp (r P.F. F2) 	where R  P.F. = Poole-Frenkel constant and F = electric 

KT 
field. 

Thus a plot of In I versus 17 should be a straight line the slope 
V 

of which gives the Poole-Frenkel constant. 

In fact in some instances a plot of In I versus IV has been used to 

estimate P P.F. also, and a comparison between the two is made below. 

From figures 5.10a and 5.10b at 145°  K the estimated values of PP.F. 
11 _1 

were 5.4 x 10
-4 

eV cm2  V-2  from-1n I versus JV and 4.1 x 10 4 eV cm2  V 2  

from In I versus 57. 
V 

The latter value lies closest to the theoretically determined one 
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[ 	

1 
of an off-state device from d = 	P p F 	2  

e3 1  
) 	

it is possible to estimate the effective thickness of 

1cTm 

which equals 
11 	t 

e3 	2 = 2.9 x 10-4 eV cm" V-2 
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TroE 

5.0 METHOD OF DETERMINING EFFECTIVE DEVICE THICKNESS FROM POOLE-FRENKEL PLOT 

From equation 5.10 a graph of In I versus IV will have a slope of the 
V 

form m = 	P
71-
F 	and if one assumes the theoretically determined value of 

d kT 

5.D. ERROR INVOLVED IN THICKNESS ESTIMATION  

From figure 5.10b at 1450K, the slope of log I versus 1V- plot 
V 

= in  

Thus according to appendix 5C assuming I8P.F. = theoretical value 

(  e then 	= 	e3   \ 	(2.-  3 03)1-  

	

77-6fi / 	M
2 
K
2 
T
2 

0 

= 

In fact the measured thickness was 3 p.m leading to a very large 

discrepancy although the measured and theoretical values of OPF. 

were very close. 
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CHAPTER 6 

6.1. INTRODUCTION  

Thus far this thesis has been concerned with the characterisation 

of the material GaTe by examining the electrical conduction mechanisms 

and physical properties of single crystals in their as-grown state. In 

this chapter the concept of conductivity switching is considered where 

each device has several different conductivity states between the"as 

grown" low conductivity virgin state and a low resistance metallic like 

"on-state". 

6.2. FORMING PROCESS  

In most materials which exhibit conductivity switching the current 

flow in a given device is negligible until a critical voltage known as 

the forming voltage- VF, is reached, after which a permanent change occurs 

in the material and a profound change in the I-V characteristics takes 

place. 

Forming is a complicated process dependent on several parameters 

viz. time, ambient temperature, ambient pressure, resistivity of the 

device and the electrode material.Hickmott
(1) 

has made an extensive study 

of this effect with respect to thin oxide films and found that VF  the 

forming voltage is always much greater than all the subsequent switching 

voltages (typically VF  = 10Vs where Vs = switching voltage). 

This has also been found in single crystal switches using ZnS
(2) 

and SnS2 
(3)  but not, in general, for Gate devices. For GaTe crystals 

the voltage necessary to cause the first switching cycle is always greater 

than or equal to all subsequent switching voltages but V
SI 

(where V
S1 
 is 

the first switching voltage) is not, in general,  much  greater than all 

the following switching voltages. Such switching is not thoughtto be a 

1118. 
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forming process as such, in that the first breakdown voltage causes 

switching from a low conductance virgin state to a metallic "on-state" 

unlike the normal forming process where the device switches from the 

virgin state to the off-state and can then be oscillated between the off 

and on states. 

Thus it is felt that in the normal configuration with ohmic contacts 

no forming process is necessary but if the contacts are blocking or 

partially blocking as has been found for several low resistance samples 

as discussed in section 3.5 then a forming process is observed where 

VF (or Vsl  ) is much greater than all subsequent switching voltages. 

It is felt that, in this instance at least, the forming process is 

dependent on the type of contact made to the device and if it is non-ohmic 

a forming process is required to produce an ohmic type off-state. This 

is also borne out to some extent by the work of Hargreaves on ZnS
(2) 

where all his devices had non-ohmic contacts in the virgin state and all 

required a high voltage to form them. 

For all subsequent discussions only samples which in the virgin 

state did not require forming, have been used. Each device was found 

to vary markedly in resistance from virgin-state to off-state and this 

is thought to be due to the formation of high conductivity filaments 

within the bulk during the first switching cycle. 

The great advantage in devices which do not require forming is that 

the area of the active contact region is known precisely whereas in 

devices which do require forming possibly only a small area of the contact 

becomes ohmic and the exact size of this region is not known. 
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Spring Loaded Contacts 

Fig. 6.1 
	

Device configuration for monostable switching 

Micro—Switch 

Fig. 6.2 	Normal circuit for conductivity switching process 
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6.3. SWITCHING IN GaTe SINGLE CRYSTALS (AND BELATED LAYER COMPOUNDS) 

.• 

a) 	Curve Tracer Characteristics 

Both bistable and monostable switching have been found in GaTe 

single crystals under certain conditions dependent mainly on the area of 

the contact. With the normal configuration as considered in section 3.4 

using evaporated contacts of In, Au, Ag or Sn having an area of r."1 mm
2 

one usually obtains a stable high conductivity state on application of a 

suitable voltage, where this state remains even when the voltage and current 

are reduced to zero i.e. bistable switching. 

When the contact configuration is changed however to pressure contacts 

of approximately 10p.m - lOOp.m diameter as shown in figure 6.1 then 

the samples exhibit a monostable type of switching where the device 

remains "on" only as long as the current is above a certain critical 

value known as the holding current (see section 1.3.2) 

Switching will be first discussed by considering the I-V characteristics 

as found from the Tektronix 575 curve tracer.- 

Conductivity switching has been achieved in three basic ways. 

1. By using a Fluke Type 415B d.c. power supply and increasing 

the voltage until the device switches. 

2. By application of a high voltage pulse by means of a pulse generator 

or microswitch as shown in figure 1.2. 

3. By using the Tektronix curve tracer to steadily increase the voltage 

until the device switches. 

To return the device to the high resistivity off-state one can 

either 

(a) Apply a high current pulse 

(b) Use the Tektronix Curve Tracer to gradually increase the current 

until the device turns off 
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(c) Heat the device in an oven 

(e) Any combination of (c) plus (a) or (b) 

Typical bistable characteristics, as shown in plate 6.1 depict the 

virgin, off and on states at 80°K. The voltage was steadily increased 

in the virgin state (1) until at approximately 60 Volts the sample switched 

to the on-state (2). By increasing the current to 0.8 mA the device then 

switched back to state (3), the off-state. In subsequent switching cycles 

a sequence of off-states becomes possible as depicted in plate 6.2 where 

a set of states from "virgin" through "off" to the hard "on" state is 

shown at 296°K. 

The on-state itself is shown in plate 6.3 where over most of the 

voltage range ohmic behaviour is followed until, around the switch off 

region a sublinear dependence of current on voltage occurs. The on-state 

characteristics are also completely symmetrical about the origin as shown 

in plates 6.4, 6.5 and 6.6. Also as mentioned in section 5.3.4 typical 

In-In devices exhibit C.C.N.R. 	and such an instance is shown in 

both plate 6.5 and plate 6.6. 

Monostable switching has also been investigated using the curve 

tracer and typical I-V characteristics are as shown in plate 6.7 and the 

symmetry associated with these devices is also very obvious as shown in 

plate 6.8. 

Both bistable and monostable switching can be found in the same 

crystal and plate5-6.5 and 6.7 are-good examples of this where plate 6.5 

was taken when evaporated contacts of T in of area 1 mm
2 

were used and 

plate 6.7 was taken using the same sample on which pressure contacts of 

8011m. diameter were used. 

From plates 6.7 and 6.8 it is obvious that such devices are 

characterised by a holding voltage (VH) (in plate 6.7 VH  = 1.6 Volts). 

152, 
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Such devices are also characterised by a holding current I
H 
(in plate 

6.7 IH  = 10 mA). 

The above characteristics are very similar to those found in other 

layer compounds such as CdI2 
and SnS

2 
although the dependence of switching on 

contact area in these materials has not been observed. 

Typical bistable characteristics for CdI
2 

are as shown in plate 

6.9 where in this instance a forming voltage of 480V was required - 

subsequent switching voltages were approximately 50 Volts. The forming 

process was such that the devices went from the virgin to the off-state and 

were then switched from "offrto "on" i.e. different from GaTe. The 

virgin, off and on states of a typical SnS2 
device are also shown in 

plate 6.10 where a very unstable C.C.N.R. is in evidence. 

The monostable characteristics for SnS2 
are exactly similar to 

those of GaTe but in one instance the characteristic, at liquid N2  

temperature was as shown in plate 6.11 where VH 34 Volts and 

Ili  = 5 mA. Unfortunately this type of behaviour could not be repeated 

but nevertheless does show the characteristic monostable switching 

behaviour. Monostable switching in CdI2  has not been successfully found 

in the few devices used but at 150°K a C.C.N.R. effect has been found 

as shown in plate 6.12. 

6.4. RESULTS ON BISTABLE SWITCHING  

6.4.1. The Off-State d.c. Properties  

The off-state ohmic resistance is typically 10-103 times smaller 

than that of the virgin state, and a typical I-V plot for the d.c. 

on, off and virgin states as shown in figure 6.3. The on-state resistance 

is constant over the voltage range considered and in general is 

5 102 - 10 times smaller than the ohmic resistance of the off-state at 
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room temperature. 

The variation of the off-state I-V characteristics with temperature 

is as shown in figure 6.4 over the range 132-287°K and is generally of 

the same form as those of the virgin state where over a wide range of 

field and temperature In 1 ot41/-  i.e. the off-state results can be 
V 

interpreted in terms of a Poole-Frenkel process also. 

As shown in plate 6.2 there is a range of off-state from the 

"hard off" (i.e. the lowest conductivity off-state) to the hard on state 

(i.e. the lowest resistance on-state) and typically these are of the form 

shown in figure 6.5 and all of which follow a straight line 

2 
dependence on a in V — versus .117 plot. e.g. for sample (106) several 

off states at room temperature are shown in figure 6.6. 

These results are in agreement with those found by Hargreaves
(2) 

on ZnS and imply that a behaviour found by both him and Hickmott 

is also being followed in this instance i.e. a ruptured filament 

model where on first switching the sample into an "on" state a highly 

conducting filament(s) is formed and when the device is switched off the 

filament is ruptured and the device can be thought of as being formed 

by a combination of off and on-state material (see figure 6.7). Plots 

of In I versus 	for each of the off-states should thus be able to 
V 

furnish the effective thickness of the off-state material using the method 

discussed in Appendix 5C. and this is further discussed in section 6.8.1. 

In some instances the off-state characteristics appear to imply 

that the current is space charge limited e.g. in figure 6.8 where at the 

high field end IcK V
1.8. . However the normal IcK d-3 dependence for 

space charge limited currents cannot be verified because the off-state 

length of such a device is unknown and further investigation of this 

feature is not possible. 
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6.4.2. 	Temperature Dependence of Conductivity  

- The hard off-state conductivity (0) versus reciprocal temperature 

2 dependence is very similar to the virgin case where the activation 
T 

energy at room temperature is approx. .14 - .16 eV and at low temperatures 

Et = .04 + .02.eV (see figure 6.9). However for the lower resistance 

off-states the activation energy associated with this process drops 

and a typical example for device (121) is shown in figure (6.10) where 

Et * .09 eV. As the resistance of the off-state decreases further towards 

on-state behaviour the activation energy di,;appears and a small positive 

temperature coefficient of resistivity is found in the on-state itself. 

6.4.3. 	Effect of Switching (forming) on a.c. measurements  

Generally these results support the view that the forming process 

is associated with a contact effect. 

For all the samples used in the switching and d.c. virgin state 

experiments 	Switching. 	from the virgin, to on, to the off-state 

was found to cause no change in capacitance whatsoever and the high 

frequency (i.e. a.c. component) of conductance was also found to remain 

unaltered, although at low frequencies the d.c. component of conductance 

did change. An exactly similar type of behaviour was also observed with 

switching from one off-state to another. 

However in the samples which showed a large variation in capacitance 

with frequency and temperature and whose d.c. I-V characteristics were 

non-symmetrical about the origin the capacitances was found to vary on 

switching as shown in figure 6.11, where at the low frequency end 

(thought to be associated with a contact effect as discussed in appendix 

3.1) the capacitance is seen to change quite significantly. Such changes 

could be caused by dissipation of space charge at the contact. It is also 
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implied from these results that the forming process, as such, is not 

a- switching process but merely effects the contacts as has been previously 

suggested in section 6.2. 

6.4.4. Bistable On-State  

Thus far, the virgin and off-state properties of GaTe single crystal 

devices have been considered. We now turn to the properties of the 

on-state where the on-states are considered as those which exhibit a 

positive temperature coefficient of resistivity. 

The d.c. I-V characteristics of the on-states are completely 

symmetrical about the origin and follow an ohmic behaviour in which 

I Q4  V over most of the voltage range as shown in figure 6.12. Only 

near the point of switch off does the characteristic deviate from the 

dependence to that showing a sublinear dependence of current on votage 

as seen in plates 6.3 and 6.4. 

The on-state resistance is typically 5-1000 P. and seems to depend 

on the magnitude of the switch on voltages; as Vs increases, Ron  

decreases. Each device has been seen to have several different possible 

on-states and due to the spread of the on-resistances for each device it 

was impossible to find any relationship between Ron: and device thickness. 

However, it would appear (figure 6.13) that there is a tendency for Ron  to 

increase as thickness increases. 

The on-resistance has been found to be completely independent of 

frequency over the range 70 hz - 4 M hz. as is the on-state capacitance. 

The stability of the on-state has also been investigated by switching 

a device on and then leaving it for several weeks before retesting it - 

such devices were found to remain in the on-state for at least one month 

with no apparent change in resistance. To further investigate the on-state 

the temperature dependence of the on-state resistance was measured and it 

was found in all instances that the on-state devices exhibited a positive 
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TABLE 6.1 

Sample 
vdiam.of fil.fro M" 
Mathieson's Rule 

79 6.96 gm 3.37 x 10-3  .73 gm 

58 5 g m 3.8 	x 10 3 .32 g m 

dr 
81 

. 
16. 5 g m x 9 	10 5 g m 

35 4.82 pm 4.60 x 103 1 .g 	m 

47 13 V m 2.96 x 103  4.5 p m 

80 9.57 g m 2.4 x 10 3 1 p 	m  

. 

29 12 g m 2.38 x 103 1.3 V m 

. 

O 

0 0 
	

O 

0 

FILAMENT AREA in Cle.  

Temperature coefficient of resistivity vs filament area Fig. 6.15 

10 s 	 10-' 
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temperature coefficient of resistance (figure 6.14). This is an. extremely 

significant point as the normal GaTe device exhibits semiconductor 

behaviour where resistance increases with decreasing temperature. The 

implication is that, under the application of a high voltage the device 

changes from the normal type high resistivity semiconductor to a low 

resistance metallic like conductor. Due to the large number of conductivity 

states which each sample exhibits this is the most important criterion 

in determining whether or not the device is on - if the temperature 

coefficient of resistance is positive the device is said to be "on". 

Typically the temperature coefficient of resistivity (a) varies 

from sample to sample but in general always lies between 9 x 10
-4 

and 4.6 x 10-3 oK
-1
. The average value of a from the results of 

i table 6.1 is 2.91 x 10 
3 o -1 

K which is very close to that of pure 

Gallium (3.5 x 10
-3 o

K
-1
). 

One can obtain an estimation of the diameter of a typical filament 

employing Mathieson's(4) Rule by assuming that the filaments are made 

of Gallium (or at least are very deficient in Tellurium). Assuming that 

the filaments extend throughout the bulk when in the on-state then 

this simple theory leads to a value of filament diameter of 1.11.tm for 

sample (81) as shown in appendix 6.A. This would appear to be of the 

correct order of magnitude and using this rule on several samples implied 

that typical filament diameters lay between .32 im - 5 t1m. 

It is to be expected that scattering from very thin filaments would 

lead to higher values of a than for thicker filaments and the variation 

of a with filament area is as shown in figure 6.15 where a reasonable 

agreement with the expected trend is obvious. 

6.4.5. Transition between off - on states in a bistable switch 

For the case of bistable switching it is very aifficult to determine 
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unambiguously the initiating mechanisms and transitions involved because 

of the large variation in conductivity from state to state and device 

to device. In fact, for each switching cycle of a given device there is 

a completely different voltage required to initiate the mechanism and this 

is thought to be in agreement with a ruptured filament model as discussed 

earlier. 

For GaTe, as there is no forming process necessary prior to switching, 

the first switching cycle should produce the original filament from 

electrode to electrode and, using this first cycle, one can obtain a 

graph of switching field versus thickness as shown in figure 6.16 but 

it must be rememberea that the resistivity varies from sample to sample 

and this would limit the accuracy of the above plot. 

To overcome this difficulty a single crystal grown using the Bridgman 

technique was cleaves into ten separate samples of various thicknesses 

and on each were evapoiated two indium contacts, one on each face; 

each evaporation was made on all the samples at the same time to reduce 

the number of possible variables and a graph of Es (the switching field) 

versus thickness from the first switching cycle for these devices is as 

shown in figure 6.17, There is a reasonable agreement between 6.16 and 

6.17. 

The switch on voltage Vs, varies from state to state and is thought 

to depend on the amount of on-state material left in the bulk. Hence 

Vs depends on Raft  and should increase as R off increases - such a 

tendency is indicated in figure 6.18 and once more agrees with that 

expected from a ruptured filament model. 

The variation of "switch-on" voltage with temperatures for the 

bistable ease is also extremely difficult to measure because of the 

difficulty in switching from the on-state to a predetermined off-state. 



U) 

O 

C 

Uji 00 
"Ct 

8U. 

40. 

Fig. 6.20 
20- 

15. 

1 0 — 

L = 52pm. O 

b 

c; 

174. 

Fig.6.19 	Variation of switching voltage 
5 	 with temperature for thick device O 

0 1 

0 	100 200 	 300 

TEMPERATURE in °K 

"L= 9pm. 

Variation of switching 
voltage with temperature 
for a thin device 

I 

0 100 	 200 	 300 
TEMPERATURE in" K 



175. 

In the case of ZnS
(2) 

Hargreaves ensured tziat the device was completely 

switched off aftei- every cycle by heating the sample to a temperature 

greater than a critical temperature T crit., after having switched it a 

temperature T
1
o
K. He then cooled the device to temperature (T

1 
+ x)°K 

and carried out the same procedure thus ensuring that the switching 

voltage was measured for the same off-state each time. (The concept of 

T crit. will be discussed later in section 6.4.6). 

Unfortunately T crit. for GaTe is ..,4600°K in general, and hence 

in this instance it is very difficult to carry out such a process as 

all of the low temperature measurements have been made in a cryostat 

capable of varying in temperatures from only 77 - 400°K. In this instance 

to ensure that the switching voltage, at each temperature, was associated 

with the same off-state a method of trial and error was adopted whereby 

if, after switching frcu off to on to off, the final off-state resistance 

was within Z‘ of the original then the device was heated to the next 

temperature and recycled. 

A plot of Vs versus temperature using such a technique is shown in 

figures 6.19 and 6.20 for a thick (50lim) and a thin (9.011m) samples 

respectively. and the same tendency is shown for both. 

Thus far only the datic I-V characteristics have been considered 

where the switching voltage has been found by steadily increasing the 

applied voltage until the device switches. The normal method of determining 

the critical switching (or threshold) voltage, however, is by applying 

a suitable voltage pulse (V > V crit.) and by measuring the delay time 

prior to switching. For a given device the plot of V (applied) versus 

delay time 'TD  will tend assymptotically to a threshold value for voltage. 

The delay times and switching times involved in bistable GaTe devices 

have been investigated using the circuit shown in figure 6.2 and displaying 
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the pulse on a Tektronix type 564 Storage Oscilloscope. 

Typically "? versus V th  for a given off-state is shown in figure 

6.21 but once more very few attempts have been made to repeat this becuase 

of the variations in off-state resistance. 

In general however for all samples tested the delay times lay between 

15 his and 1 second depending on applied voltage and specimen thickness 

and the switching times were found, using a delayed trigger technique, to 

vary from 10 5  to 10-7  seconds. (Plates 6.13 and 6.14). 

6.4.6. Bistable On-Off Transitions 

As mentioned in section 6.3.1. there are several methods of switching 

the device from the stable on state to the off-state and each of the 

methods suggest that the switch-off process is connected with a Joule 

Heating effect within the filament. This is further discussed in section 

6.8.7. 

The switch-off current (I  off) depends on the on-resistance (R off 	 on 

and is typically 10-30 mA at room temperature: the dependence of loft. 

on R bri is as shown in figure 6.22. 

To further investigate the switch-off process attempts were made to 

detect a critical temperature, defined as that temperature at which 

the devices switch off without any applied field. To carry out these 

experiments the devices were heated in an oven in an argon atmosphere 

in which the temperature could be monitored to within + 1°C. 

The transition temperature was found to vary from sample to sample 

and on-state to on-state and, similar to I off, was found to be very 

dependent on the on-state resistance, as shown in figure 6.23 where T off  

increases as R on decreases. Before T crit. is reached the switch-off 

current was found to depend on temperatures and decreased with increasing 
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temperature (figure .24) until eventually at T crit. no current was 

required to switch the device off. From this the switch-off process would 

definitely seem to be due to a Joule heating effect. 

Cusdin(5)  and Hargreaves
(2) 

have also noted such an effect in ZnS 

and Hargreaves in fact, found that above T crit. astable switching 

occurred although bistable did not. This has not been found to be the 

case in GaTe devices although C.C.N.R. is still in evidence. However 

due to the high temperatures considered here very little work has been 

carried out in the T > T crit. region and the monostable dependence 

as found by Hargreaves cannot be discounted completely. 

Also as the device is heated in the on-state below T crit. it has 

occasionally been found (^010%) 	that the device switches 

discontinuously from a low resistance on-state to a higher resistance 

on-state, possibly several times, before it completely switches to the 

off-state. The reason for this is thought to be that more than one 

filament is dominatiry the conduction and each will rupture at a different 

temperature (possibly depend6.t.onthe size and shape of the filament) 

until eventually they all rupture end the off-state ensues. 

This, in fact, is borne out to some degree by the stereoscan 

photographs of section 6.7. where several filaments have been found in 

a single device. 

From Cusdin's(5) work it was thought that T ciit. was a constant 

for a given material but in this instance T crit. is determined by the 

on-state resistance and the filament cross section and was found to vary 

from 450 - 720°K. 

Most of the bistable devices tested were found to have a limited 

lifetime - they generally failed Ater 10
2 
- 10

4 
cycles and this it is 
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felt is due to the continual rupture and reformation of new filaments. 

The monostable switches however have a distinctly longer lifetime 

( > 108 
 cycles) as will be discussed in section 6.5. 

6.5. MONOSTABLE SWITCHING IN GaTe  

6.5.1 	Device Construction 

As mentioned previously in section 6.3.1 devices which have evaporated 

contacts of area 1 mm
2 

always exhibit C.C.N.R. and bistable switching, and 

the contact material was found to be unimportant. 

However when a device construction of the type shown in figure 6.2 

is employed where tungstan pressure contacts of approx. 10 - 10011m. 

diameter are used then bistable switching does not in general, occur and 

monostable switching is the predominant type. 

Typical I-V characteristics are as shown in plate 6.7 and in figure 

6.25 where IH = 30mA and VH  -= 1.6V. 

In some extreme instances when the on-state current was increased to 

a very high value and the device was cycled several thousand times it 

was found to switch to a bistable type on-state but this did not always 

occur. 

6.5.2. 	Monostable Off-State  

The off-state characteristics are exactly similar to those of the 

bistable off-state. However in some instances the samples required a 

forming type of process where a high voltage, usually 5 times greater than 

all subsequent switching voltages was required to form the device and 

this could once more be associated with the contacts. Once the samples 

have been switched the I-V characteristics are always symmetrical about 

the origin and obey a Poole-Frenkel In I 0( 177 law. 
V 
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6.5.3. 	Monostable On-State  

The monostable results have only been taken over a small temperature 

range viz. 296 - 400°K and have generally been taken with the device in 

air. It was found that the on-state showed a negligible variation with 

temperature and thickness P.nd that the holding voltage VH
, always lay 

between 1.3 - 1.6 Volts. The variation of the holding current ;4• with 

temperature is as shown in figure 6.26(b). The on-state is completely 

determined by the holding current Ili, and the holding Voltage V11, and 

the device will always remain in the on-state so long as the current is 

>Ia. If no series resistance was placed in the circuit the current would 

run away and total destruction of the device would ensue. This increase 

of current at a constant temperature is usually associated with a thermal 

process as discussed by Warren
(6) 
 and this will be further discussed 

in section 6.8.4. 

6.5.4. Transition between off-on States in  a Monostable Device  

In the discussion of the initiating mechanisms and transitions 

involved in conductivity switching in GaTe in section 6.8.4. most of the 

results used will be those found from the monostable switching process. 

They are thought to be exactly similar to those of the bistable switch 

but are much more reproducible and hence easier to measure. There is 

no permanent change in the bulk of a monostable device and, unlike the 

bistable case, after every switching cycle the device reverts back to its 

original off-state, thus ensuring that the switching voltage does not vary 

from cycle to cycle. Thus ench sample is characterised by a well defined 

switching voltage dependent on both thickness and temperature. 

Using the curve tracer to switch the sample a graph of Vs versus 

thickness for the monostable switch is as shown in figure 6.27 and the 

corresponding field versus thickness plot is shown in figure 6.28. The 

variation of switching voltage and switching current with temperature 
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was also found and are shown in figures 6.26(a) and 6.26(c). 

Switching times and delay times for monostable switching have been 

measured using the same technique as used in the bistable case where a 

high voltage pulse was applied either by means of a microswitch or pulse 

generator. A typical delay time IIdD  versus applied Voltage is shown in 

figure 6.29. for both thick and thin samples where V th i.e. that voltage 

at which 	46"e  is 15V and 5V respectively. The variation of T with 

temperature is also shown in fioure 6.30 where T-1) has been measured for 

a thick sample, at constant voltage, in the high overvoltage region. 

The switch on time is generally of the order of 10-7 - 10-8 secs. 

and is usually slightly less than the switch-off time; t off' .1.; 10 7 secs. 

The on-off transition for the monostable case is entirely dependent 

on the current flowing and if the current level falls below Ih, then the 

.device switches off. Typically the holding current varies from 1-50 mA 

depending on the device and temperature considered. 

6.6 SWITCHING ACROSS 171E LAYERS 

All the results considered thus far have involved conductivity switching 

between layers and in this instance the filaments are very difficult to 

observe and identify. To try to observe any filaments formed during 

the switching process the first attempts were made by effecting switching 

along the surface of the layers and viewing the gap between the electrodes 

under a microscope. 

A typical sample begins to emit, giving an orange-red glow along a 

filament formed between the electrodes as seen in plate 6.16 where the 

filament diameter is 10p.m. Using a photodetector the emission from the 

device has been analysed to determine whether or not the above glow was 

associated with a luminescent type of effect as has been found in GaSe 

by Romeo(7)  or whether it ws due to a purely thermal effect. 
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In fact the response followed a typica black body curve corresponding 

to a temperature of 70C
o
C - this value was also determined using an 

.optical pyrometer. Due to the insensitivity of the measuring device 

and the very weak light source however no further work has been carried 

out in this instance especially since it is not certain whether or not 

the above process is similar to that between the layers. However it is 

worth mentioning that this type of behaviour would appear to be similar.  

to that of the monostable switch. The I-V characteristics were of the same 

form and the red glow occurs when the device is effectively in the 

monostable on-state. If however the current is increased sufficiently 

to cause the device to switch to a bistable on-state then at this point 

the glow ceases and no emission is evident in the bistable on-state. 

This is exactly what one would expect through the layers alsolwhere the 

monostable on-state would be due to a heated filament and this point 

once more is a guide to the thermal nature of the switching effects. 

6.7. EVIDENCE OF FILAMENTARY BEHAVICUR BETWEEN LAYERS 

Having found the above photographic evidence of switching across the 

layers the more difficult task of observing and identifying filaments 

through the layers has also been attempted. Several workers have used 

infra red snooperscopes and similar instruments to identify the hot 

filaments produced 1:_rt threshold switches but in this instance an X-ray 

microprobe analyzer and scanning electron microscope have been used to 

observe and identify the filaments in the bulk monostable and bistable 

switches after several carefully controlled switching cycles. 

For both bistable and monostable switches there is in general no 

forming process recuired (section 6.2) and as such no surface damage due 

to forming is expected, although in some instances there is evidence of a 
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heating effect on the surface and on occasion the surface of the crystals 

have shown a surface pit :After the first switching cycle - plate 6.17. 

After switching a bistable device a few hundred times the contact 

area was etched away using an ion bombardment technique and such a process 

produced the results as shown in plate 6.18 where around the contact 

area, there is absolutely no evidence of filaments but within the contact 

area itself numerous pin holes are in evidence which are thought to be 

the beginning of filaments which extend throughout the bulk. 

To test whether or not such filaments do extend throughout the 

whole crystal bulk a sample was switched several times and then cleaved 

down the centre between the two contacts. A Cambridge Stereoscan was 

then used to investigate the bulk and several regions such. as that shown 

in plates 6.19(a) and (b) were found. These appeared to be filaments of 

a different type of material embedded in the GaTe matrix and a transmission 

photograph of such a region is shown in plate 6.20. 

Using an X-ray microprobe analizer these areas have been investigated 

and by scanning across the bulk of the crystal after switching it, such 

regions appeared to to almost pure gallium (or at least very deficient 

in Tellurium). The microprobe analysis for such a sample is shown in 

figure 6.31 where three filamentary regions are in evidence. 

Thus in the bistable switch the chanpe in the material which leads 

to a bistable on-state is due to the formation of gallium (or Ga rich) 

filament (s), extending throughout the bulk. 

In the case of monostable switching there is also a heating effect 

and evidence of this is shown in plate 6.21 where a volcanic type pit is 

found on the surface of the crystal after switching several thousand 

times - the diameter of the hole being approx. 2011m. By successive 

cleaving of this sample however, and observing the cleaved face under 

i.e. the stereocal was used in the current mode. 
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the electron microscope it was found that the filament does not extend 

throughout the crystal bulk. In a very few instances some evidence of 

change in the centre of an astable switch has been found but it is 

thought to be due to a circular array of dislocations formed by the 

thermal expansion of a hot filament of diameter 1 - 1.5pm. i.e. the 

• 	
filament diameter is much smaller than that of the surface breakdown holes. 

A microprobe analysis of several cleaved samples after switching however 

has shown no variations from stoichimetry Signifying no permanent damage 

in the bulk. The on-state in a monostable switch is thus thought to be 

due to hot filaments (not sufficiently hot to produce a permanent change 

within the bulk) and somewhat similar to the surface effedt discussed in 

the last section. 

6.8. DISCUSSION OF RESULTS  

6.8.1. 	D.C. off-state  

As the d.c. off-state measurements agree very closely with those of 

the virgin state no great detail will be included in the following discussion. 

Also since the off-state results in the monostable device are precisely 

the same as the virgin state results only the bistable off-state is 

considered. 

At around 140 - 180°K the predominant d.c. conduction mechanism 

would appear once more to change from a Poole-Frenkel type to one where a 

hopping type process begins to dominate. A typical condictivity (0 ) versus 

reciprocal temperature I is shown in figure 6.9. 
T 

As discussed in the-previous section 6.4.5. as the device is switched 

from one off-state to the next the I-V characteristics tend to change 

as does the voltage necessary to switch the device. This, similar to the 

• 
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case of ZnS(2), can be analysed in terms of a ruptured filament model 

where the active region of the device in each off-state can be thought of 

as being formed of a partial on-state region plus off-state material in 

the gap as depicted in figure 6.7. The variation of the switching voltage 

would then depend on the amount of on-state material left. Such a process 

• 	 which depends on the continual rupture and formation of filaments must 

lead eventually to the total destruction of the device and this, in fact, 

has been found for normal GaTe bistable switches to occur after 10
2 
- 10

4 

cycles depending on the sample. 

For a typical device the range of off-states (see figure 6.4) all 

obey a In I 	- 04 	IT law and from such plots an estimation can be 
V 

made of the off-state effective length using a Poole-Frenkel technique as 

discussed in appendix 5(c). 

Typical plots of In I versus 1-17 for a 2011m thick device are shown 
V 

in figure 6.32 where the effective thickness is always found to be less 

than or equal to the actual measured thickness. However it must be 

emphasised that in the virgin state case where the samples had not been 

previously switched many of the In I versus [17 plots also gave effective 
V 

sample thicknesses less than the microscopically measured thickness and 

in all the virgin state devices considered 1 (effective) was never greater 

than 1 (measured). 

This in fact is the major disadvantage in using such a Poole-Frenkel 

technique to measure the effective thickness - because of the large 

variation in the experimentally determined value of Poole-Frenkel Constant 

the thickness estimations could appear to be highly inaccurate. 

However several samples, which in the virgin state gave close 

agreement between p the. and Pexp. as found from figure 5.13, and 

whose calculated and measured virgin thicknesses were identical, were 

• 
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switched a number of times and estimates of their off-state effective 

lengths were made as shown in table 6.2. 

TABLE 6.2 

Device Measured 

Length 

V on length from In I 
. 	V 

versus V2  plot 

V_ 	in V/cm. 
1, 

(108) 6.52 11 m 5 1.82 pm 2.7 x 10
4 

2 .4 p,m 5 	x 104 

3 .45 gm ' 6.5104 

(107) 20 35 6.3 gm 4.8 x 10
4 

18.5 3.44 4m  5.7 x 10
4 

13 1.92 pm 7 	x 104 

2.5 ;4 lim 6.25 x 104 

(105) 40 33 15.5 gm 2.2 x 104  

38 6.1 p.m 6.3-x 104 

24 10 gm ' 2.4 x 10
4 

20 5.5 Pm 3.6 x 104 

lg 4 pm 4.75 x 104 

(109) 17.4 19 10.8 gm 1.73 x 10
4 

5 6.98 gm 7.1 x 103  

2.75 .5 gm 5.5 x 104 

Plots of Es, the switching field, versus effective length (measured 
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using both a In I and a In I versus FT plot) are as shown in figure 6.33 
V 

and 6.34, respectively, and are both in reasonableagreement with the , 

results from the first switching cycle as considered in section 6.4.5. 

The large scatter in the results would arise presumably because of the 

errors involved in the thickness calculations but nevertheless the tendency 

of all the Es versus thickness curves viz. figures 6.33, 6.34, 6.16, 6.17, 

is very clear and implies that at low thicknesses the switching voltage 

increases with thickness until at a critical thickness the voltage tends 

assymptatically to a constant value. This is discussed in more detail 

in the section dealing with the off-on transition mechanisms. 

6.8.2. Bistable On-State 

. The most important aspect of the bistable on-state is that it remains 

stable even when no field is applied and this must be caused by a permanent 

change in the device. 

In the many instances of bistable switching reported in the literature 

numberous methods of producing such a stable on state have been considered 

including:- 

a) The formation of metallic filaments bridging the electrode- 

electrode gap.e.g. nickel filaments in Ni0(8) or Copper filaments 

in Cu
2 
0(9) caused by thermal reactions. 

b) A Mott - metallic transition where an impurity type conduction 

occurs within the band gap. Both ZnS
(2) 

and Sb2  Se3
(1o) 

show 

this type of behaviour. 

c) Injection of metal ions from the contact material into the 

insulator giving way to a broad impurity band type of conduction
(II) 

d) Thermally induced crystallisation of a low resistance phase in a 

(12) 
glassy matrix e.g. Te in Te81Gel5  As4 



e) Ferroelectric or antiferroelectric type ordering of the structure, 

as in copper sulphate glasses as studied by Drake et al(13) 

f) Diffusion of contact material into the bulk where a space charge 

builds up and subsequently lowers the conduction band leading to 

direct tunnelling from electrode, through the conduction band, 

to electrode - e. a. in ZnS. 

Many of the above suggestions have a dependence on the type of contact 

used and to investigate this point several different contact materials 

have been used such as Au, Ag, Sn and In and no dependence of switching 

voltage, or on-state on electrical material has been found in any instance. 

Of course the fact that the I-V characteristics are completely symmetrical 

about the origin also implied that a bulk process is dominating. 

Of the above processes only (a) and (b) the metallic filament formed 

between electrodes and the-Mott116)  Metallic transition seem to agree with 

the observed results. Both these could lead to a positive temperature 

coefficient of resistivity and also to a range of different off-states 

since in (a) these would depend on the relative amount of off-state 

material in the active regions and in (b) this would depend on the density 

of carriers in the impurity band. 

To decide unambiguously between the above two processes would be 

rather difficult but the crucial experiments carried out using the 

microprobe analyzer End stereoscan have proved that, within the bulk of 

the material, there is in fact a filament(s) formed which has been identified 

as being extremely rich in gallium and is also very stable over long 

periods of time. 

Further proof that the filaments are in fact due to a thermally 

induced change in the material cen be found in the fact that after 

1990 
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continuous cycling the devices are always destroyed and this it is though:., 

is due to the formation and rupture of the above filaments. 

All the above discussions, do, in fact, suggest that the on-state 

in the bistable case is due to the formation of these Ga filaments. 

To determine if such a filament would give the erected on-resistance 

found from experiment Mathieson's
(4) 

rule can be employed as discusSed 

in appendix 6.1. For such a calculation a typical on-resistance of 100Q 

would be formed by a gallium filament of diameter .3 — 5 .L'n depending on 

the sample and from the stereoscan photos this would seem to be of the 

correct order of magnitude. • 

In fact from the stereoscan photos and from the on and off-state 

results it would appear that more than one filament dominates. (see 

section 6.4.6.) 

6.8.3. Monostable on-state  

This state unlikethe bistable on-state onlyremains on so long as 

the current lies above a critical value known as the holding current III. 

The I-V characteristics are shown in figure 6.25 where the currant rises 

vertically at a critical voltage known as the holding voltage VH, which 

in general lies between 1.3 - 1.6 Volts and is practically independent 

of a) temperature b) electrode separation c) current. 

In order to achieve such a variation of current with voltage numerous 

mechanisms have been suggested such as double injection, Mott - double 

tunnel model, avalanche breakdown; Zener breakdown and more often thermal 

avalanche effects. 

The double injection model predicts that in the high current region 

1.5-2.0 (15) 
an I 04 V 	relation should be followed but this has never 

been found in any of the GaTe devices. The Mott(l6) Double Tunnel Model 

successfully explains the dependence of VH  on temperature and device 
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thickness by considering Schottky Barriers to be set up at the electrode 

interface because of injection of a space charge into the bulk. If, after 

breakdown, there exists a regeneration or feeding mechanism for holes 

and electrons which is a strongly increasing function of field then a 

stable region is set up with the high field regions concentrated on the 

electrodes. Such a process predicts that V
H 
should in general be equal 

to or slightly greater than the band gap (mobility gad for glasses) but 

in this case VH is always less than the band gap of GaTe. Also the off-

state and on-state characteristics are always symmetrical about the origin 

and an electrode dominated process would appear rather unlikely. 

Thus the most plausible explanations would be in terms of either an 

avalanche or thermal type process. the avalanche breakdown mechanism 

predicts a monotonic decrease of switching field with thickness and although 

this tendency would appear to be obeyed for very large thickness devices 

it most certainly does not apply over the whole thickness range and the 

thermal process which would appear to explain most of the observed 

results would seem to be the more likely. 

In terms of a purely thermal mechanism the variation of VI;  can be 

explained by assuming that the electrodes have a great cooling effect at 

the electrode-filament interface due to the higher thermal conductivity - 

of the electrode material. Thus the predominent part of the applied 

voltage would be dropped across the cooler (higher resistance) region 

at the electrode interface and is effectively independent of sample 

thickness. 

6.8.4. Off-On Transition 

The Conductivity switching process in general may be split up into 

four distinct steps viz. 

1. The initiating step. 

2. Instability with current runaway 
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3. Voltage collapse and discharge of stored energy. 

4. The establishment of the new on-state. 

Thus far the on and off-states have been discussed but no extensive 

discussion has been made of the switching initiating mechanisms although 

these have been discussed for the case of C.C.N.R. and are thought to 
(17) 

be closely related to the initiating mechanisms in the switching phenomenon 

also. 

The off-on process for both the monostable and bistable switches 

is thought to be of an exactly similar nature. The variation of Vs 

with temperature and thickness tend to be in reasonable agreement as 

do the off-state characteristics. Thus in order to make the following 

discussion as simple as possible the results on the monostable switching 

initiating mechanisms will be used as they are much more reliable and easy 

to produce for reasons which have been discussed previously. 

There are numerous mechanisms wilich can initiate switching as all 

that is required is a fast rise in current with applied voltage and a 

subsequent C.C.N.R. 

Typically the initiating process can be electronic or thermal and 

take the following forms, sorle of which have been considered briefly 

in section 6.8.3. 

a). Impact ionization of impurity  centres 

C.C.N.R. has been found in compensated semiconductors such as 

Germanium
(18) 

when the impact ionization rate exceeds the recombination 

rate and leads to an avalanche breakdown effect. In general this process 

is found only at low temperatures 	10
o, 
 when thermal scattering is 

reduced and usually only requires very-low fields - typically 100 V/cm, 

which is much smaller than that found in GaTe. 
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b) Zener Breakdown  

This is caused by tunnelling (at very high fields) from the valence 

band through the energy gap into the conduction band. It is of course a 

temperature independent effect and usually requires fields of the order 

of 10
6 - 107  V/cm. 

c) Avalanche Breakdown 

This occurs when an incident electron transfers sufficient energy, 

when it collides with the crystal lattice to prodLce ionization and 

formation of an electron hole pair. This free electron can then be accel-

erated by the applied field to cause more ionization and avalanche ensues. 

This process is characterised by a monotonic decrease of switching field 

with thickness and could thus possible apply to the large thickness 

device results. 

d) Double Injection 

This was first considered by Lampert
(15) 

where the negative resistance 

arises as a' result of recombination in the semiconducting region which has 

a much larger cross-section for holes when negatively charged than for 

electrons when positively charges. As mentioned in section 6.8.3 after 

- 
the negative resistance region an la V

1.5 	2.0 
 law should follow and 

on reducing the voltage a marked hysteresis should also be observed. 

It is felt that none of the above processes satisfy the experimental 

results although it must be mentioned that it is possible that the results 

on the thick devices could be due to an avalanche type process and that 

the initiating mechanism in the bistable devices could be due to a double 

injection type prccess as the expected I acVn  region after C.C.N.R. would 

be masked by the bistable on-state and as such cannot be completely 

ruled out. 

However it is felt that both devices are initiated similarly, as is 
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the C.C.N.R. effect and as such the thermal process would seem to give 

the beSt overall fit between experiment and theory. 

e) Thermal Breakdown  

If no other process occurs at a lower field this type of breakdown 

will always apply, provided that the conductivity of the material considered 

increases with increasing temperature. 

Thermal breakdown is thought to be the most important initiating 

mechanism when considering chalcogenide glass switches and it is felt that 

it plays a large part in the initiation process in GaTe switches also. 

Theoretical investigations of thermal breakdown were started over 

50 years ago by Fock
(19) 

and Wagner
(20) 

and numerous other workers, 

and these early results have been sumnerised by Franz
(21)

, Whitehead
(22) 

and 0'. Dwyer(23). More recently due to the advent of the Ovshinsky 

switches the thermal breakdown behaviour has become increasingly important 

and Stocker et al
(24), Warren(25) and Fritzche and Ovshinsky

(26) 
have 

carried out work into the thermally initiated breakdown effects. 

Normally calculations based on thermal breakdowns involve the 

solution of the differential equation 

	

C dT 
	

0 B2 - 	Q (K. V T) 	(6.1) 

dt 

where C = specific heat, K = thermal conductivity, E is the electric 

field and 0 is the electrical conductivity given at low fields by 

	

0 = 	0  o exp 	- 	LiE 	(6.2) 

KT 

and for GaTe at higher fields by 

• 0 = 	0 o exp 13p.F.V2  - L E 	(6.3) 

KT 

where R p.F. = Poole-Frenkel Constant. 
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Closed solutions to the above equations have been obtained only for 

the simplest cases (in general 1 dimensional) where numerous simplifying 

boundary assumptions have been made. In general the most important 

parameters in such a discussion are (1) The size and shape of the active 

region of the device and (2) The direction of heat flow from this region. 

In general the case of C.C.N.R. with subsequent switching and formation of 

filaments can only occur for the condition of radial heat flow
(24) 

but 

this can also include the case where both radial and axial flow occurs, 

which is the most general solution and extremely difficult to obtain 

completely for the above equations. 

The most obvious simplifications to the above equation 6.1 have been 

made by Stocker et al
(24) 

and Fritzche and Ovshinsky
(26) 

who both suggested 

that this equation could be split into two parts by considering: 

1). Impulse Breakdown 

where the heat conduction term can be ignored and is applicable when 

the voltage is applied rapidly i.e. square wave pulse. It yields 

the delay time I'D, which is defined as the time taken for the active 

region to reach a critical temperature T crit, at which instability 

occurs and the device switches. It also, yields the critical voltage 

and current values but gives no information about the conduction 

after breakdown. 

2). Steady State Breakdown  

Where the current is steadily increased and allows one to ignore 

the time derivative and the heat conduction tern merely balances 

the Joule heating term. The steady state breakdown yields information 

about the I-V characteristics. 

For each case the above authors 	have considered only heat 

(25) 
flow in either the axial or radial direction. Warren has also solved 
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both cases assuming the active region to have a square cross section and 

has shown, similar to iddley
(27) 

and Stocker et 
al(24) 

that only the 

radial case leads to C:C.N.R. and filamentary behaviour. 

Numerous other attempts have been made to analyse such devices in 

terms of the heat flow equation but all have made simplifying assumptions 

which are never in complete agreement with the actual experimental config-

uration. The most usual method is to assume that, prior to switching, the 

device can be approximated to a situation where the electrodes act like 

infinite parallel plates and consider only axial heat flow (parallel to 

the current direction). After switching and filamentation occurs the 

active region of the device is likened to an infinitely long cylinder 

and only radial heat flow is considered (i.e. perpendicular to the current 

direction). 

Due to the difficulty in solving the above differential equation (6.1) 

for reasonable boundary conditions where conductivity is an exponentially 

increasing function of temperature Collins
(28) 

has suggested that instead 

of using the differential equation one can formulate a pair of simultaneous 

equations which express the appropriate interdependences. 

As mentioned in section 5.5.4. the exponential dependence of resistance 

on temperature can 1,e written as 

R ( e ) = V = Ro exp E1 	1 ) 	(6.4) ( 

eo 

where Ro is the resistance of the device at ambient temperature e 
and ec is the temperature increase produced in the active region, 

e - Ao  = RT V I 	 (6.5) 

where RT 
is the thermal resistance Of the device and depends on the size of 

the active region and the thermal conductivity of the surroundings. 

• 
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As the thermal resistance depends on the shape of the dev.ice , 

the configuration assumed for the active region will be important. From 

the size and shape of the contacts used the active region would seem to 

be of a barrel shape where the spreading effect will be dependent on 

the anisotropy of the conductivity and the device thickness. 	For ease 

of calculation it is felt that both a cylindrical and spherical 

approximation would rive a reasonable fit and for the spherical case the 

heat flow in all directions may be easily considered. 

For a thick device as shown in figure 6.35 a comparison is made 

between the spherical configuration and the cylindrical situation where 

radial heat flow is considered. In this instance it would seem that the 

spherical approximation liesmuch closer to the experimentally determined 

points although in some cases, where obviously the spreading effect of 

the current has been reduced, the cylindrical approximation is better. 

However due to the fact that current filamentation occurs after the turnover 

point the above theoretical approximations which assume uniform current 

flow always diverge sharply from the experimental points as shown in 

figure 6.36. Considering the simplicity of the above method,however,the 

fit with experiments is thought to be very reasonable. 

Using this technique, the theoretical value of Vs and Is have been 

found for several samples at room temperature. This of course is exactly 

similar to the analysis carried out for C.C.N.R. in section 5.3.4 and 

a similar situation is being considered as prior to breakdown the current 

flows uniformally through the complete device in both instances. Not 

surprisingly it is found that the low thickness devices in this instance 

also give variations between experiment and theory but once more,similar 

to that in section 5.3.4.,this has been attributed to the effect of the 

Poole-Frenkel process where at the higher fields considered this also 
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gives an incieased contribution to the current. The variation of Vs 

with temperature has also been calculated for a typical sample, and the 

relationship between experiment and theory is as shown in figure 6.37 

for an 18.7 p.m thick device. 	The theoretically expected trend is 

followed but the numerical values of switching voltage are not in complete 

agreement. This is not surprising however in view of the method used and 

the approximations considered. 

In all of the above techniques an estimate of the critical 

temperature at which instability and "switcu-on" occurs can be made and 

typically for such devices Tc = 40-60°C (from equation 6.5) which is 

approximately twice that found in normal chalcogenide glass switches and 

this shall be discussed later with reference to the delay time 

measurements. 

Thus far, the steady state breakdown conditions have been considered 

byt in order to measure the delay times I'D, an impulse type measurement 

must be made where'rD'  is that time, after the application of a square 

wave voltage pulse, at which the device switches. In general for ease 

of calculation it is assumed that the delay time is of such a short 

duration that no heat conduction occurs and a theoretical delay time can 

be found from the differential equation (6.1) as shown in appendix 6.2. 

(28) 
Collins' or from 	theory where adiabatic conditions are also assumed. 

This of course will be most nearly correct in the high overvoltage region where 

the delay times are shortest. 

Because of the adiabatic boundary conditions in this instance 

the shape of the active region of the device is unimportant and from 

normal thermal considerations 

d  e 2 
	 (6.6) 

dT 	R(e )Mth 

which is the adiabatic analogue of equation (6.5) and Mth is the thermal 
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mass of the devices. 

2"D, defined as the time to reach a critical temperature e c  is 

then given by 

ec 

Mth 	f R( Q) dO = 	dt = 

 

(6.7) 

 

s o 	t 

and integrating and rearranging 

Ac  

p 12  dC 	f exp 	E 	dQ 	(6.8) 

V2 	K() 

0 
0 

where p = po 	exp - 	e is the ambient temperature d, is the 

K eo 
density of GaTe, C is the specific heat and 1 is the device thickness. 

This is of an exactly similar form to that found from consideration of 

the thermal differential equation (Appendix 6.2) 

-a- 
The (delay time) ' against applied voltage has been plotted for an 

1 = 170 p.m thick device as shown in figure 6.38 from which it is seen 

that V 0c i 	as would be expected from a purely thermal model. It is 

FT5,  
obvious, however, at low applied over-voltages that the experimental points 

deviate from the theoretically expected trend and this, it is felt, is 

due to the fact that the heat conduction term has been neglected in the 

above discussion. Since the low over-voltage leads to longer delay 

times the correction for heat conduction at this end of the voltage 

scale would be much more important and also the fact that the critical 

temperature of N 50°C is twice that of a normal glassy semiconductor 

switch would imply that such a correction would be much more important in 

GaTe. 

• 



N• > 

4 

L= 26pm. 

0 ^0 EXPERIMENTAL 

THEORETICAL 

0 

o 
0 

 

o 
o/ 
0 

o/ 

   

   

1.0 10 100 

OFF—RESISTANCE in OHMS 

214. 

Fig. 6.39 V applied2  TD versus off-state resistance for thick monostable 
device 



215. 

Also from the above thermal model, which would seem to apply very 

well in the high over-votage region, the product V app
2 

17I) is proportional 
• 

to the off-state resistance of the material. Such a plot-of V2  1  versus 

R off  - is shown in figure 6.39 where the fit with theory is also 

satisfactory. 

Thus, as shown from the above steady state and impulse measurements 

it would appear that a purely thermal process is the initiating 

mechanism. The most important point in deciding that such a process is 

taking place is in determining whether or not such a theoretical model 

could produce switching of sufficient speed to satisfy the experimentally 

determined results. 

Using equation (6.8) numerical solutions for the delay time can be 

made and compared with the experimentally determined values. In the high 

over-voltage region with 25 Volts applied on a 65p.m thick device a 

theoretical value of delay time TD was found to be .65 m secs. whereas 

from experiment the value of delay time was found to be 1 m sec., and 

this is thought to be within reasonable agreement. 

In fact by solving equation (6.8) as shown in table 6.3 both the time 

required to reach the critical temperature e (i.e. the delay time) and 

the subsequent switching speed can be estimated. From the table it is 

obvious that although the delay time is of the order of milliseconds 

the subsequent temperature rise can occur much faster. The above results 

have been estimated assuming a constant activation energy of .18eV 

but in fact near 550°K the activation energy becomes much greater (to 

approximately .87eV -.see figure 5.6) and as such the observed switching 

speeds of 10
-6 - 10-7 seconds could easily be achieved. 
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T ABLE 6.3 
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Thus, excellent agreement between experiment and the purely 

thermal theory has been found for both the impulse and steady state 

conditions. 

However, agreement at the low thickness end of the device scale 

tends to be much poorer and this has also been mentioned previously in 

connection with the C.C.N.R. I-V characteristics, where the turnover 

current and voltage are not in good agreement with the thermal model. 

Also from figure 6.27 it is abvious that the thermal theory as considered 

by Fock(19) where he has shown that V cc Tr at low thicknesses and tends 

assymptotically to a constant value at higher thicknesses, definitely 

holds at the high thickness end but at the low thickness end V would 

appear to be more nearly proportional to thickness itself. 

This also implies that the thermal model alone cannot satisfy the 

thin device results. Similar tendencies have also been found for chalcog-

enide glass switches by Kolomiets
(29) 

who has suggested a model as shown 

in figure 6.40 where, at low thicknesses, an electronic process initiates 

the switching, whereas at above some critical thickness L crit. a pure 

thermal theory can explain the switching. 

For GaTe it is felt that there is no electronic mechanism that 

could satisfy the experimentally determined switching results completely, 

and that for thin devices the results are associated with an electro 

thermal process where because of the higher associated switching fields, 

the Poole-Frenkel process also takes part (along with the purely thermal 

effect) in initiating the large current rise. By including this factor 

in equation (6.4) an excellent fit between theory and experiment for 

turnover voltage and current have been found and since the Poole-Frenkel 

process is the dominant d.c. conduction mechanism in such a material 

• 
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M 

this would appear to be a reasonable hypothesis. 

The evidence found from the microscopic analysis of several switched 

samples would also imply that Joule Heating plays a significant part in 

the both bistable and monostable on-states. 

Measurements in the bistable case have not been.used because of the 

difficulty in determining the exact shape and thickness of the active 

region of the device, but switching and delay times are of similar magni-

tude to those found in the monostable case except that the process is 

slightly slower as would Le expected from a purely thermal model 

(because of the permanent changes). 

6.8.5. Difference between t!..-e Off-On TransitUninMono and Bistable Switches  

It appears from the experimental results and the above discussion that 

the initiating mechanism for switching in both the bistable and monostable 

switch is of a Joule Heating type. The essential difference between the 

two types of switch however lies in the fact that there is a permanent 

change caused in one whereas in the monostable case no such condition is 

found: This difference is thought to occur due to the third stage of the 

switching process as discussed in the previous section viz.:the discharge 

of stored electrostatic energy during the voltage collapse. 

The total power dissipated in this process can be expressed in terms 

of a temperature increase in the active region by assuming that the 

conduction path upon switching onset is entirely through a filament of 

cross section A. Thus 

1 

2 

• o 
CV = mass. C. 

= Ad p e c 

where A = filament area, 	p = density of GaTe, d = filament length 

and C = specific heat of GaTe. 

• 
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For the bistable case with evaporated In-In contacts a typical switching 

volta6e for a 10gm thick device is 20 Volts and typically the low 

frequency capacitance of such a device is 40 1,7. 

Therefore 	e 	1 	CV
2 	

,, 850 C 
2 Apdc 

where C = .24 J/gm. deg. 	p = 5.3 gms/c.c. and A = 7.85 x 10-9  cm2. 

This temperature rise is obviously large enough to melt the GaTe 

and/or cause permanent damage within the bulk. 

However for the case of the monostable switch, since the contact 

diameter is only 10-100 p.m this implies that the contact area is 4: 

1  x (Bistable contact area) and the capacitance is of course correspond-
100 
ingly less (this has also been noted using an a.c. bridge). 

In this case 1 	CV
2 
(mono) < 1 	(1-CV2  bistable) 

2 	100 

and the temperature rise due to the discharge process is much less than 

in the bistable case and would be insufficient to cause permanent damage 

in the bulk. 

There will of course also be a Joule heating effect in the filament 

due to the high current in the device and the temperature rise so produced 

is sufficient to form the monostable on-state. In some instances if the 

monostable device is cycled a few hundred times at a high current level 

it switches bistably, once more implying that the monostable on-state 

is due to a high temperature filament where if the current is increased 

sufficiently a permanent change can occur. 

6.8.6. Formation of Bistable Filaments 

This is one of the most important points to consider in the switching 

process and Gibbons and Beadle
(8) and Cook(9) during their work on the 

formation of metallic filaments in single crystals have suggested numerous 

mechanisms whereby this could happen. 



2 gym. 
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The most likely suggestions for the formation of gallium filaments in 

GaTe are: 

1. When the discharge of electrostatic energy occurs gallium 

may migrate along pin holes - numerous pinholes have been 

found in the contact area after switching has taken place 

which could agree with such a process (plate 6.18) 

and/or 

2. Diffusion of excess gallium from the region surrounding a void 

or pinhole into the defect. 

other possibilities include 

phase changes such as 3 GaTe GaTe
3 

+ 2 Ga where 
700°K  

excess gallium is obviously available. In general, however, it is thought 

that the formation of gallium rich filaments is not produced by any of 

the above means. From the previous section it is obvious that there is 

sufficient heat provided within a small area to cause melting of the 

GaTe ( M.P. ..==' 820°C) and it is thought that at these elevated tempera-

tures the Tellurium can bubble off or diffuse through the filament walls 

causing the formation of the gallium rich areas. Some evidence of the 

above can be found in plate 6.22 where numerous bubbles have been found 

on the crystal surface after switching but unfortunately the resolution 

of the X-ray microprobe analyzer is insufficient is determine precisely 

whether or not these bubbles are tellurium. 

6.8.7 On-Off Transition  

The monostable on-off transition is quite easy to explain in terms 

of a simple Joule heating process. The on-state is thought to be due to 

a hot filament and as the current is reduced the temperature falls and the 

device reverts back to its uniform stable state. 

For the bistable swi;..ch, however, the switch-off process is of a 
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more complicul;ed nature as the current flow in the on-state is through 

a stable gallium (or gallium rich) filament. From the discussions of 

• section 6.4.6 it would seem, however, that, similar to the monostable case, 

the switch off process is also associated with a heating effect i.e. the 

device can be switched off by heating the filament to greater than a 

critical temperature dependent on filament area and on - resistance, or 

by applying a high current and also presumably heating the filament to 

greater than a critical temperature. 

The switch-off process has been considered by several authors and the 

most common suggestion is that the filament is heated sufficiently to 

cause it to rupture similar to a fuse "blowing". A calculation based on 

such a problem is shown in Appendix 6.C. where the filament is assumed 

to be entirely due to gallium, and perfectly cylindrical. From such a 

calculation the current necessary to switch off a 10p.m thick device in 

10
-6 

secs., where R on  = 50 is 40 mA. 

This is of the correct order of magnitude - typical switch-off currents 

being of the form shown in figure 6.22 for a 56p.m thick device. 

This would seem to be the most obvious switch-off mechanism although 

another possibility is that once the filament is formed there is a large 

concentration gradient across the filament/bulk interface where the 

tellurium concentration outside is much greater than inside the filament. 

As the temperature is increased the tellurium will tend to diffuse faster 

and as the temperature reaches a critical value, possibly at a weak point, 

the filament is effectively ruptured. 

This would appear, however, to be a more gradual process and it is 

doubtful whether it would occur in a sufficiently short time to cause 

switch off in the experimentally determined times. 

The former process would thus appear to be the more 



222. 

likely and would obviously lead to deterioration and eventual total 

destruction of the device as has been found in practice. 

SUMMARY; -  

1. The switching process in both the bistable and monostable 

devices would appear to be electrothermally initiated where, 

at the high thickness end a purely thermal model satisfies 

the observed experimental result. 

2. The on-state in the bistable switch is thought to be formed 

by thermally induced filaments of gallium, and the on-state of the 

monostable switch is due entirely to a Joule heating effect. 

3. The switch off process in both instances is also thought to 

be due to Joule heating where in the monostable case the fila-

mentary temperature is reduced below a critical value and in the 

bistable on-state the filamentary temperature is increased 

above a critical temperature. 

It must be remeihered however that the above thermal analyses. 

were of a very simplified form and it is possible that some of the electronic 

mechanisms such as double injection, or avalanche effects as discussed 

on page 203 , could be the initiating process, especially at lower 

temperatures. It is also obvious that Joule heating does play a major 

part in the whole switching process. 

• 
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APPENDICES 

6A. Diameter of on-state filament using Mathieson's Rule  

Pi 
+ PR. 

where Pi = temperature dependent resistivity of the filament. 

P
R 
 = fixed component of resistivity due to surface and 

impurity scattering. 

but 	R = ( Pi + P R ) 
A 

dR = 1 	d Pi 
T 	A 	dT 

Assuming that the filaments are made of gallium 

d Pi = 33 x 10-6 	cm/°K  

dT 

For device (81) 1 = 9.57 p.m• 

A = 1.02 x 10 5 

1 

Thus the filament diameter = 1.111m. 

6B. Calculation of Delay Time from Thermal Diff.1  Equation  

C dT = 	0 E
2 

- 	0  .(K.V T) 
dt 

where C r. specific heat/veLand K = thermal conductivity. 

For the impulse case the heat conduction term may be ignored and 

C dT 
	

0 E2 

dt 

and defining SI, the delay time, as the time to reach a critical temper-

ature TC  then 

• 
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0-2  

T
o 

TC  

CAL 	 -R(T) dT 

0 
V
- 

T 
o 

where R(T) = ho exp. 	A "h: ( 1 	- 	1 ) 
K 	\ T 	T

o 

This is of an exactly similar form as that found from Collins
(27) 

theory. 

Appendix 6C. Estimation of Switch-off Current  

It is possible to measure the switch-off current for a bistable GaTe 

switch assuming that the on-state is due to gallium filaments and that the 

switch-off process is caused by melting and consequent - rupture of the 

filament. 

According to Gibbon's and Beadle's theory by assuming that heat 

flows outward through the contacts such that they remain at ambient, 

then the hottest part of the filament is at the centre and the heat 

reduces symmetrically on either side. 

Also to account for the heat flow from the sides of the filament 

they have assumed that the Ga filament is surrounded by a concentric 

GaTe cylinder such thnt at radius r  2 the temperature is once more 

at ambient. 

Using a lumped approximation model it was possible to find 

r
2 	1 

+ A r = r1  + 	hict 
C YI 

= 1.27 x 10-3 cm. 

d T 

• 
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where C
1 
	= 	sp. ht. of GaTe = .25 J/g/°C 

	

1 	 ._. 	.• 	. 
y = density of GaTe = 5.3 gms/cc. 

K 	= Thermal ConduCtivity of gallium = .51i/cm/°C. 

i 	= 	switching time = 10-6 secs. 

and from this the radial conduCtance associated with the filament K 

• can be calculated from 

KR = 	2 Tr K1  1/4 	= 4.85 x 10-5  W/°C 

log e (r2/r11 

where K . Thermal conductivity of GaTe;=:).71/W/M/°C 

1 = 1enW1 of filament = 10 p.M. 

r1  = radius of filament = 0.34m. 

and the conductance along the bar K is given by 

K = kA 	= 7.95 x 10-6  11/°C 

1/2 

Thus K < KR  and the heat flow is predominantly radial. 

The thermal storaQe S is given by 

S = Y Al C 	= 3.70 x 10
-12 

W sec./
0 

 C 

4 

Y = density of gallium = 5.9 gm/cc. 

C = Sp. ht. of gallium = .32 3/gm/°C. 

and the time constant of the system is 

T = a 	= 6.55 x 10 8 secs. 

K
R 

+ K
S 

Using these values we obtain for a switch off time of 10 -6  secs. 

1
2 
off = 	A T (K + KR) [ 1 - exp ( - (K + KR) t) 

S 

  

1 off 	------ 	40 mA.. 

R 

• 
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where 	T 	700°K i.e. normal temperature necessary to switch a 

device off and R--. on-resistance. 

The complete calculation is given by Gibbons and Beadle
(8) p. 791 - 

794, but as is obvious from the above result the method would seem to 

agree quite well witil the experimentally observed switch-off currents. 

• 

• 
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CHAPTER 7 

7.1. INTRODUCTION  

In this chapter a resume of the results of the previous six chapters 

will be made in order to characterise.the electrical properties of 

GaTe as fully as possible. The complete switching model shall be discussed 

and the relevance of any future work on single crystal switching devices 

will be considered. 

7.2. VIRGIN STATE PROPERTIES  

From the a.c. results of chapter 3 it would appear that the a.c. 

conductivity can be expressed as 

a.c. = Od.c. 	awx 

 

(7.1) 

 

d.c. = contribution to the conductivity due to the 

motion of carriers within the valence band. 

awx  = the contribution due to the hopping type 

motion of carriers within the band gap. 

The hopping effect can either take place at localised levels 

situated cl6se to the valence band and/or at compensated levels within 

the band gap but unfortunately es shall be discussed in the d.c. conduction 

section the exact hopping process cannot be identified unambiguously. 

Each of the above terms will simultaneously contribute to the total 

conductivity, with each becoming predominant depending on the 

temperature and frequency range covered. 

Isom the d.c. measurements of chapter 5 (and also from the mobility 

measurements of chapter 4) it would also appear that a hopping type 

mechanism is predominant at temperatures below 140°K. Unfortunately as 

considered in section 5.3.1. ai.0 shown in figure 5.6. it is impossible 

to determine which of the possible hopping processes is taking place. 
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Also from the d.c. measurements the dominant mechanism above 140°K 

would appear to be of the normal Poole-Frenkel type where in I a. TIT 
V 

over a wide range of field and temperature. However the results imply 

that a space charge process affects the measured value of the Poole-

Frenkel constant in some instances. 

At still greater field strengths a current controlled negative 

resistance effect is often observed and this has been explained in terms 

of a Joule Heating model where the current increase and consequent 

instability arise purely because of the rise in conductivity with 

increasing temperature which is found in GaTe (figure 5.5). The thin 

devices have shown deviations from the expected trend fora purely 

thermal model but by incorporating the Poole-Frenkel effect into the 

calculation (figure 5.16) a satisfactory fit with experiment has been 

found. 

7.3. SWITCHING PROPERTIES  

Gallium telluride single crystal switches have exhibited both bistable 

and monostable behaviour and which of these dominates depends on the 

contact area. 

The switching process can in general be split up into four distinct 

regions (see section 6.8.4.) and of these the initiating mechanism tends 

to be the most difficult to identify unambiguously. In this instance 

however the exact nature of the mechanism is not important as all that is 

required is a fast increase in current and consequent instability. 

In this report the results viz. 

a) The variation of switching voltage with temperature 

(see figure 6.3.7) 

b) The variation 0‘ switching voltage with thickness as shown 

in figures 6.27„ 6.16., and 6.17. 
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c) The correlation between theory and experiment for the off-state 

I-V characteristics (figure 6.35) 

d) The size of the delay times and switch off and switch on 

times (figures 6.21 and 6.30 

	

and e) 	The obvious hei.ting effects found on the device surface 

(plates 6, 17, 6.18 and 6.21) 

would suggest that the initiating mechanism is thermal in origin. All 

of the thick devices follow the thermal theory exactly and although the 

thin devices tend to deviate from the theory (as was also the case in 

the C.C.N.R. effects), by including the Poole-Frenkel, these can be 

satisfactorily; explained also. 

The initiating mechanism for both the bistable and monostable 

devices appears to be similar - the switching voltage falls with increasing 

temperature and the switching voltage dependence on thickness is similar 

in both instances. It is also considered that the C.C.N.R. initiating 

mechanism is similar to the switching mechanism as has also been found 

theoretically by Hayes 	The The difference between the processes lies 

in the current filamentation found in the switching cases. 

The basic difference between the monostable and bistable switch lies 

in the discharge of stored energy step as discussed in section 6.8.5. 

The energy dissipated in the bistable device is sufficient to cause 

a permanent change ix. the device whereas in the monostable state the 

temperature increase due to the discharge is negligible compared with the 

Joule heating effect and the on-state in this instance is due only to 

the formation of a hot channel. The bistable on-state has been shown 

to be formed by a gallium rich filaments) which remains stable over a 

long period'of time. 
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7..4. FUTURE WORK  

FroM-ihe switching results it is obvious that the bistable device 

is prone to a marked deterioration after 10
2 
- 10

4 
cycles, and as such 

would not be suitable commercially as .a continuous switch. The monostable 

devices, on the other hand, which have been found to be much more reliable 

and reproducible would appear to be of greater commercial importance. 

However, they are inferior to the glass switches made by Ovshinsky
(2) 

which remain stable up to 10
18 

cycles and have switching speeds orders of 

magnitude faster than the GaTe devices. 

It is thus considered that GaTe switches are not commercially viable 

devices and from the literature search on other single crystal switches 

it would seem that the chalcogenide glass switches are by far the best 

type. 

It is felt that the only future in single crystal switches lies in 

the academic field where a greater insight into the mechanisms involved 

may be obtained. 

One of the most important areas of work is obviously in the complete 

identification of the filaments involved and although in this report 

this has been done using a sterenscpn and microprobe analyser it is felt 

that to completely identify the exact shape and nature of the filaments 

an X-ray topographic method similar to that suggested by Lang(3) 

would be ideal. 
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