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ABSTRACT

An investigation has been made of reversible’'electrical breakdown
in amorphous chalcogenides with particular attention being paid to the

on-state properties of SJ‘]2Te48As3OGelO glass threshold switches,

Apparatus is described for the preparation of well-characterised
materials and flash-evaporated thin-film switching devices., Measurements
have been made of the current-voltage characteristics, including the
effect of variation of thermal boundary conditions on the stability and

form of the on-state behaviour.

All tested devices have been found to undergo a forming process
which is attributed to structural changes in the device material. These
structural changes have been substantiated by measurements on virgin
and formed devices of (i) off-state resistance as a function of number
of switching operations, (ii) off-state resistance as a function of
electrode contact area, (iii) device conductance versus frequency and
(v) the effect of uniaxial pressure on device off-state current. The
results satisfy a model for a formed device in which there is a highly
conducting and inhomogeneous filamentary region surrounded by a low-

conducting glass.

It is shown that when the thermal conductivity of the device electrode
material is two or three orders of magnitude greater than that of the
switching glass, the magnitude of the minimum holding voltage is
proportional to the square root of the thermal conductivity of the electrode
material. This observation is consistent with a thermal constriction model
where the minimum holding voltage is the sum of the voltage drops across the

filament constrictions at electrode/glass interfaces.

The holding current is shown to be a linear function of ambient
témperature and extrapolates to zero at a temperature similar to that for

a threshold voltage - temperature plot.

Photographic recordings of the current-voltage characteristics of the
switching devices have shown that the on-state of a formed device consists
of several distinct branches depending on the switching history of the
device and the electrode materials. The multiply-branched on-state is
interpreted in terms of sequential forming of current channels between

tellurium-crystallite clusters and the electrodes. Several mechanisms

(ii)



are discussed to explain the origin of these current channels and
the localized thermal breakdown mechanism is considered to be the

most favourable one.

(iii)
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CHAPTER ONE

Introduction

History

It was pointed out by Henisch (1969) that the investigation of
electrons' behaviour in solids has probably absorbed more technological
man-hours than any other physical phenomenon, However, most research
efforts in the past, and to a large extent at present, have been
directel towards understanding and exploiting the properties of
crystallaine materials. In the 1930's solid-state device research wacz
centred around the crystal diode detentor and eventually culminated in

the development of the transistor.

The properties of amorphous or glassy solids have only in recent
years attracted the interest of solid-state scientists because (i) from
a device pcint of view they were thought to have few, if any, commerciél
application except for use as insulators and (ii) theoretically, the

problem posed by these amorphous materials are formidable.

A milestone in the development and progress of the theoretical
aspects of the subject was Ziman's quantitative exaplanation of the
electric~' properties of liquid metals, put forward in 196C. Thi: was
a weak inceraction theory and the effect of each atom was conside.ed
small, The success of Ziman's theory instigated investigation of whrat
happens when the interaction is large as it must be when an energy gap
exists, Two key pecints to present day understanding are the principle
of Ioffe and Regel {1960) that the mean free path cannot be shorter
thal. the distance between atoms, and Anderson's concept of localization
which was introduced in his paper ‘'Absence of diffusion in certain random
lattices' which was published in 1958. During the following years a great
deal of work on electronic processes in amorphous solids was carried out

by Mott (1967).

In the late 1950's and early 1960's several research workers
(Ovshinsky, 1570) reported the development of novel kinds of glasses

which had electrical conductivities dependent on electronic mechanisms

rather than ionic processes known to be associated with conventiconal

glasses. In addition, the conductivity of o conventional insulating
0Q
. \ -3 . ~1 -1 L
glass is usually less than 10 (L m whereas the conductivity of

: . . R ! -3 A-1 -1
these new glasses is in the range from 10 to 10 “JL Tw 7. More



important, interesting switching phenomena were observed in these
glasses (Pearson et al, 1962, 1963, Ovshinsky, 1960). It was
demonstrated that a rapid and sometimes reversible transition between

a highly resistive and a conductive state could be achieved in these
glasses by application of a sufficiently high electric field, i.e. they

behaved like elecirical switches.

It seems that the earliest reference to '"vitreous semiconductors"”
was made by the Soviet scientists Gorynnova and Kolomiets (1955) who,
while studying various ternary semiccuuucting compounds, discovered
that the alloy T12—Se-A52—Se3 insteau of having a crystalline structure,
had many of the properties of a typical glass. This discovery initiated
a vast programme of investigation by foviet scientists, led by Ioffe and
Kolomiets (Ioffe et al, 1960, Kolomiets, 1960), into various other similar

glasses and their properties. The electrical properties of these

materials were mainly investigated.

The results of the soviet team <id show that the broad features of
the =lectrical band theory of solids are preserved on transition from
the crystalline state to the amorphous state, thus confirming a theory
of Ioffe's that the electrical band structure of solids is determined by
short rangs order, which should be the same in a s30lid whether in the

crystaliine or amorphous states.

Tne first person to exploit glassy semiconductors would appear *¢ pe
S. R. Cvsainsky (1953) who produced a switching device. This device was
made from an amorphous thin film of tantalum oxide deposited on a
tantalum substrate which formed one electrode, while a liquid electrolyte
formed a second electrode. This early switch showed repetitive switching

]

and required a '"naintaining voltage'" to keep it in the high conductance
state. Later, when a suitable metallized electrode was used a switch,
which operated 'once'" only, was made. This type of switch remained in
the highly conductive state regardless of whether the applied field was
removed or not, This switch was first demonstrated in December, 1959,

and in 1961 a patent was granted to Ovshinsky for the two types of

devices,

Pearscn et al (1962), of Bell Telephone Laboratories, reported that
when point contacts were made to a glass such as As-Te-I switching
effects were observed, but little work was done in following up this

initial investigation,



In 1962 Ovshinsky applied for a second patent for a number of
devices incorporating semiconducting glasses and was granted this
patent in 1966. There scems to be some doubt as to when the application
for the patent was made. In a sub-article published by Sideris (1966)
in Electronics and entitled "Switch, switch, who made one first?" it
was stated that the patent was applied for in 1961, a year before the
report by Pearson's team. But whatever the legal situation, Ovshinky
was the only person to produce and market these devices, and until
recently his group's research dominated this new field of investigation,
The Soviet team mentioned above, also chserved switching action (Kolomiets,

1963) in certain glasses.

Further observations on switching behaviours were made by Eaton
(1964). Chopra (1965) published a report of switching action in glassy

semiconducting oxides, such as those of Ta and Ti.

The '"novel'" glascses mentioned above are alloys of the chalcog~n
elements, namely, sulphur, selenitm and tellurium; when produced in a
glassy form they are known as chalcogenides. The electrical properties
of these glasses will be discussed in cother chapters, but apart from
their electrical properties these glasscs differ from oxide and halige
glasses in a number of important respects (a) they are formed over 2
range of compositions and are not ccafined to one or two chemical
compositicns (Rawson, 1967), (b) the structural theories developed to
explain the structures of oxide glasses are not always applicable to the

chalcogenide glasses (Rawson, 1967).

From the above historical review it is clear that the recent interest
in the electrical properties of non-crystallinc semiconductors has been
stimulated by (a) a desire for a sound theoretical understanding of
electroniz behaviour in such disordered materials and (b) the possible
commercial applications of the fast switching phenomena which have been

demonstrated in a wide range of amorphous elements and alloys.

Reversible switching effects in solids

Electrical switching in solids is defined here as a transition from
a high resistance state to a low resistance state under the influence of
an applied electric field. The transition is rcversible and non-destructive
and this Adistinguishes switching from ordinary dielectric breakdown in

solids which is destructive and irreversible, Electrical breakdown



current is generally very noisy whereas the current-voltage
characteristics of a switching device are normally clean. However,

it was pointed out by Bosnell (1973) that on an oscilloscope, dielectric
breakdown or even air breakdown under pulse conditions can look similar
to switching if the noise in the highly conductive state is suppressed.
There is the possibility that breakdown in some materials has been

mistaken for switching and reported accordingly.

Many materials exhibit switching effects and their characteristics
can be classified broadly according to whether the performance of t.c
device is current controlled, figure 1.2(a) or voltage controlled,
figure 1.2(b), (Pamplin, 1970), In the first case the current-voltage
characteristic is multivalued in voltage (S-shaped), in the second
case of the voltage controlled device the current voltage characteristic
is multivalued in current (N-shaped). Although both the S and N shaped
characteristic conform to the above definitidn of switching, only the |
first behaviour is usually designated ({and even then only in sume cases)
as the switching behaviour, the second type of behaviour is described as
"voltage controlled negative resistance'"., Figure 1.1 shows a typical

circuit used for displaying the I-V chavacteristic on an oscilloscope.

Fritzche subdivides S-shaped current-voltage characteristics into
those where their working point can be stabilised in the negative
differential resistance region, ii%gtf‘D, and those where the device
exhibits the memory action. Four groups can be distinguished as shown

in figure 1.3(1) - (1V):

(i) The negative resistance device has a I-V characteristic wlrich is
retraceable except for some hysteresis observed when the currcnt is
changed too rapidly for maintainihg thermal equilibrium., With a

proper device of a load resistor, R this negative resistance can

L,
be stabilised at any point on thc I-V curve.

(ii) The switching device has no stable operating point between the high
resistance state and conductance states. The device switches when
the voltage exceeds a threshold value, Vth' The characteristics
of this device are dealt with in some detail in a separate sub-

sectiion below,

(iii) The negative resistance devices with memory has two stable states;
the first is similar to that of (i) and the second state is conductive

and established at higher current and remains conductive without
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decay. The first state can be re-established by increasing the

current above a certain value and switching it off rapidly.

(iv) The switching device with memory also has two stable states; the
high-resistance state and the mode of switching are similar to
those of (ii). The second state is conducting. The high resistance

state can be re-established by applying a short high-current pulse.

Drake et al (1969) have added a further class of switching device,

figure 1.4, with electrical characteristics representing a combination

of the characteristics of those of (i) and (iii) - (iv). Effects of
this kind have been found in glasses based on the WOB:PZO5 system, The
characteristics in (i) - (iv) are found in various transition metal

glasses containing vanadium ions and in chalcogenide glasses.

A typical threshold switch consists of a thin films of chalcogenide
glass sandwiched between two thin film metal electrodes (Bunton et al,
1972). Other types exist including the DO-7 package (Ovshinky, 1968),
gap Jdevices (Hughes et al, 1974), pore devices (Neal, 1970), and point-
contact devices (Csillag and Jager, 1570)., The I-V characteristic of"

a threshold switch is shown in figure 1.,5. This is obtained by applicatior
of a voltage pulse across the device and as the voltage is raised froin
zéro, a high resistance 'off' state branch AB is followed.until tareshold

is reacheud, value V the device switches abruptly to a point C given by

’
the slope of the 1022 line, and a high conductance state CD is reachred.
As the supply voltage is decreased the working point moves down the on-
state 2 until it abruptly reverts to the off-state, point E, at the
critical point D corresponding to a holding current Ih and a holding

voliage 1Y The position of point E is given by the slope of the load

h.
line.
The off-state resistance exhibits an olmic region close to the

origin followed by a non-ohmic region up to the threshold voltage, V

th’
The on-state characteristic generally shows a negative differential
resistance for an on-state current of 1-3 mA and a positive differential
resistance for higher current. The minimum voltage drop across a device
in the region between the negative and positive differential resistance
is denoted in this thesis as the minimum holding voltage th.
The times taken for the various transitions are important parameters,

When a voltage V =>V is applied, a voltagc-dependent delay time tqd

th
elapses before the device changes from its off-state to the on-state in
a switching time t_ (t,<«t,’. The switch-ofi time or recovery time

tr is the transition time from the conducting on-statec to the off-state



once the current drops below Ih. The recovery time is very large

compared to ty.

In a memory device, only V td and ts have any significance,

th’
the on-state parameters Ih and Vh are meaningless because the device
remains in the conducting state once it is achieved. As mentioned

earlier, the off-state can be re-established by a short high-current

pulse,

The I-V characteristics of a threshold device are normally
symnetrical in the first and third quadrants, i.e. symmetrical for
applied positive and negative pulses, but there has been reports of
asymmetrical characteristics (Heniscn and Vendura, 1972). The behaviour

of the various parameters of a threshold switch will now be considered

in grcater detail,

(a) Threshold Voltage Vth'

The magnitude of the thresholc voltage depends on tempcrature,
pressure and film material composition and the electrical switching

conditions such as pulse height ard pulse repetition rate.

\' always decreases with incieasing temperature. For bulk

th
and thick film ( > 100 pm) devi:es, the relation Vth (s (T)/T) §
is observed (Kolomiets et al, 1,69, Warren, 1973). For thin film
devices ( <710 Km) the temperatur~ dependence is much weaker

(Kolomiets et al, 1969) and at low temperatures Vth becomes

indcpendent of temperature (Buckley and Holmberg, 1972).

Kolomiets et al (1969) have shown that the switching Tield
is very weakly dependent on thickness in devices which are less

than 10 um thick (i.e. Vth ol d), whereas for thicker films, the

3

relation Vth of d° was observed,

The pressure dependence V, . ( P) has been measured by Walsh et

th
al (1970) and found to vary as exp (P).

(b) Delay time td

There have been several reports of delay time measurements as

a function of over-voltage (V - V. ), and also of film thickness.

th

The delay time decreases rapidly as V is increased beyond Vth and
for V >—1.2 Vth it follows the relation (Ovshinsky, 1968, Henisch,

1969, Shanks, 1970, Lee and Henisch, 1973, DBunton and Quilliam,

1573): . / '
L = £ {-ZXP(*OC V)



(c)

(d)

where the prefactor t'd decreases with increasing temperature

(Boer, Dohler and Ovshinsky, 1970) and decreasing film thickness,
Lee, Henisch and Burgess (1972) studied the statistical spread in td
and found relatively large statistical fluctuations in t(ifor (v -
Vth)/vth = 0.2 and at larger over-voltages a rather abrupt transition

. . . -3
to a regime in which the fluctuations were less than 10 tge

Values of td less than 10 ns have been observed in thin films

and for high over-voltages but in thick films, values as high as

1C(0 ms may be observed.

Switching time ts

After the delay time, the resistance of the device changes
rapidly to a much lower value which could be 105 times smaller in a
very short time ts. In thin films, an upper limit of 150 ps for ts

has been measured using a sampling oscilloscope, (Neale, 1970).

t

The on-state parameters, V \' Ih, r

h* mh’

The holding voltage V. is normally 1-3 V in thin films and

depends on electrode mater?als used. Much higher values have bcen
reported by Hughes et al (1974) and they have shown that Vh in gap
de—rices is strongly dependent on the circuit load resistor and
device capacitance. In thick films ( =100 um) the holding voliage
increases with thickness, The minimum holding voltage th has so
far been largely ignored in the literature and there is almost a
totul absence of experimental data cn its magnitude. Results

obtained in this work, however, show that it has a magnitude of

~.9~2.5 V depending on the electrode material used.

The recovery time tr for thin film switches has a value of
about a few us' but depends on the on-time and ambient tempera{ure
(Thomas et al. 1972)., Practically, tr is made up of two components,
a fast temperature independent component and a much slower component
which depends on temperature and could be several orders of

magnitude longer than the first,

The holding current has typical values of 0.1 mA to 1 mA and
depends on the external circuit parameters (Hughes et al, 1974).
Further discussion of the on-state and its parameter is found

in Chapters Two, Four and Five,

- 10 -



1.3.

1040

Choice of areas for investigation

This project set out primarily to investigate the nature of
the on-state and characterize its parameters in thin film devices
fabricated from a gquaternary chalcogenide glass which had the
Ovshinsky (1968) composition Si. Te,_As

127841%550%10
called STAG glass. Although during the last few years many papers

which is frequently

have been published on the switching phenomena in chalcogenide glasses,
attention has been mainly focussed on (a) the material aspects and
structural changes (b) the possible conduction mechanisms in the off-
state and the nature of the breakdown processes at threshold., Very
little a*tention has been paid to the on-state of the threshold switching
device and, as a result, at the time when active work started on this
research project there was an absence of even a semi-quantitative
theoretical model describing the on-state and a real lack of hard
experimental results. Therefore, first priority was to obtain some basic
and consistent results on the on-state as a function of ambient
temperature, electrode material and device geometry. This programme
necessitated the fabrication of well-characterized devices and the

development of special testing equipment.

During the course of this research work it became very clear that
structural changes played an important role in the device characteristics.
To gair insight into the nature of these structural changes, measurements

on the on-state were supplemented by some off-state measurements,

The development and progress of experiments are taken up in

Chapter Four.

Thesis plan

Chapter Two consists of a brief review of some of the properties
of amorphcus materials and a survey of the various theoretical switching

models.

Chapter Three describes in some detail the equipment and the special
techniques used and developed for fabrication and testing of the switching

devices.

In Chapter Four the results are presented with some preliminary
discussion whereas the main discussion and results interpretation are

given in Chapter Tive.

In addition to the five chapters there is also an appendix which

deals with suggestions for future work.



CHADPTE

— -

TWO

Glasses and Switching Models

Some of the properties of chalcogenide glasses were mentioned
in the previous chapter. In this chapter a more detailed review, still
brief, of the basic properties of these glasses is given. Also reviewed

are the various switching theories developed to explain the switching -

phenomena in these glasses,

Although it is fairly well established that thermal runaway

is mainly responsible for the switching effects in thick chalcogenide
devices, there is still a good deal of controversy regarding the precise
mechanisms of the switching processes in thin films: at present there
are three major schools of thought (a) one which attributes switching

in these devices to thermal effects, (b) a second which explains the
switching phenomena in terms of purely electronic models, (c¢) a third
which suggests that structural changes and phase changes in the material

of the device play a dominant role in switching,

Any model put forward to explain the switching effect in these
glasses must be able to account for =2 positive feedback mechanism which
-allows the voltage across the device to drop substantially while the

current through it either remains the same or increases.

At present no single model gives an adequate and satisfactory
description of a switching cycle in thin film devices. The problem of
thermal switching has not been completely resolved mathematically and
solution of the three-dimensional heat balance equation remains out of
sight for a long time to come. The theories of electronic switching are
based on the solid-state physics of amorphous materials which is not fully
understood. Structural changes and phase separation are more likely to be

the consequence of switching rather than the cause of it.

Although chalcogenide glasses are the primary subject of this
review, some sections are applicable to any glassy material., Wherever
possible, a particular reference to the switching effect in multicomponent

chalcogenide glasses is made,

2.1. Disorder and classification in solids

A solid can be defined as a material state which has the
ability to transmit shear waves, or a state which has a minimum
viscosity of 1015 poise. A solid thus defined can be either
crystalline or non-crystalline depending upon the arrangement of the

constituent atoms, ions or molecules. For a solid to be called

- 12 -



‘crystalline' a long range periodicity, order, in the atomic
arrangement must be present. There is no precise definition of non-
crystallinity, but usually the absence of long range order in the
atomic arrangement of a solid over distances -~ 100 AO is taken

as a condition. According to this definition a crystalline solid
containing more than 1019 randomly distributed point defects in

one cm3 or a crystalline solid composed of small ~~100 AO crystallites
are classed as non-crystallines, Non-crystalline solids, however,

have » high degree of short range order over the first few interatomic

dist- nces.

The classification of crystalline solids based on structural
studies by X-ray or electron diffraction techniques is now a well
understood field which need not be mentioned any further here.
Unfortunately a similar classification of non-crystalline solids is
not possible at present owing to the lack of suitable analytical
tools to study such aperiodic structures. A classification of nou-
ccystalline solids has, however, been attempted byRoy (197G) using
a schéme, which to quote him "is based on the fact that many basic
structural features are carried over from the parent materials and
‘ the preparation process in a genetic memory which is sufficiently
strong to permit the separation of non-crystalline solids into major
groups.”' It is known that a non-crystalline material which is orepared
by different methods results in different structures and this i.
described as polymorphism of non-crystalline solids. Figure 2.1
shows +the basic outline of Roy's classification scheme. The various
techniques used in preparing non-crystalline materials are outlined
in Chapter 3. but it can be appreciated from figure 2.1 that Roy's
classification scheme is based on the method of preparation and the

origin of the material.

The non-crystalline solid formed by cooling a liquid or a

melt is called a glass.

There is in the literature a widespread interchange of terms,
liquid-like, glass, vitreous and amorphous which are often taken as
synonymous although it is usual to define a glass as a non-crystalline
solid formed by continuous solidification of a liquid. Differences
between these terms have been taken account of in a scheme proposed
by Stevels (1971) for the description of non-crystalline structures.

He introduccd the concept of repeatability numbers for non-crystalline






structures.

and proceeding to the next atom, for instance,

of the X-axis over
the probability of

crystal is perfect

a distance of the unit cell
finding the same atom again

and the came applied to any

By starting from one (central) atom in a crystal

in the dircction
parameter, then
is unity if the

number of steps.

The coefficient of linear repetition in the direction of the X-axis

is then defined as

CIR = number of atoms in the direction X in n steps
X T n

The direction of the initial step cculd also be chosen to -
correspond with bond direction from a given atom and is not

restricted to cartesian co-ordinates, 1In a real crystal CLR is

unity for very small distances i.e. a few unit cells, from the
central atom, but décreases over longer distances due to crystal
imperfections. 1In a glass CLR is unity at very short distances

but decreases rapidly at larger distancesQ‘)-ZOAo.

The weighted average of ail the CLR's (limited to a region V
with one phase) in all directions i gives the average coefficient

of repetition:

zgici(an)i
<%

the coefficients cy represent weslzhting for different directions.

ACR =

The magnitude of ACR has a similar vazlue to the individual CLR's of
a particular structure. From this quantity another quantity caslod
the coefiicient of repetition in space is obtained:
ijNj (ACR)
CRS = —— N
<33

averawed over all the Nj atoms in a given volume,

CRS is also a
function of distance r. In a perfect crystal CRS is unity independent
.of r. For a real crystal CRS will decrease slowly with r but in

glasses or amorphous solids CRS decreases very rapidly with r, and the
decrease is greater in the rapidly quenched material, This is

illustrated in figure 2.2(a).

The repeatability number independent of r is defined as:
Vy

Vo
1 s 3 ~ a2
(RN)r = o CRS (V) dv = 3 CRS (r) 4dnrdr
o o <, 4nro s
(RN)“ is a direct measuve of the degree of order in the structure

O
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in a limited region defined by r, or Vo. Tn a material whefe

the degree of order is the same everywhere, one could define a
repeatability number, RN, which is a measurc of the overall degree
of order. If the degree of order varies then it is necessary to

define a weighted average of all the local (RN)g s. For a perfcct
- To
crystal the overall RN value is unity, for a nearly perfect crystal

it is slightly less than unity, and for real crystals and vitreous
systems it may be between 1 and O, This is illustrated in figure
2.2 'b). Therefore, a '"perfect" amorphous solid would have an RN
value equal to zero whereas vitreous and glassy solids are
characterized by a finite value of RN and Stevel suggested that
they should not be called amorphous solids. Owen (1973) expresses
the view that a value of RN = O is more applicable to an "ideal

1t

gas rather than to an amorphous solid.

One scheme of classifying amorphous semiconductors is in terms
of the chemical bonding that is primarily responsible for cohesive
energy of the solid. In crystalline solids, there are five major
classes - ionic, covalent, metallic, Van der Waals and hydrogen
bonded materials, Amorphous metallic alloys do exist, but these have
conduciivities which are comparable to the corresponding crystzlline
materizls and do not fall into the category of semiconducting solids.
Van der Waals and hydrogen bonded solids have low cohesive eneirgies
and low melting points and the corresponding amorphous solids have not
becn investigated to any great extent., Thus amorphous semiconductors
can be broken dewn into ionic and covaient materials. The ionic
materials include halide and oxide glasses such as VZOS' Covalent
semi.conductors are conveniently divided into elemental and alloy
semiconductors. The elemental semiconductors which include Si, Ge,
Se among others are the simplest to investigate theoretically and
possess only pesitional disorder. Covalent alloys include binary
cyctems such as ASZSe3 and GeTe as well as the more complex multi-
component systems such as STAG glass. These alloys possess positional
as well as compositional disorder and this joint disorder has a

profound effect on the electronic band structure of the material as

shall be seen in a later section.

Glass - its formation and structure

As stated above, a glass is a non-crystalline solid prepared
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by continuous solidification of a liquid. A more informative
definition was wgiven by Jones (1956)., A glass or a substance in
the glassy or vitreous state, is a material which has been formed
from the normal liquid state and which has shown no discontinuous
changes in first-order thermodynamic -properties such as velume (V),
heat content (H) and entropy (S) but had become rigid (i.e. solid)
through a progressive increase in its viscosity. Second order
thermodynamic properties such as specific heat capacity and thermal
expansivity, however, undergo discciatinuous changes when a liquid is

quenched or cooled to form a glass.,

Some aspects of the inter-relationship between the liquid,
crystalline and glassy forms of a material can be obtained from the
volume—temperature diagram for a glass-forming material shown in
figure 2.3. On cooling the liquid from an initial state represented
by the point a the volume of the liqguid decreases steadily along the
line ab, If the rate of cooling is sufficiently low and nuclei
are present in the melt, crystallization will take place at the
freezing point,'TM. At this point there is a discontinuous change
in volume represented by the line bc. On further cooling the
‘crystalline material contracts along cd. On the other hand, if the
rate of cooling is sufficiently hignh, crystallization does not take
place zt TM‘ As cooling continues, the volume of the now super-
coolcd liquid decreases along the line be, which is a smooth continuation
of ab. In the region Tg, the slope of the volume-temperature graph
changes to become approximately parallel to the contraction curve of
the crystalline form. The tempeorature, Tg, at which the bend occurs
is called the ~lass transformation or transition temperature. At
Tg the viscosity is extremely high - about 1013 poise (Rawson, 1967)
and only below Tg it is correct the describe the material as glass.
It is also at Tg that second order thermodynamic quantities such as
the specific hecad, Cp, expansion coeificient a and compressibility
C show discontinuities as shown in figure 2.4. It must be realised
that Tg is not a precisely defined temperature, i.e. the glass
transition is not sharp but occurs over a temperature range. It is
sometimes convenient to define the point where the liquid line and glass
lines meet as a specific temperature. This temperature is called

the fictive temperature in glass technology (Owen 1970).
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the Tg of the glass prepared by the intermediate rate of cooling,
and then cooled rapidly to T', the volume of glass 1

will decrease to V2 and its Tg will decrease to ng. The volume
of glass 1 will increase to V,_, and its Tg will also increase to

2
ng. The ratesat which the volumes and Tg's of glasses 1 and
3 increase and decrease respectively are different, the change
Tg3 - Tg2 will be more rapid than Tg1 - ng. This shows the
sensitivity of Tg and its dependence on the rate of cooling and
the subsequent heat treatment of the glass. Therefore, when a
differential thermal analysis is carried out to determine Tg,
the rate of heating of the material must be the same as the
original rate of cooling of the melt or the liquid. If the rate
of heating is different, the value of Tg obtained is different
from the original one. This can again be shown from figure 2.5.
If glass 1 is reheated at a rate corresponding to the cooling rate
of glass 2, its volume will tend to 'undershoot' the supercooled
liquid line as shown by the dotted line. This is because it is
being heated too rapidly for attainment of equilibrium, If glass
3 is heated at a rate corresponding to the cooling rate of glass 2,
its volume will tend to decrease before Tg is reached. Therefore,
the original value Tg of a chalcogenide glass is obtained only when
the heating rate and the original cooling rate are the same.
In busk samples such a condition may be feasible depending on the
magnitude of the cooling rate., 1In thin films, however, the vapour
qgquenching rate is extremely high, sec next chapter, and it would
be impossible to carry out a different thermal analysis experiment
on the thin film material using a heating rate which is the same
as the cooling or quenching rate. Therefore, it is essential that
such effects are considered when interpreting data obtained from
DTA experiments on thin films and particularly when relating it

to the threshold voltage and threshold conditions,

The ability of a liquid to be cooled to form a glass, i.e.
bypass crystallization, depends principally (Turnbull, 1969) upon
(a) a set of factors such as the cooling rate R, the liquid volume
V and the seed density /9, which can be partly controlled, and (bLJ
a set of materials constants, such as the reduced liquid-solid

interfacial tension, «, the fraction of acceptor sites, f in the
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(b) Polar effects were observed (Henisch and Vendura, 19871)

when asymmetric electrode materials werc uscd.

(c) The delay time increased (Henisch, 1971) when the pulsc
polarity was reversed before threshold conditions were reached,
but the increase in delay time was smaller than expected.

It is also claimed than Henisch's model (Henisch et al, 197C)

is versatile enough to explain the following:

(i) The dependence of delay time on the over voltage
(ii) The recovery period
(iii) The temperature of the threshold voltage, provided
additional assumptions were made regarding the dependence

of the mobility or injection ratio on temperature.

(d) The tendency of the effective capacitance of a switching
device to become negative just below the threshold voltage
as reported by Vogel and Walsh (1969) and Altunyan et al
(1971). This is explained in terms of dielectric polarication
followed by space-charge polarization at a higher voltage.
Near the threshold condition syace-charge polarization is

dominant and the device capacitance goes negative,

It must be recognised at this stage, that the experimentally
observed dependence of threshold field on film thickness is not
what is expected from a double- irj.:ction space-charge-current
mechanism. Owen and Robertson (1973) pointed out that establisued
ideas about such a mechanism in a ccnventional semiconductor show
that the threshold field increases with film thickness, but this

is not observed in chalcogenide thin films,.

Lucas (1971) has pointed out that, in order to sustain the
on-state by tunnelling or by double injection, the carrier lifetime
must be larger than the transit time. Her model of switching is bascd
on the assumption that beyond a critical injection current, heth
electron and hole traps are neutraiized and the diffusion length
becomes comparable with film thickness. This sharply increascs the
bulk conductance and the sustaining field is again concentrated at
the electrodes. Lucas obtains for the critical current density an

where Lu is the diffusion length and equal to electrode separation



length when switching occurs, N is the density of the recombination

centres and ’wo is thc eoxcess carrier recombination time,

[ &

The potential enorgy of an electron in the on-state plotted
against position acrcss the switching layer as shown in figure 2.9
was first suggested by Mott (1969). He postulated the existence
of positive trapped space-charge near the cathode and a negative
space-charge near the anode. The trapped charges must not be too
close to the electrodes so that they could tunnel to them and also
the space-charge region must not b~ too wide to prevent tunnelling
of carriers from the clectrodes. Essential features of this on-
statc model are that the carrier transit time is small compared
with the recombination time, the holding voltage is the sum of
voliage drops across the space charge regions and is larger than

the mobility gap.

Fritzsche and Ovshinsky (1970) proposed a somewhat different
model, sketched in figure 2.10, to that of Henisch., Their model
describes a mechanism which is more likely to occur at temperatures
in the vicinity of room temperature at which screening of space
charge is more effective and space charges are less likely to form,
In this model it is assumed that nnu equilibrium carriers generated
by .he field cause two depletion regions to form near the
ele_trodes. One regions for electrons is formed near the cathode
and one for the holes near the arode. These depletion layers are
formed because the elcctrodes cannot supply a sufficient carrier
flux to maintain the non-equilibrium current. The resulting Schottky
barrier-heights grow with increasing field but their thicknesses
renain in the region of BOOA. This allows tunnelling to take place,
and trap-limited current flows until all the traps are filled. *hen
all the traps are filled, a highly conducting state is achieved,
the voltage drops, and the current increases sharply. The conductive
on-state is again sustained by double injection, as long as the

applied voltage exceeds the mobility gap.

In this model the delay time is primarily the time required
to fill the traps in the bulk under conditions of trap-limited
conduction. Such trap filling is totally independent of pulse polarity,
and although the time required to set up the Schottky barriers is
strongly polarity-dependent, it is much smaller than the time required

to fill the traps. Therefore, the total delay time is essentially
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independent of pulse polarity. The recovery time must be the time
required to empty the traps and it should be temperature dependent.
Adler (1973), however, has rerorted thatrthe recovery time and
holding voltage were independent of temperature from 200 to 1.6 K.
and the on-state could not be frozen in. Adler concluded that the

on-state is not maintained by filled traps.

The two main models discussed so far indicate that the polarity
depcnaence of these electronic mechanisms is governed by the
ambicn*t temperature. A transition from one mechanism to the other

can occur at some temperature belcw room temperature when polar

effects become noticeable.

Schmidlin (1970) has shown that I-V characteristics similar
to those of a thin film chalcogenide switch can be obtained with a
model of field-induced double injection, sustained by the build-up
of charges attempting to enter the electrodes through poor contacts.
In this model, electrons begin to pile up near the cathode until a
steady state is reached where emission from each accumulation
region just balances injection from the opposite electrode. As
the field across the sample is increased the accumulation regions
also incrcase until a critical field associated with these
accumulation regions is reached and enhanced injection takes glace,
The additional injection results in a further increase of the
aczumulation regions which in turn gives rise to a negative resistance
region and breakdown or transition to a highly conducting double-
injection state. The threshold field in this model was calculated
to be about 108 V/m which is greater than that observed in
chalcogenide films. Moreover, this model is in no way based on the
mobility gap structure for an amorphous semiconductor as described
in the CFO model,and, therefore, ii could be applicable to the

crce of crystalline semiconductors,

Althcugh some electrode materials may form a narrow insultating
layer, e.g. an oxide layer, with chalcogenide glasses, it is unlikely
that all materials used in these devices do that. This model also

implies a strong polarity-dependent delay time.

A switching model which assumes the presence of poor
electrical contacts and a semiconducting film described by the CFO
model, was proposed by Iida and Hamada (1971). In their model,
carriers e¢nter the bulk region by tunnelling through the insulating

layers and fill the carrier traps present in the bulk, As the



voltage is increased, injection is increased and the resistance

of the bulk decreases. This leads v2 an increase in the voltage
dreps across the insulating layers and the instability that follows
is similar to the one described by Schmidlin. It is also suggested
that if the injecled electrons in localized states in the energy
gap have a long relaxation time, the bulk region would remain in
the high conductance state for a long time after the removal of the
applied voltage. The device in this case would behave as a memory
element which can be removed by inverting the applied pulse.
However, this suggestion, and the presence of insulating layers,
implies very strong polarity dependence in conflict with experimental
observations, Moreover, the threshold field is again of the order

8 .
of 10V /m which is much larger than is observed.

Mathis (1969) developed a switching model in which the basic
assumption is that the activation energy, which determines the
concentration of mobile carriers, decreases with increasing
concentration of carriers. Therefore, by assuming that excess
carriers are generated by Zener tunnelling, an effective reduction
of the mobility gap is produced. The decrease is caused by the
delocalization of states near the equilibrium mobility gap due to
screcening by the excess carriers. Mathis was able to show that <
a certain critical field the concentration of carriers is sharply
increased and the I-V characteristics show a negative resistance
region. This model exhibits a sharp conductivity discontinuity,
at which point the mobility gap collapses and the material becomes
essentially metallic. This behaviour is similar to the non-meztal-
metal transition in V203 (Adler et 21, 1967). The independence of

the minimum on-state holding voltage on film thickness is not

easily explained in terms of Mathis's model.

To explain the switching procuss, Heywang and Haberland (1970)
have used the potential fluctuation model. They stress that the
injected electrons fill predominantly positive traps along the electron
percolation paths and injected holes fill their respective traps along
the hole percolation paths. This results in levelling and decrease
of the potential fluctuation and thus an increase in mobility and
a widening of the percolation paths. Double injection is facilitated
and the feedback mechanism required for the high conductance on-state
is thus provided. A minimum charge of the order of lO-lO C is

required to irnitiate the fecedback mechanism.
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Zeper breakdown is ruled out by Adler (1972) who holds the
view that at an applied field of 10%Vm the Zener tunnelling rate Is
likely to be smaller than the recombination rate and, in addition,

Zener breakdown is not usually characterized by a large negative

resistance region,

| Van Roosbroeck (1972) proposed a model in which he took the
view that the relaxation time is long compared to the carrier life-
time, in which case a large space-charge region exists near an
injecting contact, As the applied voltage is increased, the space-
charge region grows out towards the other electrode, leading to =
sharply increased field across the remainder of the material.

Breakdown of this high-field region can induce the on-state.

Finally, hot-electron effects will now be considered. To
begin with, an electric field applied across a device accelerates
any free electron present in the material. If the particle
nequires sufficient energy it can liberate another electron by
collision with an atom and remain free. This is called impact
ionization and is known to occur in crystalline semiconductors,

In oppcsition to the occurrence of impact iconization events are
recomiination mechanisms which also include non-equilibrium travoing
of corrier and loss of electron energy to the ion cores by pho.on
emission, thus preventing the electrcn temperature from rising above
that of the material. However, when the applied field is large,

;J107 V/m, thermalization, i.e. loss of electron energy cannot

take rlace fast enough to keep the carrier at ion core temperature

znd the electrons become 'hot'. Eventually a chain reaction of impact

ionization occurs resulting in avalanche breakdown.

Avalanche breakdown is likely to occur when the initial free
electron density in the semiconductor is low. But when the
electron density and electron-electron collision rate are sufficiently
high, collective breakdown is likely to take place as a result of
energy exchange in electron-electron collisions being greater than

that in electron-phonon interactions.

Adler (1970) has argued that avalanche breakdown is an
unlikely mechanism for switching in chalcogenide glasses. His
simple calculation showed that a carrier must survice an average of
100 collisions without significant loss cof energy in order for a

single inpact ionization to take place, Fowever, Hindley (1970a)

~ 35 -



has suggested that hot electrons are possible in chalcogenide
glasse> even at fields of 107 V/m, since most of the collisions

that limit the mean free path are elastic. Hindley (1970a, 1970b)
and Mott (1971) estimated the critical field beyond which the mobile
electrons gain energy from the applied field at a rate faster than
they loose it via phonon emissions. Beyond this critical field
avalanche occurs resulting in a conducting plasma which can be
sustained by the fields near the electrodes. The critical field

is approximately given by Mott as:

e u F2 = h gx?p
wherc h Qup is the energy of the phonon involved. For a phonon
energy of 0,030 2V and mobility g =~ 3 cm2/V, a critical field of
about 3 x lO7 V/m is obtained which is in very good agreements with

experimental values.

The estimate of the critical field by Mott leads to a threshold
field which is nearly indepe:cent of temperature. This is observed
at low temperatures (Buckley and Holmberg, 1972). Mott has also
pointed out that avalanche production of secondary carriers in
amorphous semiconductors differs in a significant way from that in
cry:stalline materials, The mobility of the carrier always increases
witn energy above the mobility edge so that an avalanche should be
produced if once the rate at which the electron gains energy from

the field exceeds the rate of en=rgy loss to the phonons.

Hot~electrons effects were recently discussed in a review
article by Owen and Robertson (1973). They pointed out that
collective breakdown was not likely to initiate switching in
chalcogenide glasses in view of the fact that the electron density
in chalcogenide glasses is at the most 102 times greater than the
low-iield density as shown from the preswitching I-V characteristics.
Also, Stratton's calculations (1C01l) show that the electron current
density necessary for collective breakdown is 103 - 104 times
greater than the low-field density. However, in the case of avalanche
breakdown, there are some experimental observations regarding the
statistical nature of the delay time and current noise that indicuate
the existence of hot electrons in the vicinity of the threshold
field, but comparison with well understood results obtained from
work on silicon junctions indicates that they are not the main

cause of switching in chalcogenide glasses.
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None of the electronic switching models discussed make any
quantitative predictions ahout the cn-state parameters - the
holding current and the holding voitage., 1In general, it is stated
(Henisch et al, 1970) that the holding current is the minimum
current needed to keep the traps filled, and the holding voltage
provides the field that maintains the current injection process.
The magnitude of the holding voltage is given as being equal or

slightly greater than the mobility gap.

Electronic models have onecommon feature with thermal models
in that they also postulate a filamentary on-state. Current

filaments of electron origin have been observed in crystalline

semiconductors by Barnett et al (1968), but this does not necessarily

prove that current filament in chalcogenide glasses originate from
electronic processes., In addition, an electronic switching

mechanism can lead to a thermal on-state current filament.

Mott (1971) points out that in the case of electronic
switching, the on-state current filament warms up after switching
and the temperature distribution across the filament is more oOr
less uniform., While in thermal switching, a hot thin filament is
first tormed at the moment of switching and then in the on-sta.e
the f.iament broadens and the centres cools while its outer pect
warms up. Mott also suggested that a measurement of the change “n
temperature of the hottest part of the channel with time after
thieshold switching could provide a test whether switching is
electronic or thermal. In the author's view such a measurement
Jdoes not necessarily reveal the nature of the breakdown mechanism
since some authors (Boer et al, 1970) predict that electrothermal
effects can lead to electronic switching and therefore cooling of

the central part of the filament could occur after switching.

Owen and Robertson (1973) have estimated the diameter of the
filament to be 3 -~ 10 pum for an on-scate current between 1 mA

and 1A,

Thermal Switching Models

The thermal switching model is the most popular amongst the
various models developed to explain the switching phenomenon in
chalcogenide giasses, Electro-thermal effects in solids have a
long historical background dating back to the eighteenth century

(Van Marum, 1789, Fourier, 1892). In fact, the results of some of
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the caltculations used at present have been kXnown since the

Franco-Prussian war.

The model is essentially a quantitative one which in
principle can account for the negative resistance region, delay

time and filament formation in switching devices.

All thermal breakdown phenomena are governed by the heat

balance equation:

sy,('(\;7i)—f GTEE%:'CIE%%;
where T is the temperature, E is the electric field, C is the
specific heat per unit volume, and k and & are the thermal and elec-
trical conductivities. The second term on the lefthand side of the
above equation represents heat dissipation, while the first term
represents cooling, and the term on the righthand side is associated

with time changes in hcat stored in a unit volume.

Thermal breakdown is caused by Joule self-heating of the
materiszl when the heat generation exceeds the cooling term in the above
equaticn. This lead to an increase in the device-material temperature
- which in turn increases the temperature-sensitive electrical conduct-
ivitr, The positive temperature coefficient of conductivity r-sults
in an increase in current and so on until breakdown occurs and a
low-resistivity state is achieved. For current-controlled negative
resistance to occur a feedback loop (Owen et al, 1973) must be present

and this loop could be represented as follows:-

highfield ——> increased current ——> increased pow: er dissipation

!

increased conductivity <—— internal rise in temperature

Although the physical principles of thermal breakdown are
understood, mathematical solution ol the heat balance equation has
required the introduction of various simplifications and assumptions
which have resulted in a large number of publications. Before out-
lining and discussing some of the proposed thermal models, it is

worthwhile pointing out that:

(a) the majority of the published and reported works have so far
concentrated on the off-state behaviour and very few of them

extend the calculaticns to cover the entire switching cycle,
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1. The waiting or delay time is about 2 ms.

2. The switching time is about 0,20 us.

3. After switching the current flows into a hot filament.

4, Switching occurs oncethe temperature of the material exceeds

the ambient temperature by about 20 Kk,

Calculation of I-V characteristics in the preswitching region
were then made for two cases of heat flow (a) heat flows parallel
to the current (O'Dwyer, 1964) and (b) heat flows perpendicular
to the current. For case (u) the verlue of the breakdown - -voltage,
~- 16 volts, obtained was more realistic than that obtained for
case (a), A 2900 volts, and comparable with experimental observations.
It was also shown that the I-V characteristic, solved for case (b),
consisted of a linear region at low fields followed by a ncn-linear
region at higher fields. The non-linear region was terminated at
lower values of applied voltage than those reported by Walsh et
-al (1969), This discrepancy vas attributed to the cooling cffect
of the electrodes which was not taken into account in thce calculations.
However, several authors have reported certain observations in
chalcogenide films which the model discussed above does not explain.

Some of the observations are:

(i) Kolomiets et al (1969) have shown from a plot of switching
field against film thickness, figure 2.12, that below a
certain thickness, ~~ 10 um, the threahold field was lesc
dependent on film thickness, whereas the thermal model predicts
the relationship E, o< oLﬂbb‘ ’ Differences in behaviour
between thick and thin films have also be reported by Burton
and Brander (1969), Stocker et al {1970 and Thomas et al (1972).
Yolomiets' work has also shown that the breakdown field for
thin films, figure 2.13, is weakly dependent on ambient
temperature, but the thermal model predicts a temperaturc

~f
2

dependence of the form E < Ta &, which is not supportcd

experimentally.

(ii) The delay time was found by Csillag (1970) to be an exponential
function of applied field while the thermal calculations of
Collins (1970) suggest that the delay time is approximately

nroportional to E_2.

(iii) Experimental measurements (Walsh et al, 1969, Fagen and Fritsche,
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1970, Hall, 1970) have shown that the preswitchira non-
ohmic regions consits of two distinct parts; one part

whiich could be accounted for by thermal eifects as discuscsed
earlier, and a second part which seemed to be strongly

field-dependent,

To accommodate these discrepancies, Warren and Male {(1370)

used the expression:

\
- /07T TP
= cXP( ‘"//}:’O - AE//;U\T ;oY

for the electrical conductivity of the material where‘Fo = CT and
Crvaa2x lO4 V‘ﬁLKTl In thick films, ~/ 100 um, the temperature drop
is mainly in the bulk of the material, Eccz_d_l, and field dependence
of o~ is negligible. In thin films, << 10 pum, the temperature at the

electrodes is comparable with that in glass and EC then becomes

-4
proportional to d <,

It was also shown that under certain conditions the breakdown
field became thickness independent, and a relationship for the
delay time: -9

: E Y — /0
Cel =< CrPLT 7 1'::0)

was obtained which satisfies experimental observations,

Therefore, the use of a field-depcndent expression for the
ele.trical conductivity produces solutions which are in close

agreement with experimental cbservations.

Warren et al (1969b) maintained that a transverse heat flow
was essential for current filarment formation. Other calculations
took the problem of a thin film with heat flowing towards the
electrodes parallel to the current. An assumption of this kind

has been made by Sheng and Westgate (1971) and Chén et al (1970),

Sheng and Westgate used a similar expression to equation (1.2)
Their calculations were based c¢n the existence of a critical
temperature at which switching fook rlace as postulated by Holmstrom
(1969). These authors neglected the time dependence and considered
only heat flow parallel to the current flow, Their results predicted

a maximum temperature rise of 35 K in the glass at thresholid.

In their paper, Chen and Wang (19G6¢) calculated an expression

for the threshold field, Ec' Their expression showed that:

1, At a high ambient temperature Ta’ I is exponentially depcndent
C



on Ta’ but the dependence is linear at lower Ta'

2, Ec remains constant for thin films but decreases rapidly

for increases in film thickness for thick films,.

At threshold the temperature increase is about 15 K which is
only a few degrees lower than that found in Warren's model.
However, in the on-state their calculations give the temperature of
the material to be about 480 K which is considerably lower than
that predicted by Warren, Thomas and Male; but it must be poiriod
out that temperatures found in time dependent calculation are no
those of a steady on-state, and the steady state calculations of
Warren et al are unrealistic. Fuicher differences between the
types of calculations will be discussed in the section dealing
with the thermal on-state but it is worthwhile mentioning here
that Chen and Wang predicted a first-fire threshold voltage which

is considerably larger than the subsequent threshold voltages and

this is observed experimentally.

The time-dependent analysis of thermal breakdown was attempted
by Burton and Brander (1969)., These authors have shown experimentally
that thick devices could have delay times of many seconds while
thin films exhibited typical del~ny times of a few microseconds.
Therefore, for thick samples the; assumal a steady situation where heat
input balances heat loss and the.. solved the one-dimensional heat
~ balances equation., For thin samples, it was assumed the process
is entirely adiabatic and this should result in the fastest possible
thermal switching time. Their calculations for thick samples showed
good agreement with experimental results, but this was not the case
for thin filims. They concluded that switching was possibly non-

thermal in thin films.

Numerical solutions of the time-dependent heat balance equation
were also obtained by Thomas and Male (1972) for STAG glass wi0se
low-field conductivity had been experimentally determined. Their
calculations included the cooling effect of the electrodes. They
considered a 60 pm thick semi-infinite slab with boundaries
at two sides kept at ambient temperature and an electric field
applied to the slab faces. The forms of the current and temperature
distributions were found to remain relatively uniform until a

critical field was exceeded after which the current was channeled



into the region of the central plane. When the field was about
5.9 x_lO7 V/m, the current increased by two orders of magnitude
in 100 psec while the central temperature rose from 750 K to

1000 K, Two-dimensional solutions were also obtained for a
cylindrical block geometry where the heat flow was considered
simultaneously in both parallel and transverse directions to the
current flow, For a large enough field a current channel was
formed with its hottest point at the centre of the block. The
central hot region then split into two hot spots which grew and
moved out along the axis towards the electrodes, while the channel
cross~section close to the electrodes remained considerably
constricted. Although their calculations show that a current
filament can be formed in a very rapid time, it was suggested that
field enhancement of conductivity at very high temperature may be
necessary for the prediction of the very fast switching time, 0.15
Hs, observed experimentally, lowever, if the latest and higher
values of «(T) of the material (Baker and Webb, 1974) are used,
very high temperature and field enhancement of the conductivity are

not necessary.

In addition to the temperature dependence of the material
cor.juctivity, thermal breakdown depcinds to a large degree on device
geometry which determines the thermal boundary conditions. All
the tunermal calculations discussed above deal with device geometries
which are essentially of the saildsich-structure type., Cioitoru
and Popescu (1970a, 1970b, 1972, 1973) presented calculations which
deal with a co-planar or gap aevice and it was suggested that the
expression they obtained can be avoplied to sandwich structures.

In their early work (Croitoru et al,l1970b) they analysed switching
in terms of electrical and thermal circuits and stated that the
temverature of the current filament must not rise to an extent which
could cause structural changes cad prevent further switching; in
fact, the predicted increase in temperature was given to be about
60 K above ambient, but their more recent publications consider
crystallization of the material and maintain that lateral thermal
instability is essential for very fast switching. They also use
the concept of lateral thermal coupling and argue that a uniferm
current distribution may collapse into a current filament at

some point on the negative resistance region of the current-
voltage curve of the switching device which depends partly cn the

extent of lateral thermal coupling within the sample. For low
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thermal coupling the channeled current may drop initially then

rise again at lower voltage in the high conductance on-state,

Thermal models in which the conductivity is assumed to be a
function of temperature and field are sometimes referred to as
electro-thermal models, Falling in this category are also
calculations which consider the preswitching region in terms of
Joule heating which can initiate electronic switching. An
analysis of this kind was made by Boer and Ovshinsky (1970) anud
Boer (1970a)where they suggested that thermal effects provoked
electronic switching by double tunneling. They also considered
the ¢ffect of a field-dependent counductivity on preswitching
behaviour, However, they inserted the field-dependent term after
solving the heat balance equation and this, as pointed out by
Warren and Male (1970), does not. allow a full discussion of the
transition to the anomalous thin frilm-regime. According to their
calculations the temperature of the current filament is abcnt
1600 K at the end of the switching transition in a DO-7 device and
1000 K in the pore-type of devices. Such a high temperature was
considered by them to be 'too largc to be maintained in the glass
without destruction', therefore, it was concluded that during the
switching transition the conduction mechanism underwent a change,
thermal to electronic, (Boer, 1970b), resulting in a large
increase in conductivity, possibly by narrowing the effective band
gap. The switching branch, which follows the load line, terninates
when eicher (a) the field drops belcw a critical value or (b) when
the power dissipation decreases and reduces heating in the <esvice.
In the on-state the current density is about 106A,/cm2 which regquires
a field of abocut 108 V/m near the electrodes to maintain current
continuity by tunnelling through ~0.5 eV barrier, Such a high
field, it is suggested, could be provided by a non-uniform temperature
distribution in the glass with the temperature being highest in the
centre and coolest at glass/electrode interface. Again, the
temperature of the device material depends on the assumptions made
for o (T). As pointed out earlier, temperatures of 1000 K or
1600 K may not be necessary if the latest values of « (T) (Baker
and Webb, 1974) are considered,

The naturc of the assumptions made in thermal calculations

affect the prcdicted device behaviour in significant qualitative
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ways, Kaplan and Adler (1971) have shown that, if none of the
assumptions listed at the beginning of this chapter is made and no
heating of the electrodes takes place, i.,e., the electrodes are
perfect heat sinks, solution of the steady-state probem leads

to (a) the current expressed as a monatomically increasing function
-of the applied voltage, i.e. there is no negative resistance region,
and (b) there is no current filament, These results are shown in
the curve labelled STM-standard thermal model in figure 2.14., On
the other hand, when a virtual-electrode model - VEM - is employed,
both a negative resistance region and current filament are found

as shown in figures 2.14 - 2.15. The virtual-electrode model
assumes that each electrode is displaced a small distance inside
the active material to produce effects equivalent to one or two
possible electronic mechanisms - space-charge injection or narrow
Schottky barriers., Therefore, the implication is that a pufe
thermal model, in the absence of electrode heating, is incapable

of predicting switching behaviour unless some electronic effects

are explicitly introduced.

rield-enhanced conductivity of the form

o = o exp(Ef - A8 )

can predict negative resistance and current filament when used in
pu.c thermal model calculations because, it is suggested, it

coutains electronic effects.

It is felt by the author that there is no justification for
assuming that no heating of the electrodes occur. Moreover,
Main (1974) has recently reported that a liquid crystal decoration
technique shows that heating ¢f clectrodes does actually take
place and the electrode temperature is about the same as that of
the active glass. Kaplan and Adler (1971, 1972) maintain that a
negative resistance region is obtained in some calculations because
of the nature of the assumpticus made. They consider the
approximation Te = Ta as an excellent one, However, it is because
of this assumption they did not obtain negative resistance in the
STM and this wrong assumption has led them to the wrong conclusion,
In fact, displacing the electrodes a small distance into the
active material mecans in physical terms taking the electrodes into a
hotter region and allowing their tewperature to rise and this is why
negative resistance region is obtained in the VEM,

Lo T ¢

2.5.1, Thhe thermal on-state

Some of the thermal models discussed above have extended



and

their calculations to the postswitching region of the

I-V characteristics of a chalcogenide switching device,
ther models (Armitage et al, 1971) attributed the break-
down process to electronic effects resulting in a hot

thermal on-state.

Turning first to Warren's calculations (1969b) integraticn
of equation (2.1) gives the following equations of the current

and electric field in the on-state:

V4
)

i/( AEA, () _/rc’ £
:L/a k)fw U ng(“) ﬂ——ujwji/z

For a film of thickness 0.5 um, 60 pum wide and having

E =

AE ~.1,0 eV, mathematical manipulation of the above
equations give IT = 2,7mA aind E'= 0,6 V, Inhearlie“ work
it was stated that a value of AE =21 was required for very
fast switching and when a value of 1.5 eV is used, IT =
60 mA and the on-state voltage across the device is 0.012
which is considerably smaller than that observed experimentally,
~r1 V., Warren concluded that the bulk of the voltage dilp
in the on-state occurs near the electrodes, It is also
suggested that the thermal filament (Warren, 1973) is sausage-
shaped similar to that observed by Haberland and Kehre.: (1970)
in a chaicogenide glass, The thermal conductivity of
chalcogenide glasses is much smaller than that of thc
electrodes material, this leads to narrowing of the chaanel
at the channel/eclectrode junction resulting in a high
generation of heat and the temperature of the junction
becomes very high., A semi-quantitative model describing the

on-state was recently proposed by Male and Thomas (1273) and

will be discussed in Chapter 35.

The on-state described by Chen and Wang (1970) has
somewhat different dynamics. As stated earlier, in the
above models the temperature of the filament is about
1000 K while Chen and Wang give the temperature of the
material in the on-state to be about 480 K. Al though
it is suggested that the on-state current might be channeled,

it is not shown how such a channel is formed. They derived

- 48 -



the following expression for the holding voltage:

‘\11 :Z/V///}EfL_kﬁ.

where kl is a constant, A is the lateral dimension of the

film, and d is the film thickness such that A > d.

This cxpression implies the following:

1. The holding voltage is independent of ambi&nt temperature,

2. he holding voltage increases as the external resistor
increases,

3. The holding voltage ircreases as film thickness decreases.
This is not observed experimentally, but data on holding
voltages for very thick films, —>» 100 pum, to the autkor's
knovledge, has not been reported,

4, The holding voltage depends on the electrodes contact

area with the film which again is not observed

experimentally and incompatible with a filamentary on-state.

The analysis of Kroll and Cohen (1972) shows that at
some point on the negative resistance region of the I-V
characteristic for uniformly distributed current, the current
distribution becomes unstable against collapse into a
filament., In their analysis of a channeled current flow,
the temperature along the w«vis was assumed to be uniform ,
a single heat transfer coefficient represented the cooling
effect of the electrodes at all points within their device.
Their calculations took snecial account of the rise of thermal
conductivity of the glass with temperature. This reduced the
filamentaxialtemperature and flattened the radial temperature
profiles near the axis relative to the profiles that would
have becn obtained had they assumed a constant thermal
conductivity as other authors assumed in may cases, The
rise in the channel central temperature for a current ot
65 mA was about 500 K abrve ambient and this dropped to
about 10 K at a radius of 2 ptm. Considering the magnitude
of this current, a tenmperature rise of about 500 K is rather
small., In addition, their derived on-state characteristics
show a qualitative as well as quantitative difference
irom experimentally obtained characteristics of typical thin
film devices, These differences are (a) a minimum holding voltage

drop of less than 0.4 V whereas in real devices this value
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lies between 0.5 V and 2 V depending on the electrode
material (Ovshinsky et al, 1973), (b) a differential
negative resistance up to a current of 1 A, whereas real
thin film sandwich devices show a positive differential
resistance beyond a current of a few mA, and (c) in real
devices the major part of the on-state voltage drop is found
to occur near the electrodes, but in this model the field

is constrained to be uniform,

Observations of on-state filaments

It was shown by Ridley's thermodynamic arguments (1263)
that CCNR always leads to formation of current filaments.
This result is freguyently used to support other arguments
concerning the formation of filaments in chalcogenide
switching devices. Owen and Robertson (1973) point out that
Ridley's model for S-type CUNR predicts the initial formation
of current filament before the occurrence of switching and
afterwards the filament diameter expands as the current
increases until, at the end of the negative resistance region,
the filament area fills the entire Gctual area. Although
the initial formation of a current filament has not, as yet,
been satisfactorily treated and there is still a lack of
experimental evidence rega.ding filament formation prior to
threshold conditions, it is conceivable that, if one accepts
the existence of filament constrictions at the filament/
electrode interface the constriction limits the spread in

filament area near the devices electrodes,

A direct observation of current filament in sandwich
structure type of devices is rather difficult, although
liquid crystal decoratior. techniques, have been used by
several workers (Feldman et al, 197C, Bunton, 1972) t=
investigate thermal effects and filaments in them. However,
current filaments in gap devices have been observed and
reported by several researchers. Pearson and Miller (1969)
filmed evidence for liquid phase in 10 um film of TezASZSe.
Weirauch (1970) examined a high bulk gap (7~ 2 um) device of
amorphous SeSOGe As with an infra-red viewer and observed

30 20
a bright filament whose emitted radiation was equivalent to
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2.5,

a black body at 900 A- 1100 K when the sample was switched
at an ambient temperature of 548 K. Similar observations
in wide-gap devices were reported by Stocker (1969, 1970).
In all these observations the on-state currents were rather
large and one could argue that thermal effects were caused
by the relatively high currents. However, Armitage et al
(1971) observed melting of the filament when the maximum
current was even lower than the holding current. The
investigation was carried out on a 1 um gap sample of STAG
glass with?SCanning electro~ microscope anqﬁgptical
microscope and melting of the goldelectrodes was observed.
The damage at the anode electrode was greater than that
observed at the cathode and a switching model was developed

by them to explain the observed phenomenon,

Diameter of conducting filament

This has been deal! with in the various papers of Schuoker
(1971, 1972). He considered the voltage across a glass
switch in the on-state to be made of three portions in
series (i) the vcltage across two current constrictions in
the electrode which are cauccd by the large ratio between
the diameter of the electrode and the channel (ii) the voltage
voltage drop near the electrodes that allows the injection
of carriers and (iii) the voltage across the channel. By
carrying out experiments on 2 thin film of As-Te-Ge-Si
glass switch using a fast rising square current pulse applied
to the switch in the on-state and measuring the initial
increase and subsequent decrease in Vh
of Holm's (1967) formula:

and then making use

5_ p
= 75/

where R = constriction rcesistance, /Lé is the specific
resistance and r is the channel radius, Schuoker calculated
a channel diameter of 2,15 jim., This author has also noted
that his result was much greater than the 1 pm channel
diameter at a current of 1 mA suggested by Boer et al (1979)
and attributed this to the possibility that a current channel
inside a hot filament may have a much smaller diameter than

the {filament diameter. It must be noticed that the
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2.6,

calculations of Schuoker were not bascd on a thermal

on-state model.

Finally, there are several arguments against a purely
thermal mechanism initiating threshold switching in
chalcogenide glass switching devices. Some of these

arguments are:

1. The thermal theory predicts breakdown in all semi-
conducting materials which have a suitable activatic:
energy and whose conductivities -rise quickly with
temperature., However, in crystalline materials the hot
thermal channel could cause permanent material damage
and reversible switching wili not take place. This
point emphasises the importance of understanding the
on-state conduction mechanish which could distinguish
between switching and ordinary breakdown,

2. Henisch has observed some polarity effects using
assymirtetrcelectrode materials, However, Male and
Thomas (1974) have pointad out that the hot on-state
filament/electrode junction could give rise to thermo-
electric contribution to the energy and voltage
distributions. The absence of quantitative data on th2
thermo—-electiric coefiicients at high temperatures,
= 1000 K, makes quantitative estimates difficult to
obtain., Warren (1973) suggested that the electric=al
conductivity may possibly be polarity dependent and some
degree of ion conduction present in the material. but there
is no evidence for this and the possiblc explanation

given by Male and Thomas is more plausible.

Phase-Change Models

ft is known that the electrical conductivities of chalcegenide
glasses (Male, 1970, Baker et al, 1974, Fritzsche, 1271) can
increase by several orders of magnitude on either heating to high
temperatures or crystallization, Crystallization in switching
devices is likely to take place readily when the chalcogenide glass
composition corresponds to a point near the boundary of the glass

forming region in the phase diagram.

Several authors have attributed switching to structural or



phase changes in chalccgenide switching devices. An early report

on the observation of structural changes was made by Eaton (1964;.

He showed that during the operation of a device joule heating

was sufficient to allow a phase change to take place in As-Te-I glass,
producing regions of high-conductivity material between the electrodes,
The transformation from one resistance state to another in a switch was
the result of the thermal breakdown of the material, where either a
high-resistance glass phase or low resistance crystalline phase could

be ouvtained by rapid or slow cooling.

Switching caused by a phase change or structural change implies
a mass transport process which has to be extremely fast to exo ain
the very fast switching times which have been observed. Pearson,
(1969, 1970) has suggested that the fastest speed with which a phase
change can travel through a material is the speed of sound in that
material, Pearson suggested that a figure of 4000 m sec—1 was not
uwnreasonable, Therefore, for a chalcogenide film of one micron thick-
ness, a calculated time of 250 psec could be obtained for a phase-
change front to travel through the sample from one electrode to
the other. However, if the phase change fronts grew simultaneouvsly
- from ranynuclei already present in the glass then this could have

the eifect of considerably reducing the calculated switching time.

Stocker (1970) proposed a model to explain fast threshold
switches which can be summarized as follows:
(a) After the application of an electric field, local devitrification
was produced by heating and once nucleation took place the
new phase front then travelled very rapidly with the speed of

sound and produced a filamentary path of devitrified material,

(b) The current then increased further until it was limited by.
the load resistor or the resistance of the structure, The
filament in the on-state consisted of molten glass at hign

temperature.

(c) At switch-~off, the molten filament cooled very rapidly so that
a transformation occurred to a glassy rather than a phase
separated state, This model explained forming, i.e. the
reduction in threshold voltage of a device that was operated
several times, in terms of the occurrence of crystallization

"at the electrodes after switch-off. Also, memory effects

resulted from the slow cooling of the molten filament. It is
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not clear why cooling in memory devices should be slower than
in threshold devices since it is expected that threshold and
memory devices, of similar geometry, have similar thermal
properties, i.,e. similar thermal conductivities and heat
capacities, In addition, one would expect the cocling rate
to be fastest at the electrodes and it is not made clear

why crystallization in this case should occur near the

electrodes and not in the centre of the device.

Pinto (1971) has found that ieat treatment of certain
chalcogenide glasses, in the Ge-As-Se system, did not cause
crysiallization of the glass. His heat treatment included heating
the glass to a temperature of SSOOC. Differential thermal analysis
of these glasses did not show crystallization peaks (Pinto et al,

1971). Therefore these observations led this author to the conclusion

that memory action in chalcogenide devices was caused by a field-
induced phase transition possibly of the Mott type of insulator-metal

transition (Mott and Davies, 1968) or the type proposed by Mathis (1969).

It is difficult to see why in the above model the combined
effect of field and temperature on phase-changes was not considered.
The effect of electric field on phacc separation in oxide glasses has
becn demonstrated by De Vekey et al) (1970) and Andrceva et al (1971),
De Veney found that when two similar cast slabs of a CaO—SiOz—Al,O -

23

MgC-110,_, glass were placed in a furnace and an electric field

2
‘applied across one slab and the temperature raised to just below the
transition point of the material, the sample with the applied electric
field showed a concentration cf well formed nuclei of moderate size

on examinatiocn, while the other s2mple showed only a few sporadic

discontinuities,

Theoretical considerations of the effect of electric field
on nucleation kinetics have been published byv Kashchiev (1972).
It was predicted that if a spheraical cluster was formed in a spherical
system which was much larger in volume than the cluster, then the
electric field either stimulated or inhibited the cluster formation
depending on whether the cluster's dielectric permeability was
smaller or larger than that of the surrounding system., If the permea-
bility of the newly formed phase, or cluster, was less than that
of the older phase of the system, the electric field stimulated
the nucleation while in the converse cas¢ it inhibited the

process.
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Another publication which suggested that switching in
chalcogenide glass may be associated with a field-influenced
dielectric phase transition is due to Walsh et al (1969). These
authors showed that threshold voltage of a chalcogenide switching
device extrapolated to zero at aiemperature in the vicinity of
500 X for films made from Te-As-CGe-Si-Ga glass. They predicted
that in a given film there was one transition temperature which
played a central role in the conduction and switching mechanisms.
When the material was at a temperature below this transition
temperature the material was in a high resistive state and «bove
it in a high conductive state. The reduction in threshold voltage
with temperature increase was interpreted as due to a decrease of
the transition temperature caused by the electric field. This

field-influenced reduction was about 1.4 K v—lcm 1 when the contact

loading on the film was about 70 gm. The phase transition inveclved

corld bhe a dielectric phase transition,

The transition temperature of the thin films was found to
coincide within experimental error, with the glass-transition
temperature (500 K) of the bulk material from which the films

were orepared.

Terhaps the most detailed study of structural changes ir
chalcogenide switching devices has been the research work of
Bosnell ¢t al (1972a, 1972b, 1973) who also proposed a qualitative
svitching model based on the structural changes observed by them,
They stated that breakdown stabilization in thin chalcogenide films
was only attained in earlier thermal calculations (Bosnell, 1973)
because the conductivity of the chalcogenide glass reached a
plateau, i.e. saturated, at temperatures in excesses of 1000 K
(Male, 1970). Their model inveolved a two-stage process consisting
of thermal runaway followed by the precipitation of a conductiug
thornodynamically-unstable channel from the region of the hot
filament. This stabilized the runaway and high temperatures were no
longer necessary. A virgin, unswitched, device exhibited a forming
process, i.e. a drop in threshold voltage to about one third of
that of the first-fire threshold voltage after several operations,
and it was suggested that during the forming process phase separation

(Thomas et al, 1972) was encouraged resulting in the precipitation



of a filament of substantially different composition from its
surroundings in a formed device as was shown by sophisticated
electron-microscope examination of formed devices, The filament
diameter was less than 5 um and embedded in the filament were

large single iellurium crystallites with their major crystallecgraphic
axes aligned in the direction of the applied electric field. The
fbrming process was believed to have the same effect on thin films
as heat treatment since phase separation was also observed after
heating and annealing films. A switching device was permanently
1ock9d.in the on-state when the crystallites interconnected and
formed a permanent high conductancc path between the electrodes.

The existence of a continuous tellurium filament between the
electrodes was also reported by Sie Dugan and Moss (1971). The
major differcnce between switching and dielectric breakdown was that
in the case of a switching device a highly-conducting filament of
different composition was precipitated out of the material at a

"well defined" temperature such as Tg.

Amorphous elemental semiconductors (Bosnell et al, 1972b, Bosnell
1973) and amorphous alloys outside the glass forming region in the
-phasc¢ diagram of an alloy were found to 'switch'" only once and the high-
resistance state could not be recovered. This effect was int->rpreted
in terms of the above model where the precipitation of the ccanducting
phase at a critical temperature coincided with the crystallization
tc.perature which also depended on the electrode material of the

device,.

iinally, ocne main feature of the outcome of the above investigations
was the conclusion that there was no basic difference between memory
and threshold switching. It was only the relative stability of the
threshold material that made repetitive switching in threshold éwitches
possible and therefore a longer oii-state time was required beiore a
threshold switch turned memory, i.e. permanently locked in the on-

state.

It is felt that far too much emphasis was placed on the
importance of Tg in switching devices. Calella et al (1970) carried
out investigations on several chalcogenide switching devices of
different but unspecified compositions to determine whether there

was a direct correlation hetween the measured Tg and the transition
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temperature obtained by extrapolation of threshold voltage-

temperature graphs. No correlation was found between these two
temperatures although several compositions showed a coincidence
within experimental error of the two temperaturcs, but other
materials showed a wide divergence of the two temperatures and any
connection between Tg and the switching transition temperature

was described as "at best indirect".
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(c)

pressure oi about 0,1 torr.

Mixtures of gases, e.g. silane and nitrous oxide may
also be used to give SiOz.

Thermal evaporation

This is the most commonly used technique for the
production of amorphous thin films and has been reviewed
in numerous articles and books on thin film preparation
(Holland, 1963, Chopra, 1969, Maissel et al, 1970).

Thermal evaporation is normally carried out in a vacuum
chamber at high or ultra-high vacuum and the material is
heated either by an electric filament or in a boat, or Ly
electron-beam bombardment or using an r.f. induction coil,.
The vapour is deposited on to a substrate whose temperature

is controlled.

All evaporation plants consist of several basic elements:
a vacuum chamber which is sometimes made from stainless steel
in ultra-high vacuum systems, a source of material to be
evaporated, a substrate, and associated monitoring equipment
tno control film thickness and rate of evaporation etc. Most
sumping systems, except sorption and getter ion pumps,
introduce some foreign materials such as hydro-carbons &¢nd
mercury vapour., These contaminants, in additioﬁ?%tmospherlc
residuals, affect the purity »nf the deposited film and make
control difficult, Moreover, systems vary.in their pumping
speeds for various atmospheric gases, in effect concentrating
certain species which may get incorporated in the deposited
thin film, There are also other deposition paramcters which
are not always easily controrled in thermal evaporation, viz.
filament temperature, substrote temperature, size of source

material.

. Thermal evaporation is not generally suitable for
preparation of thih films from multi-component alloys, or
components, because cf differential evaporation of constituents.
However, a variant of thermal evaporation, known as flash
evaporation may be used to give better composition control,

This technique was used in tha present work to prepare amorphous



chalcogenide thin films and will be described in a later

o2ction.,

Spuitering

This method is frequently used to prepare commercial
amorphous chalcogenide devices (Neale, 1970). The surface
of the material tc be deposited acts as a target which is
bombarded by energetic ions. The ions can be chemically
inert, or may combine chemic=lly with the target material to
give a compound deposit. Fcr example, oxygen gas is used with

= vanadium metal target to prepare vanadium oxide films.

Sputtering can be either r,f. or d.c., but d.c.
sputtering is not normally used when the target material is
& poor conductor or a dielectric., Most of the amorphous
semiconductors being used are not sufficiently conducting for
d.c. methods and r.f. sputtering is therefore normally used.
Sputtered films prepared from STAG glass usually show a small
increase in Te content and a loss in Si content relative to
the target source material (Bosnell et al, 1972a), In addition,
films from the same target material can have different compo-
sitions for different thickne<ses. To compensate for the loss
of Si, target materials initiaily richer in silicon have been

used (Allison, 1972),

In methods (a) and (b)), amorphous films are produced
directly from the vapour phase. Methods (c¢) and (d) produce
amorphous films from the vapour phase also but the starting
materials are solids, which in method (c) may go through the
liguid phase unless the solid sublimes, In reactive sputtering
and methods (a) and (b), the thin films are produced as a
result of a chemical reaction and, therefore, a change in the
chemical potential (Owen, 1973). These processes can be

cepresented by the expression:

Vapour-"éﬂi~—9 Amorphous solid,

where Al is the change in chemical potential, Non-
reactive sputtering is a process where free energy is

injected into the system and can be represented as:
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Vapour-—4ﬁg—> Amorphous solid.

Method (c) is siuply represented as:

AT :
Vapour —— 2 Amorphous solid,

where F is the free energy and AT is temperature change.

3.2, Preparation of amorphous solids from the liquid phase

(a)

(b)

(c)

(d)

Quenching of melts

The amorphous solid obtained from quenching a melt is
commonly known as glass, In this method the melt is cooled
at such a rate so as to bypass crystallization and form an~
amorphous solid. Whether or not the melt of a given material
forms a glass is determined by many factors such as the cooling
rate and viscosity (Turnbull, 1969)., Some of the thermo-

dynamic aspects of this method were discussed in Chapter Two,

The number and variety of materials that have been
prepared in a glassy form have been greatly increased by
sophistication of techniques. Melt quenching rates extend
from /\110—2 deg/s in an annealing furnace (Serjeant and Roy,
1968), to lO3 - 104 deg/s in strip furnaces, to lO5 - 107 deg
by the most complex splat cooling techniques (Duwez, 1963,

Chen and Miller, 1970). Vapour quenching rates are much higher
’

1
than rates of melt quenching and rates as high as 10 S deg,/'s

have been reported (Nowick, 1969),

Chemical rcaction and precipitation from solution

An example of this method is the precipitation of amorphous

Aszsg from a solution of AszO3 in dilute hydrochloric acid by

passing hydrogen sulphide gas, Amorphous Ag prepared by

S
23
this method is reported to have a similar Tz to that observed

in samples prepared by method (a).

Electrolytic deposition from soiution
Tauc et al (1970) have reported the deposition of
thick amorphous films of germanium on & copper cathode by

the electrolysis of GeCl, in glycol,

4

Dessicating gels

Ainorphous silica can be prepared by low temperature



dehydration of silicic acid solution. Complete dehydration
15 obtained by baking at high temperature ( ~ 1270K) (Owen,
1973).

Method (3.la) is similar to (3.1b) and can be
represented by:
. .. =AT .
Liquid — > Amorphous Solid
Methods (b) - (d) are best rcnresented as:

Al

Liguid = Amorp*tous Solid.,

3.3 Preparation of amorphous solids from the solid phase

(a) Reaction amorphized solids

(1) Anodic Oxidation

Amorphous thin film oxides of several materials
end elements such as Si, Al ard Ge can be prepared by
anodic oxidation us..ig either an aqueous or non-agqueous

electrolyte (Owen, 1973).

(ii) Loss of volatile constituent

In this process a volatile component in a solid

compound is lost leaving an amorphous solid behind it.

(L) Irradiation

Crystalline quartz can be transformed into an amorphous
solid by bombardment with fast neutrons. A dosage of about
2 2 .
1.5 x 10 3 neutron/cm” has been reported (Wittels, 1954,

Primak, 1958, Secrist ard Mackenzie, 1964),

Similariy, a thin amorphous layer can be formed on a
single crystal of germanium by bombardment with 100 KeV
15 | 2
oxygen ions., The dosage is about 10 ions/cm” (Parsons,

1965).,

(c) Shock wave treatment

The transformation of crystalline quartz into an
amorphous phase can take place under high shock pressures at
relatively low temperature. This transformation may be
regarded as due to the introduction of a high concentration of
defects into the crystal lattice, but the exact mechanism

is unknown. 7The properties of the amorphous SiO, prepared

2
by this method are identical to fused silica,



(d) Shear-amorphized layers

Amorphous surfaces can b: produced on some crystals,
e.g. quartz and cristobalite by the shearing stresses
produced by grinding or comminution (Owen, 1973), but the
number of materials that have been prepared by this method is

not very large (Roy, 1970).

In methods (b) - (d) free energy is injected into the

crystalline solid, i.e,
. +F .
Crystalline —— Amorphous Solid.

Methods (i) and (ii) in (a) are best represented in

terms of chemical potentiai addition to the systems, i.e.

Crystalline Solid iél&—a Amorphous Solid + Vapour
and Crystalline Solid +,Vapoﬁr il¥E~9 Amorphous Solid.

In order to prepare well-characterized chalcogenide switching
devices for examination, it was first necessary to acquire,

prepare or construct the following:-

(a) High purity grade elemental constituents of the glass alloy,

(b) a rocking furnace and quartz ampoules,

(¢) a vacuum plant with a suiteble flash evaporator for
depositing the thin films,

(d) suitable glass substrates ar? electrode materials,

(e) out-of-contact masks prepared from thin sheets of Mo by
conventional photoetching techniques,

(f) 1liquid nitrogen/water-cooled substrate holder,

Various electronic pulse circuits were then designed to

examine the characteristics of the devices,

Details of the major techniques and equipment that were

developed are given in the following sections,

Preparation of STAG glass alloy

The glass used in this work was prepared from Specpure grade
As, Te, Ge, Si, The constituents of the STAG glass were weighed
out ard put into a clean quartz ampoule. The cleaning of the
ampoule involving soaking it first in a solution of chromium trioxide
then rinsing it with distilled water. Iso-propyl alcohol was then

poured into it and the ampoule was then put in an ultrasonic clcaner



for two minutes to dislodge any particles stuck on the inner
walls, After that, the alcohol was poured away and the ampoule

was allowed to dry in a hot oven,

The quartz ampoule containing the .glass constituents, which
were usually crushed in the form of coarser powder, was connected

tc a vacuum plant, see fig., 3.1, which could be pumped down to

a pressure of 10-6 torr,

To ensure that the powdered material inside the ampoule was
weil outgassed, the ampoule was usually pumped out for more tha-
three days and then sealed with an oxygen-propane glame. It was
then placed in the rocking furnace, drawn schematically in fig. 3.2,
This rocking furnace was constructed from an ordinary high-
temperature tube furnace which was fixed on a pivoted platforia,

The platform was made to rock by the rotary action of the electric
moter which was translated into a resprecating motion witﬁagid of one
arn connected to the motor shaft, and another connected to the

platform via a ball joint as shown in figure 3.2,

The temperature of the furnace was raised in steps so that the
~ vaponr pressures of As and Te would be reduced through slow reactions
witi. the two other elements and high pressures would not occir
inside the ampoule., Accordingly, the temperature was first j;aised
to SOOOC, approximately SOOC above the melting point of Te, anu
held for three hours. It was thepn raised to about GOOOC, which

is the boiling point of As and held for two hours, finally, the
temperature was raised to about 950°C and maintained for 48 hours
with occasional rocking of the furnace, At the end of this period
the ampoule was taken out and air quenched. The surface of the
prepared alloy was usually smooth and glossy. However, if the
temperature of the furnace was raised to about 105000 and main-
tained at thic temperature for 24 hours or more, the alloy surface
was found to be dull, and signs of reaction between the glass

alloy and the inner surface of the silica ampoule were visible,

The method described above for the prcecapration of chalcogenide
glass is the most common technique and has been reported by

several workers (Pearscn et al, 1963, Deis et al, 1970, Hilton,

1970 and Savage, 1870).
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At early stages of this work STAG glass was supplied by
The Rnyal Radar Establishment and by Dr. E.H. Baker of Imperial
College, London. The preparative technique used by Baker was
somewhat different to the one just discussed. The glass
constituents were put into an unsealed ampoule which was then
placed in a high pressure furnace. The furnace was made from a
section of a naval gun barrel and pure argon pumped into it to
a pressure of 50 atmospheres. The temperature was then raised to
above the melting point of Si anc¢ maintained for one hour, then
coolcd to SOOOC. The sample was then quenched in a jet of argon
gas. This method had the advantagc of preparing large quantitics

of STAG glass in a matter of two hours,

The table below shows some of the properties of the elemental

constituents of STAG glass and the amounts involved in preparing

50 grams of the alloy.

Vap. pressure Amount in
At. At. %;P. at 1000°C B.P. grams per 50
Element No. Weight (°C) (atm) (°C) grams of STAG
As 33 74.92 814 75 . 11,908
Si 14 28,18 1420 Negligible 2355 1,786
Te S2 127.60 450 1.2 ©90 32.458
Ge 32  72.59 937  Negligible 2830 3.847

The alloy was made in batctes of 45 grams, and this quantity
occupiad about one third the volumz of the sealed quartz ampoule

after quenching.

3.4.1. Characterization and examination of prepared glass samples
As a working definition, it was taken that

“"characterization describes those features of the
composition and structure (including defects) of a
material that are significant for a particular
preparation, study of properties, or use, and
suffice for the production of the material' (MAB, 1967).
Complete characterization, if at all possible, of
any amorphous material is time consuming and demanding
in equipment., Therefore, it was decided to carry out
a few basic examinations on the prepared glass and
compare the results with those obtained for an RRE sample.
These examinations included optical microscopy, X¥-rays

and differential thermal analysis,
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X-ray examination of a powdered sample and
microscopic examination of a pclished sample showec
no signs of crystallinity in cither the glass prepared

by the author or the sample supplied by RRE.

DTA on the STAG glass was carried out in a
Stanton Differential Thermal Analyser System 67
incorporating module 18 which had a temperature range
-150 to +5000C. The reference material was alumina
of B.D.H. analytical reagent quality. The amount of
alumina used was 0.12 gm and this gave a good thermal
match to 0.38 gm of STAG glass. The experiment was
carried out with pure nitrogen gas flowing through
the sample chamber at a rate of 10 ml/minute, The
temperature was raised from ambient to SOOOC at a

heating rate of 200/minute.

The value of Tg was found to be 225°C and no
crystallization peaks were recorded beyond this
temperature, see section 2.3, These results were in

good agreement with those of Bosnell and Savage (1972).

3.5. Flash Evaporation

Flash evaporation was described as a variant of the.mal
evaporation used for the deposition of thin films from multi-
component alloys or compounds. Evaporation of some alloys
by conventional techniques results in differential evaporation
of alloy constituents, and deposited films show considerable
deviation from the original composition. These alloys usually
possess a wide disparity in the vapour pressures of their

elemental constituents, and this is the case in STAG glass.

In the flash evaporation method, powder particles are
dropped on to a very hot ribbon or boat usually made from
refractory metal sheet. The technique was first introduced
by Seigel and Harris (1948) who used it to evaporate brass
and other metal alloys. There are certain problems associated
with this technique such as (i) the technological difficulties
involved in handling and dispensing of the powdered material;
and (ii) the compositional errors involved as a result of

mechanical loss or some particles as soon as they touch the



hot surface. This loss is a rzsult of (a) the adsorbed
sasses in the powder particle causing the particle to bhe
violently ejected from the hoats' hot surface and this is
Jikely to happen if the system is not well outgassed, and

(b) the boat being far too het, i,e, the particle can be
driven out by its own vapour, However, flash evaporation
has been used successfully to evaporate many alloys and
compounds (Beam and Takahashi, 1964, Richards, 1966,

Ellis, 1967) and several po der-dispensing techniques have
veen developed. Some systems nave used a clockwork motor-
driven belt (Seigel and Harris, 1948) and others used a
vibrating hopper or positive-displacement feedmechanism

such as an Archimedean screw (Beckman, 1962). Glang et

2l (1967) have described an elaborate system for flash
evaporating presintered Cr-SiO pellets. Theoretical
considcrations of flash ev=aporation have been discussed by
©1llis (1967). He also suggested that two conditions would have
to be met in this method: (1) The complete evaporation of
one particle should deposit not more than onemonolayer at the
substrate for if each particl: fractionates and gives a thick
layer then the final film wili be stratified (in the absence
of sufficient diffusion). (2) Each particle should evaporate
to completion before the arrival of the next. In practice,

none of these conditions i<« fuily met,

No suitable flash evaporztion equipment was available
at the start of the projcct and thus it was necessary to
design 2and construct a system for evaporating STAG glass,
Farly attempts to construct csiuch a system included the use of
a V-shaped chute made to vibrate by a small magnet and an
a.c. coil as in a loudspeaker, or a small hopper, made to
vibrate by an electric belil mechanism, but neither of thesc
proved satisfactory as a powder dispenser. The system finally

used is described below.

The flash evaporator system is shown in figure 3.3.
It consisted of a small hopper, which could take up to 10
grams of powdered glass, machined from Al block and operated

Ly a snail cam mechanism, The snail cam was in turn operated
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by a speed~controlled electric motor, fitted outside the
vacuum chamber, via a high-spesd Birvac rotary shaft, stainless
steel cogged wheel, and a stainless steel chain, When the
motor shaft turned the hopper was lifted then dropped onto -
8 stop releasing an amount of glass powder ontc a machiped
upper chute, The powder then slid in the chute grooves and
dropped into a3 conically shaped Ta, or Mo, evaporator made
from 0,00|" thick sheet supplied by Goodfellow Metals Ltd. The
cone had a diameter of 2 cm and a depth of 7 cm, It was
maintained at a temperature of 85000 (measured by an opticail
pyrometer), by passing about 150 amp through it. Evaporators
of different shapes were ini.ially -tried out, but as far as
limiting the ejection of power particles from the evaporator

was concerned, the conical evaporator proved to be the most

satisfactory one,

Because of the relatively low softening point of “ne

o
glass (about 300 C) (Armitage et al, 1972), the chute was
water cooled io prevent the powder from agglomerating and

clogging in the chute groove,

A suitable powder particle size was found to be -60 +
100 mesh, i.,e, 251-152 um. Finer powders flowed less readiiy
cit the chute and coarser powders, althcugh they minimised
the problem of ejection from the evaporator, were considered

too large in particle size for flash evaporation.

The powder was obtained by grinding the prepared glass
ingot, obtained by breaking the silica ampoule described
earlier, sce figure 3.4, in a hard ceramic pestle and mortar
with liquid nitrogen added during the grinding to prevent |
local heating which could cause oxidation of the glass particle
( Bunton et al, 1972). The powder was then sieved usirg
standard 60 and 100 mesh Endecotihs sieves which were thoroughly

cleaned to avoid contaminating the powder,

The powder flow rate from the hopper could be varied
by (a) controllirg the motor speed, and (b) using a hopper of
a different aperture. Three hoppers ol different hole sizes

warce machined, The hole sizes were 1000, 700 and 350 pum,

~!
0?
i



and made with standard workshop drills Nos., 60, 70 and

50 respectively.

To assess the uniformity of the powder flow rate from
the hcpper, the evaporator was removed and a clean glass
beaker was put in its place. The motor was then turned on
and the amounts of powder collected in the beaker after 1,

S5, 10, 15, 20 and 30 minutes were weighed out and recorded.
Figure 3.5 shows a plot of weight of powder collected in
grams versus time and indicates a reasonably uniform powder
fiow rate. These results were taken using the hopper with

a hole size of 10CO0 gm and a motor speed of 80 revolution/sec.
The flow rate could be improved by pfecision control of the
motor speed and by using powder in a finer range, say 152-
200 pm, but this would have produced more powder waste and
besides, the fluctuations. in the flow rate as shown in figure

3.9 wer2 quite small and acceptable.

The vacuum unit in which the flash evaporator was fitted
was basically an Edwards 12E3 plant, having a model E150
ratary pump and a type 403 diffusion pump. The original
bell-jar work chamber was rerl~ced by a 12 in., diameter,
16 in. high Pyrex glass cylinuer with a stainless steel top
plate, sec figure 3.6. The top plate was fitted with a |
substrate holder, a rotary shaft and electrical feed-in unit,
The glass cylinder rested on 2 stainless steel,ring (24 in
high,éé in. thick, 12 in, inside diameter) having 8 'portholes'
equally spaced around its circumference for the attachment of
additional feed-ins and gauges etc, A standard plug was
fitted to one of these ports and had two holes drilled in it
to take the two i in, copper pipes which delivered the
cooling water to and from the copper chute., An I.G.2 ionization
gauge (Edwards) was fitted to another port. The rest of the pofts
were blocked with standard plugs. A Viton 'O' ring seated in
a square section groove in the stainless steel ring sealed
the ring to the base plate of 12.E.3 coating unit. L section
Viton seals were used between the glass cylinder and the
stainless steel top plate and between the glass cylinder and

the stainless steel ring. The base plate of the unit had
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3.6

facilities for feed-in electrodes and the high ccurrent

Ddwards feed-through units were connected to it via these

facilities, The outer parts of these feed-through units

were connected to the secondary of a heavy-current, (200
amps) , transformer, The primary of the transformer was supplied
from a 10 A variable auto-transformer mains Variac. The
current feed-through units were connected inside the vacuum
chamber to copper rods, each 4 ins, long and 1 in. in diameter.
The other ends of these rod: held the evaporator, see

photograph 3.7.

To improve the vacuum, an Edwards, type N.T.M.4A
liquid nitrogen cocoled vapour trap Wés fitted between the
0il diffusion pump and the lower surface of the base plate.
In addition, a foreline-trap was fitted between the rotary
and diffusion pump side and a flexible coupling on the rotary
pump side., The flexible coupiing relieved any unnecessary

stresses because of the relative position of the trap and the

rotary pump.

In addition to the pressure ioniiation gauge mentioned
earlier, the plant had Pirani and Penning gauge heads with
their associated units for mo..:itoring the pressure inside the
vacuum chamber. A vacuum better than 10 ° torr could be
vbtained after one hour of pumping, but this dropped down to

3 x 10“5 torr during depos.iiCii,

Device Fabrication

The devices made in this project were of the sandwich,
gap and point-contact type geometries, The fabrication of each
individual type will be discussed in later paragraphs,; but
processes that were common to the preparation of all or twd
types of device will be cdealt with first. These processes
are substrate cleaning, preparation of out-of-contact masks,
monitoring of film thickness‘and deposition of metal electrodes.

3.6.1. Substrate Cleaning
Corning 7059 fire-polished 2 x 3 x 0,075 cm

borosilicate glass substrates were used. The choice
of this substrate material was made in.accordance with
the description of device preparation and requirements
given by Neale (1970), Prior to the deposition of the
film, each substrate was subjected to the following

treatment:



.6.2‘

1, 5 minute wash in 1 part Teepol and 1 part
distilled water,

2, Rinse and wash in distilled water.

3. Agitation for S5 minutes in an ultrasonic bath
filied with acetone,

4, Half an hour degrease in iso-propyl alcohol
vapour,

The transfer of a substrate from one cleaning stage

to the next was car:ied out using a pair of tweezers,

The vapour degreasing was carried out in the apparatus

shown in figure 3.,¥Y. It was possible to obtain a

liquid-free vapour on correct adjustment of the flow

of water through the cooling condenser and the applied

heat rate. The substrate, when removed from the

degreaser, looked clean and dry.

The cleanli'.ess 0f the substrate surface has a
decisive influence on film properties and adhesion,
Films, metallic or amoiphous chalcogenide, deposited
on substrates cleaned by the procedure described above
exhibit good adhesion to the substrate surface and
showed no pinholes.

Preparation of Masks

It is sometimes necessary for the deposited films
to have a certain shape or pattern of specific
dimensions, This is the case in microelectronics and
in other cases whore til:e substrate contains more than
one device on it. The gencration of a particuiar
film pattern can be achieved by the use cf deposition
masks., These masks are of two kinds, in-contact and
out-cf-centact masks. The in-contact type was not
used in this work and reed not be described. The
preparation of out-of-contact masked is described

below,

The mask shape was first drawn with eight times
the required dimensions on millimetre graph paver,
A thin glass sheet was then placed on top of the
drawing and printed circuit tape, supplied by

Bradley Co., was stuck on the upper surface of the






glass to form an identical pattern as the drawing,
Utmcst care was taken to ensure that the dimensions
of the pattern were identical to the original drawing.
The pattern was then photographically reduced in size
by a factor of eight, and a 'positive' i.e. black
outline on%clear background was produced. The
photographing was carried out using a camera set-up
especially designed by the Physics Division Electronics
Workshop for making printed circuit boards. The
positive was then used to make another identical
positive and this wac done using photographic concact
paper, The two positives were then placed con top

of one another and adjusted until the patterns on them
coincided. Three edges of the positive were joined
together using 'sellotape' leaving a fourth side into

which a molybdenum sheet could be slid.

The sheet was cut into 4 x 4 cm pieces from a
large 0.002" thick sheet supplied by the Tungsten
Manufacturing Co. Ltd. Molybdenum was used because
it does not deform at high temperatures and has =

small temperature coefficient of expansion.

The sheets were then thoroughly cleaned and
scrubbed using commercial scouring powder which
helped to improve the keying and then washed in
carbon tetrachloride, then acetone to remove any grease.

The sheets were handied only with tweezers,

When dry, the sheets were coated with "Kodak
Printed Circuit Resist', The coating was carried cut
by pouring a small dvcp of resist on one corner cad
allowing it to flow over the whole sheet., This was
repeated on the other side, and the sheet drained and
hung up to dry at a temperature of SOOC inside an
oven. The coating and drying was carried out in a
room where no fluorescent lighting was used because
the photo resist is sensitive to ultra-violet light,
To prcduce a mack, a vry coated sheet was placed
centrally inside thc envelope formed by the two

positives. The cnvelope and the zheet were scllotapoed
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together to prevent the sheet from moving position,
One side of the envelope was then exposed to ultra-
violet light from a high-pressure mercury lamp, for
approximately 4 minutes. The plate was then turned
over and the other side exposed for the same period
of time. The sheet was then taken out and developed
in Kodak Printed Circuit Resist Dye Developer. The
mask shape outline was then etched away. The etchant
solution comprised:

1 part concentrated HZSO4

1 part concentrated HNO3

3 parts distiiied water
and was freshly made when required. Another suitable
etchant was a solution of concentrated hydrochloric
acid in H,O one vclume of HC1l added to one volume

272’

of H200’ but because H?Oz cecomposes when stor<i for

prolonged periods, this etchant was not normally used.
The overall dimersions of the mask sheet were
cut to 2 x 3 cm, also by etching, so that it was the
same size as the glass substrate and fitted easily
into the substrate- holder jig. The developed resi-t
on the etched sheec¢ was removed with‘Kodak Printed
Circuit Resist Thinner and the masks were then washed

with acetone and allowed to dry.

Figure 3.9 shovwis five masks fabricated from
molybdenum sheet. Masks (a) -~ (¢) were used 1our making
sandwich type devices, (d) and {(e) were used for making gap

devices. The exact dimensions of the slits will be discussed
Jater.

Film thickness measurement

Three different methods were initially uvsed to
measure film thickness., These included an optical
interference technique, the use of a quartz crystal

monitor and the stylus (Talysurf) method.

Measurements by the optical interference method
were carried out with a Hilger and Watts Thin Film
Moasuring Yoterference Microscope N, 130, This
wstrument measures the thicknesses of thin filus

o an accuracy of + 23 X . This accuracy is obtained

by measuring the difference betiwecen the optical path

’
t
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length of light reflected from the ccating and

that from the adjacent backing substrate. If the
film material is not a very, gocd reflector of light,
like STAG glass it is an advantage if the film, or
part of it near cne side, and the uncoated area of
the backing substrate, are coated with a thin film of

aluminium, see figure 3.10(a).

Incident light is split by a semi-reflecting
optical flat placed with its reflecting surface in
contact with the sample., The resultant multiple be¢anm
interference fringes are viewed and measured with a

wavelength spectrometer,

The sample was illuminated by a parallel beam of
white light and the image of the surface step was
focused on the slit of the spectrometer. Discontinuous
dark fringes, resulting from the surface breal betwcen
the coating and the backing material, were seen against
a continuous spectrum of white light in the eyepiecc

of the spectrometer as chown in figure 3.10(b).

Referring to figures 3.10(a) and (b), the dilicrence
t = (d' - d) is the film thickness to be measure. and
corresponds to the change A d in the wavelength from

position A to position a.

For two adjacent fringes,say nand n + 1, having
the wavelength Xl and Kz, d' and d are given by the

expressions:

ar =2 O+ AN
d ="/2 (AN

where n = 2 .

Hence by measuring only three values, kl and hz to
find the value of n, and then 'ﬁ*ﬁf the film thickness

is obtained.

The actual film thicknezs measurement using this
apparatus was not cariied out on the film intended for
device fabrication but on a film evapoiatea ¢cn a

substrate hiceld next o the device supstrate Jduring
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the deposition c¢f the chalcogenide glass film,
This was done to aveid having to coat the device
substrate, with the STAG glass film on it, with an

aluminium film.

In the stylus method of measuring fiim thickness,
a mechanical stylus is made to trace the surface of
the thin film and its vertical displacement is
amplified electronically to record step heights and
surface irregularities. The system used in this
project was a Taylor-kEobson Talysurf 4 shown in
figure 3.11, The stylus in this system was a diamond
with a rounded tip ( v 1y diameter) and the pick-up arm
to which it was attached was delicately balanced so
that the load on the stylus was extremely small. The
vertical measurement of the stylus was detected with
& trawnsducer, amplifieu by seoveral order of magi.icuce,
and then displayed on a recorder. The stylus always
left a trace on the film and for this reason the
measurement was always carried out on a second substrate

as in the case of the optical method.

Figure 3.12 shcws a typical stylus trace on th:>
recorder chart. The film was orrflash evaporated
chalcogenide glass. 1The vertical movement was amplified
50,000 times. Hence, the film thickness was abour*t

0.28 um.

The table below gives the thickness of three thin
films as measured by thne Talysurf and the Hilger and

Watts interference microscope.

Film Thickness (Ao) Thickness (AO)
S Talysuri Hilger and Watts Int.
1 2800 2870
2 5670 5675
3 13200 13190

The two methods just described for measuring film
thickness are sufficiently accurate for determining
final film thickness, but not suitable for monitoring

tha thickness during fiim deposition. Although the

poewder fiow ratc from the chute was reasonably constant,






it was not always possible to produce a film of a
desired thickness by simply timing the film deposition
period, 7This difficulty arose from the fact that scme

powder particles were not evaporated completely,

Y

by

nd the extent ¢of this problem varied from one
deposition to another, To monitor the thickness during
film deposition an Edwards quartz crystal monitor was

used.

The monitor cry:tal was mounted on the substrate
cooling block so that vapour was deposited simultaneously
on the substrate and on an area of the crystal surface
defined by drilling a 1" hole in its containing can, Fig.3.13
Both thickness of the film and its rate of deposition on

the crystal face were displayed on conventional meters,

The monitor was calibrated by evaporating a film
and comparing the vresulting shift in the crystal's
natural resonant frequency with subsequent Talysurf
measurements of film thickness., This process was
- repeated for several filiins of different thicknesses,
obtained by varying tre deposition times from about
twenty minutes to two i.ours by keeping the flow rate

ccnstant, Results are shown in figure 3.14,

To obtain a film of particular thickness, the
corresponding freqﬁency-shift was first read from the
calibration plot and deposition of the film was continued
until the frequency-shift meter showed the desired
reading. The deposition process was then terminated
first by switching the flash evaporator motor off an

then turning off the evaporator current,

The quartz ciystal method of measuring film
thicknesses is very sensitive to temperature and,
therefore, it was necéssary to keep the monitor crystal
temperature constant during calibration, Tils was
achieved by running tap water through the cooling block,

see figure 3,13, Any further use of the calibration
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S.6.9.

curve was carried out under the same temperature

conditions,

Depeosition of metal electrodes

The deposition of metal electrodes, see figure
3.15(a) and (b), was carried out in a separate vacuum
plant, This was another Edwards 12El vacuum system
but had no liquid nitrogen cold trap or a foreline
trap. The base plate was fitted with a Birvac (type
RG2) electron beam boibardment ring gun with its H.T
and L.T supply electrodes, figure 3.16(a). Some
electrode materials, e.g. Mo, Ta and W, were difficult
to esvaporate even by electron beam bombardment. Mo
films deposited by electron beam bombardment were
extremely porous; Ta and W could not be evaporated
because of their high boiling points (5300o and
5900°C) . Aluminiuvm, chromium and gold were easily
evaporated up to thicknesses of 3 pum. The film thick-
nesses were estimated from deposition rates for each
material which were given by the electron-beam gun

manufacturer.

The ultimate vacuum inside the vacuum chamber prior
to the electrode deposition was about 6 x 10“5 torr
-4
and this dropped to 3 x 10 torr during the evaporation

of the electrode material,

Having descrilted thz various processes that were
common to the fabrication of the various types of
chalcogenide switching devices, the description of each

individual type of device is given below.

Sandwich Devices

A sandwich typc switching device was prepared by -
first cleaning the glass substrate and then mounting it
on the top of mask (a), see figure 3.9., which itself
was mounted ih the slot of a jig. The jig was simply
a rectangular piece of aluminium, " thick, which had

a rectangular hole of 2.8 x 1.8 cm., On the surface

of one side, near the edges of the hole there was a square
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groove 0,25 mmn deep and 1 mm wide so that the mask and
the substrate matched correctly. The jig was screwed
to the cooling block via tapped holes in the bottom

surface of the copper block, see figure 3.13.

The substrate holder, with the substrate and mask
fitted to it, was transferred to the electrode-
deposition plant which was then pumped out and the
electrodes were depcczited by electron-beam bombardment.
The thickness of the metal film was usually in the
range 2-3 um. After this, the substrate was taken out
and mask (a) was replcced by mask (b), see figure 3.9,
and the substrate transferred to the flash evaporation
plant. The plant was pumped out for more than 24 hours.
The substrate was normally held about 25 cm above the source
but this distance could be varied by compressing or
stretching the ballcws shown in figure 3.13. The
deposition of the chalcogenide film was carried out at
a rate of 0.6 pum/hour using a motor speed of about 50

rev/sec and a hopper with a hole size of 1000 um,

Water cooling was used during the deposition and
preliminary temperature measurements with a chromel/
alumel thermocouple showed that the temperature of the
substrate rose onlv by a few degrees above room
temperature even when the deposition time exceeded two
hours. Liquid N? ccoling was used initially, but to

improve the outgassing of the substirate this was

replaced by water cooling.

After depositing a chalcogenide glass film ot a
desired thickness, the substrate was taken out and the

top metal electrode¢ vwas deposited using mask (c).

3.6.6. Point-Contact devices

Point-contact devices did not require the use of
deposition masks. A thin film of Al1/Cr was first
deposited over the entire surface of the substrate
and on top of this a chalcogenide glass film was
deposited, The Al/Cr thin film acted as the lower
electrode and the top contact was a moclybdenum rod with
the contact end hemiszpherically shaped, 3 mm diameter,

and polished with diamond naste to give it a fine finish,
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The top contact was mounted on the cantilever
arrangement of the point-contact device jig shown

in Tigure 3.16(b) and thus provided constant pressure
on the surface of the chalcogenide film. The film

substrate was horizontally mounted on the X-Y platform

of the jig.

It was not possible to measure the probe contzct
area accurately, but it was estimated to be comparable
with the contact area in a DO7 device (Neale, 1970},
The diameters of the graphite hemispherical tips in
a DO7 device were found to be about 5 mm. They were
measured by projecting a magnified image of a DO7 device

on a screen. The projector is shown in photograph 5.7

‘and was of the type used by mechanical engineers for

comparing profiles of small machined objects,

Gap Devices

Gap devices, figure 3.5(b), were fabricated using
masks (d) and (e), figure 3.9. In the absence of
precision etching facilities, the gap was produced
using a thread-masking technique (Weimer et al, 1964),.
In this technique, wires or threads were placed

- across the substrate surface on which
the metal film was to be deposited. Mask (d) was then
placed on the substrate surface and the two mounted
on the substrate jig and screwed to the substrate
holder. The masking threads used were cither 2 um
thick diameter platinum wire (Wcolaston Wire, suppiied
by Johnson and lMattkey) or adhesive threads. The -
latter were produced by pouring a small quantity of
a viscous adhe sive such as Evostick on the tips of two
glass rods held very close to one another and then
moving the rods apart until an extremely fine‘thread
was drawn (Schuocker, 1973)., fhe thread was then
laid across the substrate surface and left to dry
before the application of the film deposition mask (d).

After deposition of the thin film the threacd was






W

washed away with acetone,

The gaps made using the 2 um wire were 1.6 um
wide and could be accurately reproduced, but the width
of those gaps made by the adhesive thread method were
difficult to control. Therefore, actual measurements
were carried out on the well-characterised devices

made using Woolaston-Wire masking.

In addition to t>in film gap devices,
"bulk'" gap devices w.ore also made by evaporating the
metal electrodes on a polished surface of a 3 mm thick
chalcogenide glass disc, These devices were Similar to
those described by Armitage et al (1972), but razor-
blade scratching of the electrodes was not used to make
the gap. The gap was made by wire-masking as described
above. To reduce the possibility of a conductive '"skirn'"
(Green et al, 1972, Cohen, 1973) forming on the surface
of the chalcogenide SHXSE , gap devices
were coated with a thin layer of fused silica by

electron-beam bombardment, see figure 3.15(b).

Device capacitance

The capacitance of a sandwich device is given

approximately by the expression:
C = —— - - {farads

where Kr is the dielectiric constant and equal to 16
(Bosnell et al, 972), d is the film thickness, A is the
active oxr crossover area, and ko is the absolu’te"12
permittivity and numerically equal to 8,855 x 10
farads/meter. For a device with a film thickness of

2 pm and a self-capacitance of 2 pf, an active area

of ~ 70 x 10-.6 sz iz required. If the top and

bottom electrodes'haye the same width, then the active
area is a square with side~length equal to 0.0084 cm.
In fact, the slits in masks (a) and (c) were originally
designed to have such widths, but after etching wele

found to be several times larger. As a result, the

capacitances of sandwich devices were in the range



3.7.

5-10 pf. The capacitances were measured with a Marconi
Circuit Magnification Meter type TF1245., Connections
to the thin film metal electrodes were made with 0.C02"

diameter tinned copper wires using an air-drying silver

dag.

Pulse circuits and recording of device I-V Characteristics

Figure 3.18 shows the arrvangement of
pulse circuits used for examining the current-voltage
characteristics of the devices. The practical arrangement is
shown in figure 3.19. With the exception of the pulse generator
and oscilloscopes, the circaits were specially designed and
constructed for the present work, In addition, an X-Y plug-in
unit was purchased and fitted to the Solartron oscilloscope.
The devices were switched by voltage pulses taken from the
pulse generator and amplified to a sufficient level, The
descriptions of the inditidual circuits and the operation of the

network are given below,

Voltage pulses were supplied by a Farnell modular double-.
pulse generator with single shot facilities, It had two
separate outputs with indep:ndent control of pulse width,
delay, amplitude and polari.y. One output was froma.wvariable
clope module which controlles? the pulse rise and fall times.
The second output delivered rectangular pulses. The pulwc
repetition frequencies wevre in the range 0,01l Hz to 10 MHz and

the risc time was approximately 10 ns,

The operational amplifier circuii, figure 3.20, was
designed using a Fairchild 709 integrated circuit unit. It
had two inputs, one inverting and the second non-inverting. When

the inverting input S. was open 82 was closed and vice versa,

1
The gain of the amplifier was variable and numerically ecual to
the ratio of the feedback resistor to the input resistor. Thus

the maximum gain was ten,

The high voltage power amplifier was initially constructed
vsing an E184 valve in the circuit shown in figure 3.21(a).
The circuit had a voltage gain of about 13 and was capable of
celivering pulses up to 120 volt peak height. The output of this
circuilt was connected to the input of a cathode follower, figurc
3.2i(b), with an output impvedance ot 1505\ ., The two circuits

were fitted in one box to make a unit with a single-ended input
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and output. This unit was later replaced by the circuits
shown in figures 3.22 and 3.23. The circuits in figure 3.22
.arawn with its power supply, was used to amplify positive-
going pulses, while the circuit in figure 3,23 was used for
negative-going pulses. Each of these amplifiers had a voltage
gain of about ten and was capable of delivering pulses up to

100 volt peak height at a current of 10 mA.

Two amplifiers of each circuit were built and the four
fitted with their power suplies, inside one single box, but
cach amplifier had its own scerarate input and output sockets

fitted on the front panel of the box.

The logarithmic amplifier circuit, figure 3.24, was
especially designed to take fast pulses. It converted the
horizontal X-scale of the I-V characteristics of the device
into a logarithmic one so that the sensitivity for the
norizontal—-axis could be incrcased for low voltages and the fine
details of the low~voltage on-state of a device displayed while
also keeping the full off-state characteristics on the

oscilloscope screen.

As the logarithmic amplifier had an input impedance of
10 KfLwhich was considerably lower than the off-state
resistance of the switching device, a cathode follower with a
high input impedance was connected between the logarithmic
amplifier and the device. The cathode follower was identical to

the one shown in figure 3.21(b).

The logarithmic ampiifier had an inverting input which
made it necessary to follow it by an inverting operational

amplifier of unity gain, see figure 3.20,

Figure 3.25 is a calibration curve for input versus osutput
voltage of the logarithmic amplifier, The calibration waz carried
out using a ramp pulse of 1.3 ms at a repetition rate of 100
pulse/sec., This pulse was chosen because it was representative

cf the pulses used to examine the devices.

All the circuits designed were constructed on printed
circuit boards, with each board especially made for every
circuit. Connections between the various electronic units were
made via 50\ BNC sockets énd plugs and high frequency coaxial

cablcs,
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When examining a device, a 9 V ramp pulse, of specific
width and repetition rate, was taken from the variable slope
.wmodule of the pulse generator and fed into the appropriate
input of the variable gain operational amplifier circuit.

The cutput of the operational amplifier was then fed into the
power amplifier, The output of the power amplifier was
connected via a "T" connector to (i) one input of a double-
becam Tektronix Oscilloscope type 545B, and the gain of the
operational amplifier was a7 v»sted until the pulse height
‘Chﬁfﬂayedculthe oscillosccne screen was 80 volts, (ii) the
device test circuit which consisted of the thin film switching
device, a load resistor R, which was 10 kN, and a 150 S\
resistor which was used for measuring the current through the
device, The device circuit was placed in a Mu-metal box for
shielding purposes., The voltage across the device was fed to
the horizontzl X-input of the X-Y oscilloscope via the cathod<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>