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The aim of this work was to investigate the
processes involved in the memory switching phenomenon
in chalcogenide glasses.

The experimental study was

performed using the stable memory switching composition
Ge 15 Te 81 Sb 2 S 2 although some trials were made on
compositions from the pseudo-binary As 2 Te 3 + CeTe.
The experimental study included characterization
of the materials by measurement of their electrical
conductivity as a function of temperature and electric
field.
The lock-on time to establish a memory on-state
was measured as a function of pulse parameters, ambient
temperature, device geometry, parallel capacitance and
substrate thermal conductivity.

The results were

consistent with a high temperature filament leading to
/

the growth of a crystalline filament.

The capacitive

discharge energy was found to play an essential role
in the memory switching process indicating the thermal
nature of the on-state even during the first nano
seconds of the switching event.

The measurements of

the lock-on time as a function of device diameter and
substrate thermal conductivity indicated that the
filament temperature may not be critically dependent on

(iv)

the substrate thermal properties while the device
diameter had a substantial effect on the filament
temperature.
The results of the study of the effect of
illumination-onijock--on time (to check non-thermal
mechanisms) were not conclusive.

However, it was

found that the effect of the electric field is to
inhibit nucleation.

Thus the decrease of the lock-on

time with the amplitude of the applied pulse was
explained in terms of the effect of the capacitive
discharge energy and not an electric field enhanced
nucleation rate.
The memory performance of the different
compositions from the pseudo binary As 2 Te 3 + CeTe was
correlated to the glass transition temperature,
crystallization temperature and the composition of the
crystalline filament.
The discussed processes were related to the device
failure mechanisms and operating conditions in order
to improve the device lifetime and its reliability.
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CHAPTER i

INTRODUCTION

1.1 SWITCHING IN AMORPHOUS SEMICONDUCTORS
The discovery of switching in amorphous semiconductors
has stimulated much interest in all aspects of noncrystalline solids.

Although switching in these
1,2,3
materials was first observed about 20 years ago
it was the publication of results by Ovshinsky in
1968 that focused attention on the phenomenon and its
potential applications.
Switching is most generally defined as an
electrically induced change in a material from a high
resistance state to a low resistance state.

This is

usually achieved with the I-V characteristics passing
through a negative differential resistance region, ie,
dV < 0.

Some materials tend to stay in the high

conductance state after the removal of the applied
electric field and this is known as memory-type
behaviour.

In general, the characteristics can be

classified into four different categories according to
whether the working point can be stablised during that
negative differential resistance region of the
characteristics or not and whether it exhibits memory
action or not.

The four groups are

- 1 -

(1)

negative differential resistance without
memory (figure 1.1(a))
threshold switching (figure 1.1(b))
negative differential resistance with
memory (figure 1.1(c))
memory switching (figure 1.1(d))
In cases (i) and (iii) the working point can be

stabilised in the region of the negative differential
resistance while in cases (ii) and (iv) it can not.
The work carried out in this thesis is concerned
exclusively with types (ii) and (iv).
When a low voltage is applied to a switching
device, conduction appears to be ohmic.

At fields

higher than 10 Vm, non ohmic conduction takes place.
In the case of applied voltage pulse, if the pulse
amplitude V P exceeds a threshold voltage, there is a
finite delay time before the device switches on.

The

threshold field is usually of the order tf lO Vm 1
at which the delay time is about 10 psec.
switching time is about

The actual

sec after which the

device is in the high conductance on-state.

In the

case of threshold switching, if the voltage across the
device in the on-state is decreased below a limiting
holding voltage V

(approximately 1 volt) the device

switches back to the high resistance state.

ON state
k
C)

N

N
N
N
/
-

U
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N
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N

(a) Negative Differential
Resistance Without Memory

(b) Threshold Switching

(c) Negative Differential
Resistance With Memory

(d) Memory Switching

Figure 1.1

Classification of Switching Characteristics

ate
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In the case of memory switching, the first part
of the sequence is identical to threshold switching
behaviour but if the on-state current is maintained
long enough (approximately lO

sec) to achieve a hot

localised region, the material within this region will
crystallize and when cool (ie, switched off) the device
will remain in the high conductivity state (SET operation).
The device can be returned to its original OFF state
by applying a short high current pulse (RESET operation).
The RESET pulse heats and dissolves the crystalline high
conductivity filament and if it is cooled rapidly, it
can be returned to the high resistance amorphous state.
The device operation under both threshold and memory
switching conditions will be discussed later in detail.

1.2 APPLICATIONS OF AMORPHOUS SEMICONDUCTORS
Amorphous semiconductors are widely used in
industry and in some cases on quite a large scale.
This is not to deny the importance of the discovery of
the switching phenomenon but although it has considerable
scientific interest, the large scale application of
amorphous materials lies in other fields.
Amorphous solids have been used in the making of
electrolytic capacitors, infra-red windows and vidicon
tube elements.

In semiconductor integrated circuits

It

(SIC) amorphous silicon is deposited and subsequently
annealed into the polycrystalline state to give gates
for n-channel MOS structures. - The most important
application, in terms of commercial importance is in
electrophotography where the photoconductive properties
of selenium were exploited by the Xerox corporation to
build a multibillion-dollar industry.
A major experimental breakthrough was achieved
when Spear and Le Comber 5 succeeded in doping amorphous
silicon which opened the way to the possibility of
developing ordinary-electronic devices entirely from
amorphous materials.
p-n junctions

They were able to make rectifying

and soon amorphous silicon solar cells

of up to 6% efficiency were fabricated 7 .

Despite this

low efficiency, such a development promises a cheaper
source of energy in the future.
The discovery of the switching phenomenon in
amorphous materials promised a wide range of applications
in the electronics industry.

Electrically alterable

memories known as read-mostly-memories can be used in
computer memory system, telephone applications and
displays.

Several logic circuits have been suggested

using both memory and threshold switching devices 8 .
Adler's review

illustrates the technological applications

of amorphous materials and their industrial potentialities.

5

The idea of using amorphous materials, rather
than carefully prepared crystalline materials as
semiconductors in electronic devices was appealing,
but the lack of adequate theoretical understanding
made progres.s difficult.

This lack of theoretical

understanding was reflected in the heated discussions
about the mechanisms responsible for the switching
phenomenon.

However, a systematic study of the

different parameters, which may affect the
characteristics and performance of the switching
devices during the different stages of operation, can
help to distinguish between the different switching
theories.

It can also, through better understanding,

lead tq a better device design which suits the required
operation.
The memory switching event involves variety of
effects which influence the device behaviour. Whatever
the threshold switching mechanism may be it is clear
that localised Joule heating plays a large part in the
filament formation process.

It is also known that

the formation of the crystalline filament involves a
certain degree of mass transport which results in a
filament composition different from the amorphous matrix.
Thus it is clear that thermal, electrical, structural and

6
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crystallization kinetics characteristics contribute
to the switching event till lock-on occurs.

For

stable device-operation the memory material should be
stable against devitrification at normal temperatures.
It is also suggested that atomic migration should be
minimized in order to improve the device lifetime and
its mechanical stability.

The efficient use of

energy and the reduction of the heat loss would lead
to less lock-on time/energy requirements and improve
device reliability.

In this project, the minimum

time required for the memory device to be locked in the
on-state was studied in detail as a function of a
variety of parameters.

This can be used as a probe to

examine the nature of the on-state and the memory
performance of the device.

This study can also be

used to investigate the possibilities of using new
materials in the making of memory devices.

1.3 THESIS PLAN
This thesis describes the work done during the
course of this study of the mechanisms involved in
memory switching processes in chalcogenide glasses.
The thesis was divided into 7 chapters each describing
a certain part of the work.

Chapter 2 introduces a

brief review of the properties of non-crystalline
materials in general and chalcogenide glasses in

ii

particular.

The third chapter includes a critical

discussion of the theories of switching in chalcogenide
glasses and the experimental evidence for each theory
together with a discussion of the memory switching
phenomenon in chalcogenides.

In Chapter it, the

experimental techniques involved in making the bulk
glasses and thin film devices are described together
with the methods used for testing them.

The experi-

mental results are presented in Chapter 5 and discussed
in Chapter 6.

The conclusions of the work are then

summarised in Chapter 7.

-

CHAPTER 2
2.1

CHARACTERISTICS OF SEMICONDUCTING CLAS

CLASS FORMATION
Glass is one of the most familiar materials in

our, life.

It can be defined according to Jones (1955) 10

in the following way
"A glass, or a substance in the glassy or
vitreous state, is a material which has been
formed by cooling from the normal liquid state
and which has shown no discontinuous changes
in first-order thermodynamic properties such
as volume (V.), heat content (H) and entropy (3)
but had become rigid (ie, solid) through a - - -progressive increase in its viscosity.
Discontinuities are observed, however, in
derivative or second order thermodynamic
properties such as specific heat capacity and
thermal expansivity."
This definition is based on the behaviour of glass
characteristics with temperature.

The variation of

the volume of a glass sample upon cooling from the
liquid state to. the solid state may be considered as
an illustration of the behaviour of its first order
thermodynamic properties.

If the temperature is

decreased slowly, the volume will decrease continuously
until the temperature reaches the freezing point, T m
where a sudden discontinuous change in volume occurs

and the material freezes in the crystalline state as
shown in figure 2.1.

If, however, the liquid is

cooled rapidly enough, the material will not freeze
at the freezing point, T, but will continue as a
liquid below T

in what is known as the supercooled

liquid state.

If the cooling process is continued,

there will be a bend in the \T-T characteristics at
what is known as the glass transition temperature T
and the characteristics will acquire a new slope which
is almost equal to that corresponding to the crystalline
state.

The change in the thermal expansivity,

representing a second order thermodynamic property, is
also shown in figure 2.2 showing the discontinuous
change at T g •

While the material in the liquid and

supercooled liquid state is in internal thermodynamic
equilibrium, once below the transition temperature,
the curve is no longer an equilibrium one.

If the

temperature is kept constant at the temperature T
in figure 2.1 for example, the volume will continue to
contract until it meets the equilibrium curve which is
the extension of the supercooled line.
is called stabilization.

This process

This assumes that with a

very slow rate of cooling, there will be no bend in
the curve.

However, in practice, this is impossible

and the bend will always occur if sufficiently low
temperatures are achieved.
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It is reasonable to have an idea of some typical
values of the viscosity in the different temperature
ranges since glass was defined in the beginning as
becoming rigid through a progressive increase in its
viscosity.

Above the freezing point the viscosity is

usually about 1ON?m 2 , while at the crystallization
region near the freezing point it is 10Wm 2 .
With further cooling it is between 10 and 10 7 Pm 2
in the temperature range between T

and T g •

At the

transformation temperature, the viscosity is about
10 12tgm 2 and for ordinary glasses at room temperature
it is at least as high as 10 19Nm 2 ; a condition under
which the material behaves almost as a solid.
Due to the discontinuous change in the second
order thermodynamic properties at the glass transition
temperature, the phenomenon was regarded as a second
11
order thermodynamic transition .

However, as Owen

12

points out, this is probably not correct, or at least,
is oversimplification of the situation.

It may be

more appropriate to say that as the volume of the supercooled liquid changes, configurational changes
associated with this change become so slow that they
can no longer take place on the time scale of the
experiment.

This argument regards the glass

transformation as a kinetic rather than a thermodynamic
one.

11

So far we have been talking about a single glass
It is not, however, an

transition temperature.

accurately defined temperature, but rather a range of
temperatures over which the transition takes place.
A transition temperature may be defined as the intersection of the extrapolated liquid and glass lines
which is known as the fictive temperature TF.

Even

the glass transition range or the fictive temperature
is not uniquely defined but depends on the rate of
cooling and subsequent thermal history as shown in
figure 2.3.

This dependence can sometimes be expressed

in the form 12

1
R z R 0 exp[-

1

1
- —)j
Tm
g

(2.1)

where R is the cooling rate and R 0 and C are constants.
Results in agreement with the above emperical formula
are shown in figure 2.4.

This relation between the

glass transition temperature and the rate of cooling
leads to a dependence of T

on the thermal boundary

conditions involved in making the glass samples.
One important thermal parameter is the thermal
time constant

T r

CRth where C is the thermal capacity

of the sample and Rth its thermal resistance.

This

thermal time constant represents the time necessary

1. fast cooling
239

- 2.

slow cooling
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Figure 2.3
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for the sample temperature to TalIto a value equal
to lie of its original value.

Since C is equal to the

specific heat of the material multiplied by the mass of
the sample, it is clear that the cooling rate R will
be reduced as the volume is increased.

This leads to

a transition temperature which is a function of the
sample size.

The role of thermal time constants in

amorphous semiconductor devices will be explained lter
in detail.
Another thermal parameter which is likely to
affect the .cooling rate is the thermal sinking which
in the case of thin film samples is controlled by the
substrate material.

A substrate material of higher

thermal conductivity will result in a higher cooling
rate which will affect the glass transition temperature.
The dependence of T

on the rate of cooling

suggests that there should be a wide variation of T
according to the technique used in preparing the
samples.

Since the cooling rate can be varied by

more than 10 orders of magnitude, an evaporated film
can be expected to have a substantially different T
from a sample of the same material cooled relatively
slowly from the melt:

13
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2.2 THE CHALCOGENIDE GLASSES
Chaicogenide glasses are formed from one or more
of the elements 5, Se and Te (the chalcogens) with one
or more of the elements Si, Ge, P, As, Sb, Bi, Ti, Pb,
I.

The binary glass compositions arsenic sulphide,

As 2 5 3 , and arsenic seienide, As 2 5e 3 , are usually
regarded as the typical compositions used for the study
of the vast number of chalcogenide compositions
available.

However, other binary systems such as

Si-S, Ge-S, Ge-Se, Si-Te and Se-I and mixed systems of
binaries such as As 2 Se 3 -As 2 Te 3 have also been studied.
Multi-component compositions have acquired
special importance in connection with the phenomenon
of electrical switching

Two typical compositions

are As 30 Te 43 5i 12 Ge 10 (STAG composition) and
Ge 15 Te 81 Sb 2 S 2 .

The first is a stable threshold

switching glass while the latter is a variant of the
Ge 15 Te 85 eutectic which forms the basis of the most
stable memory composition.
A comparison of the size of the glass forming
regions for different ternary systems indicates that
the glass forming ability for the chalcogenide elements
decreases in the sequence S > Se > Te 13

Chalcogenide

glasses of compositions inside the glass forming regions -

l'4

can be formed by directly cooling from the melt.
However, compositions outside the boundary of the
glass forming region can also be obtained in the
amorphous state by deposition from the vapour state
using techniques such as evaporation or sputtering.
Such techniques are used to prepare samples even in
the case of compositions well inside the glass forming
region for experiments requiring thin films.

2.3

STRUCTURE OF NON-CRYSTALLINE MATERIALS

2.3.1 Structural Models
Non-crystalline solids are materials which have
a high degree of short range order over the first few
interatomic distances while they have no significant
long range order.

This lack of long range order has

been described by a variety of structural models.
They fall into two categories, the random network
theories and the microdomain structures.
The basic random network theory was first put
forward by Zachariasen in l93214 and subsequently
confirmed by the detailed X-ray analysis by Warren and
his co-workers. 5 .

Zachariasen suggested the

following •".. . the substance can form extended threedimensional network lacking in periodicity, with an
energy content comparable with that of the

15

corresponding crystal network."

From this statement

it follows that the coordination number of an atom in
an amorphous solid should be approximately the same as
in a crystal of the same composition.

Randomness is

introduced in this case through bond stretching,
shortening or rotating.
Non-crystalline materials are represented in the
rnicrodomain structure approach, in the form of ordered
domains of dimensions of about 1-1.5 nm 16 .

This

approach has two main disadvantages, first is the
increased incoherent diffraction between the domain
surfaces and second is that for the size of the domain
indicated by diffraction, almost half of the atoms
have to reside on the surface of the domains.

This

leads to the increase of the number of the broken
bonds and consequently to an intolerable increase
in energy.
Anintermediate model suggested that the materialconsist of small microcrystals separated by completely
random regions, but it did not specify the details of
the random regions and how they connect with the
crystallites 17

16

2.3.2 Types of Disorder
There are different types of disorder which may
contribute to the structure of amorphous solids 18 .
If we consider first a one-dimensional structure in
which each atomic position is represented by a square
potential energy well, the ordered crystal can be
represented by figure 2.6(a).
Short range order can be affected by what is known
as cellular disorder in which case the disorder takes
place only within the unit cell without affecting the
long range order.

The first type of this cellular

disorder is what is known as phonon disorder which is
illustrated in figure 2.5(b).

In this case the

potential wells are slightly displaced from their
crystalline equilibrium positions.

This will not

affect the long range order since the uncertainty in
the well positions far apart will not grow, but remains
equal to twice the uncertainty of each well about its
equilibrium position.

The second type of cellular

disorder is the compositional disorder where the
periodicity of the lattice still exists while the depth
of each well is random, figure 2.5(c).

This kind of

disorder occurs in some crystalline alloys.
Now if we proceeed to what is known as the long
range disorder which is illustrated in figure 2.5(d),

Perfect Crystal

Phonon Disorder

Compositional Disorder

Long Range Disorder

(e) Compositional and Long Range

Figure 2.5

r-space Structures for Various Disordered
1-dimensional Chains
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we find that the position of each well is statistically
dependent upon the position of the well adjacent to it.
This type of disorder occurs in the elemental amorphous
semiconductors such as Si, Ge and Se.

It is also

possible to get both compositional and positional
disorder together.

This is the most disordered of all

the types considered (figure .2.5(e)) and it occurs in
complex amorphous alloys such as the chalcogenide
glasses.
So far, the one dimensional systems have been the
only systems considered.

This discussion is insufficient

since it limits the long range disorder to bond length
fluctuations.

However, in the case of a three

dimensional system, bond angle distortions and rotations
can also contribute to disorder.

One more type of

disorder is the topological disorder which can be
demonstrated only in 2 or 3 dimensions.

In this case

the co-ordination of the atom is maintained, but it is
the connectivity of the network which is disordered.
This can be identified by the occurrence of rings with
different numbers of members as shown in figure 2.6(b).

Perfect Crystalline Order

Topological Disorder

Long Range Positional Disorder
without Topological Disorder
Figure 2.6

Perfect Crystalline Order, Topological
Disorder, and Long Range Positional
Disorder without Topological Disorder

2.4 NUCLEATION AND CRYSTALLIZATION KINETICS IN GLASSES
Much experimental evidence 19,20,21 indicates that
memory formation in chalcogenide glasses iñ'due to the
precipitation of a crystalline filament from the amorphous
matrix.

Filament formation can therefore be studied

as a problem of crystallization kinetics.

On this

basis it can be regarded as the combination of two
consecutive operations
the formation of nuclei at certain localised
spots in the amorphous matrix; and
the relatively rapid growth of crystals
around these nuclei.
The first process (known as nucleation) can be
either homogeneous nucleation or heterogeneous nucleation.
Experience with a wide range of glass forming materials
indicates that most nucleation takes place at external
surfaces, foreign particles and imperfections, ie,
heterogeneous nucleation predominates in glasses.

At

a given cooling rate the temperature required for
heterogeneous nucleation varies widely with the
composition and structure of the seed material.

However,

an understanding of homogeneous nucleation is essential
for the understanding of crystallization kinetics in
glasses.

N

19

Both homogeneous nucleation and crystal growth
depend on the temperature at which the reaction
occurs

22,23,24 (figure 2.7).

As the temperature is

decreased below the melting point, Tm both the rates
of nucleation and crystal growth increase due to the
increase of the difference between the free energy of the
supercooled liquid and crystal.

As the temperature is

further decreased, viscosity increases which in turn
leads to the restriction of the diffusion process
necessary for nucleation and crystal growth.

So both

the rates of nucleation and crystal growth decrease.
However, the curve for the rate of homogeneous nucleation
does not significantly overlap the crystal growth rate
curve.

In the region of the melting point, the growth

rate is said to he undercooling limited (undercooling r
T - T
where T and T are the freezing temperature and
in
the absolute temperature of the material respectively)
while at large undercoolings it is said to be viscosity
limited.

Most liquids must be uridercooled at least

to temperature T = 0.85 - 0.67 T

24 before homogeneous

nucleation becomes measureable.
The resistance of a liquid to nucleation, as measured
by the undercooling necessary to overcome it, is much
greater than its resistance to crystal growth.

The
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Schematic Nucleation and Crystal Growth
Characteristics

CO

resistance of the liquid to nucleation arises from
the work which must be done to form the crystal-liquid
interface.

This work is proportional to the surface

area of the crystal.

However, nucleation is motivated

by the change in free energy during the crystallization
process which is proportional to the volume of the
crystal.

The balancing of these two factors leads to

the condition that only those crystals containing more
than some critical number of molecules can become nuclei
for crystal growth otherwide they will, on the average,
remelt.
The time necessary for formation of nuclei is
called the induction period.

The ratio of the

induction period to the growth period for nuclei is
given by the ratio of the free activation energy for
nucleus formation AG 1 to that for nucleus growth AG 2'
If AG 2

C

AG 1 , then growth of existing nuclei pre-

dominates over the formation of new ones, while in
case of AG 2 . AG 1 a large number of small nuclei are
formed.
The 'quenched in' interface morphology provides
a valid representation of the morphology at the
,

temperature at which crystallization takes place
This is because of the rapid increase in viscosity
which accompanies the temperature decrease in glass

21

forming materials.

This provides a basis for the

evaluation of the approximate temperature distribution
in the filament in the case of memory switching.

2.5 DENSITY OF STATES DISTRIBUTION
Non-crystalline or amorphous materials are
characterised by the lack of long range order while
they have a high degree of short range order over the
first few interatomic distances as mentioned before
in Section 2.3.

Since the short range order gives rise

to the basic features of a band gap, the energy

-

spectrum in non-crystalline materials is expected to
exhibit the features of a band gap.

However,

modifications to the band model are expected due to
the lack of the long range order.
Several models have been proposed for the density
of states distribution in an amorphous semiconductor.
The energy spectrum can be divided into extended states,!
band tail states and gap states.
and gap states are localised

25

The band tail states

and located in what is

known as the mobility gap as indicated in figure 2.8(a)
•

which illustrates the expected electronic states
distribution for an 'ideal' glass, ie, a random but
completely connected network with no dangling or broken

N(E)
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(b)
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a

Figure 2.8

Schematic Density-of-States Diagram for a
Semiconducting Glass.
(a) An 'Ideal' Glass;
Davis and Mott
(b)
Model 27 ; (c) Marshall and Owen Model 28
(d) Cohen-Frj -tzsche-Ovshjn sky Model 29.
11
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bonds.

In the case of elemental or simple compound

materials, it has been estimated that the extent of the
band tails (E C- LA) or (LB - Lv) is about 0.1 - 0.2 eV 26
which is approximately equal to the disorder potential.
The gap states, however, are supposed to be due to
structural defects in the random network such as broken
or dangling bonds, vacancies, etc.
In the case of 'real' amorphous solids, the defect
states lead to clear features in the gap states at the
A
energy levels associated with those defects.
27
is shown in figure
model proposed by Davis and Mott
2.8(b) which assumes a narrow band (<0.1 eV) of
localised states to exist at the centre of the gap. A
different model was introduced by Marshall and Owen 28
and deduced from the experimental data on chalcogenide
glasses.

The distribution in this case exhibits

relatively discrete levels corresponding to the energy
of the defect states (figure 2.8(c)) and the charge
distribution in the defect states largely determines
the position of the Fermi level so that the defect
structure has an important effect on the electronic
properties of the material.
A basically different approach was suggested by
Cohen, Fritzsche and Ovshinsky (CFO).
29

They assumed
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that in certain chalcogenide glasses (specifically the
complex chalcogenide alloys) the conduction and valence
bands have featureless tails which extend deep enough
in the gap to overlap near its centre as shown in
figure 2.8(d).

Electrons from states at the top of

the valence band are transferred to states at the
bottom of the conduction band and the Fermi level E
falls near the centre of the gap where the total
density of states is near its minimum.

This assumed

transfer of electrons leads to high densities of
charged centres near the Fermi level.

However,

experimental evidence 30 has shown that the discrete
features suggested by Marshall and Owen do exist in
simple as well as the complex multi-component glasses.

2.5 TEMPERATURE DEPENDENCE OF D.C. CONDUCTIVITY
According to the model of the density of states
introduced in figure 2.9(a) three possible mechanisms
for electrical conduction can be identified 31 .
(a) Extended state conduction near EC.
Electrons excited beyond EC in the extended states are
expected to yield d.c. conductivity a in the following
form

N(E)

(E)

f(E)

o(E)

E

E

Figure 2.9

The Effect of Temperature on the Mode
of Conduction
u(E) — reN(E)p(E)f(E), T >T >T (ref 31)•-

b
C

lIT
Figure 2.10

Schematic Illustration of the Temperature
Dependence of Conductivity (ref 31)

t
2
L

(2.2)

o 0 exp[-(E0 - Er)/kT]

where a o is a pre-exponential constant, k is the
Boltzmann's constant and T is the absolute
temperature.

In the case of chalcogenide glasses,

a 0 may lie between lO and lO (Qm)' and ( Ec - Er)
31
varies from about 0.3 cv to more than 1 eV
Conduction due to carriers excited in the
localised band tail states.
As the temperature is decreased, there is likely to
be a transition from extended state conduction mentioned
in (a) to hopping (tunnelling) conduction in the
localised tail states.
energy Ex between E

If hopping takes place at some

and EA, then conductivity

U

is

given by
r 0

1 exp[_(Ex - E

+ AW 1 MT]

(2.3)

where AW 1 is the activation energy for hopping and
-1
-1
is less
is in the range from 10 to 10
(Qm)
U
than u in the previous case because of the smaller
density of states and lower mobility.
Hopping conduction at the Fermi level.
As the temperature is further decreases, hopping
transport will eventually take place at Er.

There

25

are two temperature conditions
the high temperature range in which the
overlap of the wave functions on neighbouring hopping sites is small and thus
hopping is just to one of the nearest
neighbours and conductivity will be of
the form
31
G

G 2 exp(-2&R 0 -

whereR 0

)

( 2.4)

is the average nearest neighbour

hopping distance, exp(-'2aR 0 ) describes the
overlap of the wavefunctions on neighbouring
hopping sites and W is the hopping energy.
the lower temperature region where the
overlap of the wavefunctions is high
giving the chance for variable range
- hopping to achieve lower hopping energy.
In this case Mott derived an expression
for conductivity a of the form
31
a = 0 3 [exp -(T 0 /T) 4

]

where a, and T are constants.
0

(

2.5)
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An illustration of the effect of temperature on
the possible mechanism of conduction is shown in
figure 2.9 which shows schematically the variation
of N(E), p(E) and f(E) with E where N(E) is the
density of electronic states, f(E) is the
distribution function and p(E) is the carrier mobility.
The overall behaviour of the conductivity a over the
whole temperature range is shown in figure 2.10.

2.7 HIGH FIELD EFFECTS
At high fields (above 10 Vm s ) conductivity in
amorphous semiconductors shows deviation from ohmic
behaviour, ie, the current starts to increase more
rapidly than the electric field.
(2.5 - 3 x 10

At higher fields

Vim) and at low temperatures, in some

chalcogenides, the deviation from ohmic behaviour
increases and a second steeper field dependence becomes
dominant.

Generally, the high field effects can he

classified in three different categories 32,33,34
bulk effects;
effects due to conditions near the
electrodes, eg, space charge limited
conduction;
thermal effects due to Joule heating of
the sample.
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In chalcogenide glasses, several workers 34,35
have proved that the high field effects are bulk
effects and not due to conditions near the electrodes
because of the independence of the characteristics
of the interelectrode separation.

So our discussion

here will concentrate on the possible bulk mechanisms
that may contribute to these high field effects.
However, Joule heating and effects taking place near
the electrodes will be discussed in Chapter 3 in
relation to the thermal and electronic switching
theories.

2.7.1 Poole-Frenkel Effect
The applied electric field in this case will
reduce the energy necessary to release an electron
(or a hole) from coulombic centres (donors or
acceptors) by the amount (e8E) as shown in
figure 2.11 where E is the applied electric field and
S

(e

3

/ Tr KC 0 )2

where

K 1S

the high frequency dielectric

constant of the material.

This effect predicts a

field dependent conductivity of the form a

f(E).

It has been fitted to some early results for a number
of amorphous semiconductors

36 but more recent data 34

indicates that this function is not valid for a wide
current range.

Figure 2.11

One-Dimensional Potential Energy Diagram
Illustrating the Poole Frenkel Effect

If, however; the density of coulombic centres
in a solid is sufficiently high, their fields will
overlap and energy lowering in this case will be equal
to eEd where 2d is the distance between the centres.
The conductivity in this case will be proportional
to the. electric field E and this is known as the
It has also been found in a number
Poole effect.
37 and describes their behaviour over a
of materials
wide range of temperatures and fields.

2.7.2 Tunnellin
Direct tunnelling between a localised trapping
level and the down-field band states may be considered
as a trap release mechanlém at high fields.

I

This is

highly improbable in chalcogenide glasses where the
field dependence extends down to fields of the order
I[
, much less than the fields required for
of 10 Vm -1
-134
tunnelling which may be as high as 10 8 Vm
However, it may be a significant mechanism for carriers
trapped in very shallow localised states

2. 7. 3 Hopping Conduction
As mentioned before in 2.5, conduction may
take place at low temperatures by electrons hopping

1
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in localised states at a band edge or at the Fermi
level at lower temperatures.

At high, fields, a

current is defined by an equation of the form 38

I = constant exp(-2czR) sinh(eER/kT) exp(-W/kT)

which may reduce to (sinh(x)

exp(x) when x is high).

(2.7)

constant exp[(CE - W)/kT]

I

(2.6)

The tunnel factor [exp(-2aR)] may also be affected
by the field since a 2 is proportional to the height
of the barrier.
Experimental results in chalcogenide glasses
have shown that the functional dependence of
electrical conductivity is described by the equation
34
o(T,E)

a exp[ 0

(AE - ea(T)E)
1
kT

(2.8)

where a(T) is a temperature-dependent activation
length.

The steeper region at higher fields may be

represented by the following equation 35

CF(E) = a exp _[ (AE

_-_ea(T)El) ]exp [ eh(E - E1)
kT

kT

(2.9)

30

2.5 x 10 Vrn 1 and h = 8.5 nm.

where E ?

However, the range of fields available for
measurement of this steeper regime is limited due to
the onset of switching.

II
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CHAPTER 3
3.1

REVIEW OF SWITCHING

INTRODUCTION

Since the discovery of switching in amorphous
materials 1,2,3,4there has been considerable debate
about the possible mechanism responsible for the
phenomenon.

The different approaches to the problem

can be mainly classified as
thermal mechanisms
electronic mechanisms
structural change models of switching
This chapter reviews the different theories and
critically introduces the experimental evidence for
each theory.

This shows where each theory is successful

in explaining a certain aspect of the phenomenon, the
limits beyond which its applicability is not definite
and the points where all theories agree.

3.2 THERMAL THEORY OF SWITCHING
The thermal theory of switching is mainly a
quantitative one which can account for the main features
exhibited by the switching event such as the delay time,
the critical threshold voltage and negative differential

32

resistance.

If we consider an electric field applied

across an insulator or semiconductor, a condition may
be established such that the power generated exceeds
the capability of the sample to dissipate it.

This

leads to a temperature rise and an increase in electrical
conductivity which in turn causes a further increase
in current and so on.

This positive feedback looip

gives rise to current controlled negative resistance
and thermal runaway 40 .

The conditions for this

process are governed by the general heat balance
equation -

-

div (K grad T) + oE 2

c

(3.1)

The first term on the left hand side of equation (3.1)
represents the heat conduction from the sample, the
second term represents the power generated in the sample
and the right hand side represents the energy stored in
the sample.

In equation (3.1), 1< is the thermal

conductivity of the material,ais the electrical
conductivity, c the heat capacity and E the electric
field applied across the sample.

-

The problem is specified completely by the next
two equations, in addition to equation (3.1),
Ii

33
U
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a

a(E,T)

(3.2)

which governs the dependence of the electrical
conductivity a on temperature and field.

The third

equation is the Maxwell continuity equation
I
/

div(aE)

z Q

(3.3)

If the electrical conductivity is introduced in
this system of equations (3.1, 3.2, 3.3) as a function
of temperature only, the theory is usually called the
thermal theory of breakdown.

In this case the

functional dependence of electrical conductivity on
temperature may be written as

a(T)

a exp (-

)

(3.4)

kT
where a is a pre-exponential constant, AE is an
activation energy, k is Boltzmann's constant and T is
the temperature.
On the other hand, if the functional dependence
includes both temperature and field, it is usually
termed the electrothermal theory of switching.
are many forms of field dependence of electrical
conductivity in insulators, eg

There'

34

(3•5)

a(E)

const 1 exp(8E/kT) 41

o(E)

const 2 exp(V/V0)

a(E)

const 3 exp(iE/kT) 43

(3.7)

0(E)

const 4 exp(-b/E)

44

(3.8)

42

where S , V 0 , y and b are constants.

(3.6)

As mentioned

before in Chapter 2, in many chalcogenide glasses it
appears to be of the form expressed by equation (2.).
Three different cases of thermal runaway can be
classified according to the experimental conditions
as follows
The Steady State Case
In this case, the voltage is increased slowly so
that heat dissipation can always balance heat production
and the temperature is always at its appropriate steady
state value so that the time dpendent term in
equation (3.1) can be neglected.
Impulse Thermal Breakdown
The voltage is applied for a short duration so
that the sample does not have any chance to dissipate
heat.

In this case all the heat generated is used to,

35

raise the device temperature and the heat conduction
term in equation (3.1) can be neglected leading to an
equation of the form

C

r

(3.9)

oE 2

Between the above two limiting cases, there
arises the case where the duration of voltage pulse
does not allow any of the terms of the heat balance
equation to be neglected.

Equation (3.1) then

requires a numerical solution considering appropriate
boundary conditions for each case.
The thermal and electrothermal analysis under
steady state conditions are considered in the case of a
cylindrical thin film of chalcogenide 35 , thickness d f
thermal conductivity X f , and specific heat capacity c f .
The film is deposited on a substrate, with the
corresponding parameters d 5 , K 3 and c 5 respectively.
The cylindrically symmetric geometry analysed is shown
schematically in figure 3.1.

The following boundary

conditions are used
1.

The temperature distribution in the active region

of the device is uniform, ie,

nide film

substrate

Figure 3.1

Device Schematic Representation

10 8
S

-

0

0
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0
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Figure 3.2

Dependence of Threshold Field on Sample
Thickness for a Te-As-Ge-Si Glass (ref 52)
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11-0
Br

(0 < z < d f )

Ti
2.

The upper surface, z = 0, is adiabatic

DT
Bz

-

z

0

Current and heat flow in the device are parallel
and uniform.
The electric field is uniform through the device.
S.

The electrodes are relatively poor heat sinks.
Under steady state conditions the heat transport

equation (3.1) reduces to

(T - Ta)

r

II

=

g(V,I)

(3.10)

where T is the temperature of the active region, T

is

the ambient temperature, F is the overall thermal
dissipation constant and 0 is the electrical
conductance.

The device current I, is

I = VG = f(V,T)

(3.11)
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Turnover occurs when

Df 9g
BT BI

-

(3.12)

-

• Thermal runaway will occur at this point, at
voltage V., for a constant voltage (zero resistance)
source.
Substituting equation (3.4) for a into equation
(3.12) gives at turnover
AE

O.6T
exp(

Vt

AEna2a

(3. 13)

)
2k Ta

kFd f
which represents the turnover voltage in the case of
the thermal theory of switching.
In the case of the electrothermal analysis,
equation (2.8) is substituted fora into equation (3.12)
which gives at turnover
2df kT a

0.6 T

AE
[

log(

2

e(a0 - dTa ) 2kT
•

k d

f F

V ea 0 )
V(1- t
2d f AE

(3.14)
which represents the turnover voltage in the case of
the electrothermal theory of switching.

A similar

I

expression can be deduced substituting equation (2.9)
for a which is referred to as the enhanced electrothrmal regime.

3.3 EXPERIMENTAL EVIDENCE FOR THERMAL BREAKDOWN
The problem of thermal breakdown has not been
completely solved analytically.

In order to overcome

the difficulties encountered in solving this problem,
many simplified boundary conditions have been
suggested by different
erent workers

such as

uniform temperature distribution before breakdown,
constant electric field throughout the sample, radial
heat flow perpendicular to the direction of current
flow or axial heat flow in the direction of current
flow.

These simplified approaches offer some means

of quantitatively checking the measured switching
parameters.

In the following discussion the

switching parameters such as threshold voltage, delay
time, switching time and recovery are discussed in
terms of the thermal and electrothermal approaches.
A necessary requirement for any mechanism to be
considered as the mechanism responsible for initiating
switching in amorphous semiconductors is its ability
to exhibit current controlled negative differential
resistance (CCNDR).

The solution of the heat balance
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equationS using electrical conductivity as a function
of temperature only or as a function of temperature
and field and assuming heat flow in the direction of
current flow or perpendicular to it, results in the
occurrence of current controlled negative differential
resistance (CCNDR)

.

The only exception

to this was the solution which neglected the dependence
of the electrical conductivity on electric field and
assumed that the electrodes were held at ambient
temperature 49.

That case resulted in a solution where

the current continued to increase indefinitely with
voltage.

However, the assumption that the electrodes

may be held at ambient is experimentally and theoretically
unjustified.

Experimentally, Main

35 measured the

temperature of the upper electrode using cholesteric
temperature sensitive liquid crystal and found the
electrodes to be about 17 K above ambient.
Theoretically, if the substrate heat conduction is
included in the thermal analysis of the problem 35,50,51
CCNDR results in agreement with experiment.

It is

even possible to obtain CCNDR with the assumption of
cold electrodes by introducing the field dependence
of the electrical conductivity.

So it may be

concluded that both the thermal and electrothermal
mechanisms do account for the occurrence of the CCNDR

U

40

in the current voltage characteristics.

In order ,

to proceed further with the discussion of the thermal
mechanism, the different switching parameters will be
discussed in terms of the predictions of the theory.

3.3.1 The Threshold Voltage
The threshold voltage decreases with an increase
in ambient temperature.

However, the functional

dependence varies with the temperature range in which
measurements are performed and the thickness of the
samples used.

For thicker samples and higher

temperatures, the simple thermal model is approached
(

Vth

()

))

40 while for thinner samples and

lower temperatures the electrothermal theory applies.
Kolomiets et al 52 measured the threshold voltage
as a function of thickness, d, (figure 3.2).

They

observed a functional dependence of the form Vth
for the case of thin films (ci

C

d

8 p) while for thicker

samples they observed threshold voltage Vth

d2

.

Warren 53 found these results consistent with the thermal
approach despite the difficulties in calculating thermal
boundary conditions in the case of thin films.

The

temperature dependence of the turn-over voltage in the
temperature range 100 K - 400 K was thoroughly
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investigated by Main 35.

His results for samples

made of the composition Ge 15 Te 81 Sb 7 S 2 and thickness
l pm indicated that the turnover voltage can be fully
described in this temperature range by three thermal
'regimes'
V

Simple thermal runaway using

< 7 V.

equation (3.4) for a.

7 V < V

C

25 V.

Single slope

electrothermal runaway using equation (2.8)
-

fora.
V

> 25 V.

Enhanced-slope electrothermal

runaway using equation (2.9) for a.
This demonstrates that switching under steady
state conditions may be fully described by Jouleheating considerations alone as shown in figure 3.3.
The thermal theory predicts a threshold voltage
Vth

(

)

I

where a is the electrical conductivity

which is an easily controllable parameter.
Compositions from the system As 2 Te 3 + Si were studied
by Robertson and Owen 54.

The simple thermal model

adequately described the results in the case of high
conductivity compositions, but as the resistivity is
increased, the field dependence of conductivity has to
be taken into consideration.
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Figure 3.3

Turnover Voltage vs Temperature (i'ef 35)
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3.3.2 The Delay Time
The thermal theory predictions of delay time
provide another means of checking the theory
experimentally.
time td

The thermal theory predicts a delay

for large overvoltages where V is the

amplitude of the applied pulse (overvoltage r V - Vth )
and a quicker variation as V approaches Vth.
55
Stocker et al
found that for a 6.8 pm film of the
composition Ge 20As 30 Te 50 at fields higher than
Th MV.m 1 the behaviour changes to td
behaviour not noticed in thicker films.
56,57
workers
observed a delay time td

(-V), a
Other
(V - Vth)

-

in

the case of thick samples and low fields changing to
the behaviour td
higher fields 58.
of the form td

m

m

(-V) in the case of thin films and
in all cases a thickness dependence

d 2 was noticed which again is

consistent with the thermal theory.

3.3.3 The Substrate Characteristics
A different treatment of the switching problem
takes into consideration the heat conduction into the
substrate. Actually the strong coupling between the
device and the substrate makes it necessary to include
the substrate characteristics in the problem. This
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will exclude the isothermal boundary condition at the
electrode between the film and the substrate 35,50
and the prediction of a temperature rise across the film
which is less than 1.4% of the temperature rise in the
substrate in the case of a typical glass substrate.
This leads to the occurrence of CCNDR in the I-V
characteristics and to an analytic expression of the
-.

turnover voltage which is consistent with experimental
results

so

Thornburg et a1 51 obtained experimental results
indicating a turnover voltage Vt

(where r is the

pore radius) consistent with predicted relationships
taking into consideration thermal fringing effects
into the substrate.

Main 35 investigated the effect of

substrate thermal conductivity on the Vt vs r relationship and the results indicated the functional dependence
expected.

It is worth mentioning that a dependence

of the turnover voltage on the pore radius is not
expected from the electronic theories of switching.

3.3.4 Recovery
The debate about the threshold switching
extends to the after-effects of the switching event.
A thermal explanation for the long delay time recovery
is introduced by Main

35

in terms of the substrate

ii
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cooling time constant (-.2 - 10 seconds) while the onstate recovery and minimum interruption time of the onstate, measured by Henisch

59 to be about 0.6 psec, is

comparable to the device cooling time constant -1 psec.

3.3.5 The Device Temperature
The temperature rise inside the device remains
the most decisive parameter for the evaluation of any
thermal theory.

A novel technique for the measurement

of this temperature rise was introduced by South,
Robertson and Owen 60.

This technique depends on

detecting the change in the photocurrent in a device
with its temperature.

this requires a material

which possesses photoconductivity characteristics
independent of field in a certain temperature range
while still being a function of temperature.

The

composition Ge15Tee1Sb2S2 provides this functional
dependence above T r 250 K.
transparent upper electrode

A pore device with a gold

was

illuminated using a

glass fibre of 8 pm diameter and an infra-red emitting
diode source.

They used infra-red pulses of 600 psec

width superimposed on a 20 V ramp which is 10 sec
long.

It can be seen that the initial rise in

temperature AT is slow, reaching -.38 K in 9.6 seconds
but subsequently AT increases rapidly to 155 K as shown
in figure 3.4.

However, this may not necessarily be

the maximum temperature rise because of the uncertainty
of the position of the optical fibre and because the

-
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Temperature Rise vs Time for Glass and
Sapphire Substrates (ref 60)
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Calculated Temperature Profiles Across a
Semiconducting Film (ref 45)
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reading is an average over the fibre area CD = 8 pm).
The significance of these results is that for
the first time a direct measurement has been made of
the temperature rise inside a device.

The results

show that -- the temperature rise before switching,
in the quasi-static case, is substantial and that
the value reached before switching may not be
critically dependent on the thermal properties of
the substrate.
Finally it can be concluded that while the
simple thermal theory can adequately describe the
threshold switching effect in bulk and thick film
samples, the field dependence of the electrical
conductivity has to be introduced in order to explain
the different behaviour at lower temperatures and smaller thicknesses (<10 pm).

The evidence introduced

from the direct temperature measurement by South et a1 60
proves the dominant role played by thermal effects in
switching in chalcgenide thin film devices under
quasi-static operating conditions.

However, an

extension of the range of measurement of device
temperature- to the transient operating conditions will
be a decisive judgement about the mechanism
responsible for switching under any experimental
operating conditions.

-
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3.4

ELECTRONIC BREAKDOWN MECHANISMS
The electronic breakdown mechanisms to be

considered in this section assume that switching is
not connected in any way with the Joule-heating
effect of the pre-breakdown current.

They do not

exclude the possibility that electronic breakdown
instability may give rise to thermal effects, but the
key feature is that the basic mechanism is not of
thermal origin.

One important general feature of all

the electronic models introduced to explain threshold
switching in amorphous materials is that their
exposition has been rather qualitative and none has
been developed to the stage where quantitative
calculations and predictions can be made.

This

section reviews the different models of electronic
switching and in particular the mechanism by which
switching may be initiated is indicated.
Several models 61,62,63 have been introduced to
explain threshold switching in amorphous materials in
terms of two carrier injection.
The model introduced
61
by Lucas
depends on the Cohen-Fritzsche-Ovshinsky (CFO)
29
model
for electronic band structure of chalcogenide
glasses.

The CFO model proposes that tails of

localised states extend from the conduction band and
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the valence band and they overlap near the centre of
the gap as shown in figure 2.8(d).

This overlap

introduces positively and negatively charged states
above and below the Fermi level near the centre of
the gap.

Injected electrons from the cathode should

recombine and neutralize the positively charged
states above the Fermi level leaving a negative space
charge layer near the cathode (figure 3.6(a),(b)).
Similarly injected holes from the anode should have
the same effect with the opposite polarity creating
a net positive space charge near, the anode.

This

space charge build-up will limit the current near
the electrodes and redistribute the field causing it
to increase in the centre and decrease near the
electrodes.

With the increase in the applied voltage,

the injected charge is increased and the space charge
regions will grow until they meet and overlap in the
centre of the specimen (figure 3.6(c)).

As the

recombination centres are filled, the carrier life
time is increased and both the electron and hole
conductivities increase.

With the overlap of space

charge regions the current increases, since there is
now no space charge limit, and the field decreases
in the centre of the sample and increases at the
electrodes.

This causes the injection of carriers

near the electrbdes to increase.

The increased

conductivity in the central neutral region and
-.

increased injection from the electrodes increases

anode

mobility
- gap
.L.
cathode
(a)

n

F. L.
(c)

v

gap

t
(e)
Figre 3.6
--

Schematic Illustration of the Switching
Sequence in the Injection Model by Lucas
(ref 61)

the rate of overlapping until the on-state is reached
(figure 3.6(e)) where the bands are almost flat and
the barriers at the electrodes are very thin (-1 nm)
and carriers can tunnel easily into the conduction
and valence bands of the glass.
V

The holding voltage

should then be equal to or slightly greater than

the mobility gap.
The model introduced by Henisch, Fagen and
Ovshinsky 62 is almost the same àsj\Lucas's model
with the exception that electrons and holes are
trapped in the neutral localised states near the
electrodes.

This results in trap filling and

increased ]nobility.

Mott's model

63 suggests strong

field emission from either electrode, trapping of
carriers, electrons at the anode and holes at the
cathode and then the build-up of barriers.

If

carriers can tunnel through the barriers, then
carrier double injection will occur (figure 3.7).
Another descriptive model assumes a fieldenhanced carrier generation as the mechanism responsible
for triggering switching 64.

It assumes that during

the delay time, the applied electric field generates
non-equilibrium distribution of carriers by tunnelling
or by internal field ionization processes.

This

should lead to space charge build-up and two carrier
injection leading to the conductive state.

conduction
tapped electrons
-4-4

trapped
holes

Figure 3.7

valence band

Suggested Form of Conduction and Valence
Band in the On-State of a Threshold Switch
by Mott (ref 63)
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Figure 3.8

Typical Recovery Curve of Threshold
Voltage After Switching Process (ref 59)
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Impact ionization and avalanche breakdown was
also suggested by Mott

32 as a possible process leading

to an electronic breakdown.

Avalanche production

occurs in the case of low electron density in the
following manner.

An electron initially at the

cathode will receive sufficient energy from the
applied field and may collide with an atom to ionize
it producing two low energy electrons and a hole.
The two electrons will accelerate and cause further
ionization.

This process of successive ionizations

will produce 21 free electrons if there are i
generations between cathode and anode.

Seitz (1949)

estimated the minimum number of electrons to be 1012
for a sustained avalanche so that the consequent
temperature rise is enough to cause breakdown.
This is equivalent to forty generations of collisions
(2'4

1.0995 x 1012).
Impact ionization, which is discussed in detail

by 0'Dywer, does not usually give a current-voltage
characteristic with any negative resistance region.
However, a possible feedback mechanism which would
give negative resistance is the increased screening
of the scattering potentials due to the increased
carrier density.
65

Electrons become hotter due to

P1

I'
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less scattering leading to more collisions and more
This causes a higher rate of impact

carriers.

ionization at a lower field than that required at
low-carrier density.
Another approach to the switching problem was
made by Mattis

66 who found that a modified form of

Zener tunnelling theory, in which the tunnelling
barrier is assumed to be a decreasing function of
the number of excited carriers, is capable of
showing a switching transition from a high to a low
resistance state and a region of negative resistance.

3.5

EXPERIMENTAL EVIDENCE FOR ELECTRONIC NECHANIS
A variety of techniques have been used to

investigate the validity of the different electronic
models introduced for switching and post-switching
events.

However, the problem is still unsolved

even among the different electronic mechanisms
themselves.

If we start with the two carrier

injection models, we find that they depend on the
CFO model for the electronic structure which assumes
the existence of charge and neutral centres above and
below the Fermi level due to band tail overlapping 29 .
So recombination

61

and trapping 62 of injected carriers
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in these centres is the first step in the process of
However, the photoconductivity measureswitching.
67,68 introduced evidence that the charged
ments
centres near the Fermi level, if they exist, do not
play an important role in trapping or recombination
especially at high injection levels.
Another point of dispute was whether mobility
does increase due to trap filling or not.

Again a

measurement of the field dependent dark and photo
conductance led Reinhard et a1 69 to deduce that it is
the carrier concentration rather than the mobility
which is the field activated quantity in their glasses.
However, this contrasts the directly measured field
dependent mobility

34 and the similar field dependences

for both dark and photoconductivity at moderate
70
injection level .

Main

35 found that a field

independent low injection photoconductivity is not
incompatible with a field dependent drift mobility
depending on the injection level used.
Space charge build-up was examined by what is
known as the ' rare ' double pulse technique introduced
by Henisch and Pryor 59

This technique depends on

addressing the examined switches by pulse pairs
which remain rare events, eg, with repetition rates
of the order of 102 - 10

Hz or less.

The second

'J)
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pulse is used as a probe to examine the consequences
of the first switching pulse.

The threshold voltage

of the second pulse was found to depend on the interpulse interval 'r (figure 3.8) and is independent of
the energy-dissipated in the first pulse.

These

results were taken as an indication against the
thermal theory.

However, a reasonable thermal

interpretation for these results was introduced as
explained before.

The' effect of polarity reversal

of the second pulse is found to be prominant at low
temperatures which Henisch claimed to be compatible
with the space charge double injection model for
threshold switching.

However, Owen and Robertson 71

argued that its magnitude is not enough to consider
the space charge effect as exclusively controlling
the switching event.

This is consistent with

observations of Shanks 58 and Balberg 72 that, at room
temperature, the delay time td is unaffected by
reversals of the polarity of the biasing pulse.
The crucial point regarding the two carrier
injection mechanisms is that the electronic
mechanisms are claimed to be involved in promoting
either trap or recombination centre filling leading
finally to an increased carrier lifetime and the
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development of a neutral plasma and the on-state.
35 in
These assumptions were investigated by Main
his work on the behaviour of equilibrium and excess
carriers over a wide range of optical injection levels
The high injection regime which

and electric field.

ought to correspond closely to the electronic ON-state
indicated that the carrier lifetime falls at high
injection levels and the recombination centres never
fill up.

This contradicts the main assumptions
Quantitatively, assuming the

made by these models.
carrier lifetime

T

equal to transit time

substituting for

T

c io

10

and

sec, free mobility

m 2 /Vs and device thickness

r

T

L =

1 pm

VP f

This gives a value of minimum holding voltage equal
to 100 V which is much higher than observed holding
voltages.
Additional strong evidence against these models
was derived from the measurement of the effect of
electron beam and photon irradiation on switching
parameters 69 ' 73 .

Threshold voltage and delay time

did not show any observable changes after irradiation
with electron beam of sufficient energy to penetrate
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both the top electrode and the entire thickness of
the sample..
A different approach to evaluating the injection
models was introduced by Owen and Robertson 71 .
They compared Lucas's model to the similar situation
in conventional semiconductors of the p+ - i - n+
structure in silicon containing deep donor and deep
acceptor levels and they got a threshold field equal
to 4 x lO Vm

which is two orders of magnitude,

or more, greater than threshold voltages observed
in chalcogenide glasses.

They got the same

discrepancy for the value of the critical current
for switching.

They also pointed out that the

threshold field in all space charge dominated
transport processes is a function of the square of
74 while the threshold
the thickness of the sample
field in chalcogenide glasses is independent of the
sample thickness.
This consideration of the evidence for the two
carrier injection mechanism cast more doubts than
evidence about the validity of the mechanisms.

The

results of the measurements of the carrier lifetime
are decisive against the main assumptions of the
models.

This leads us to consider the possibility

of other electronic mechanisms being involved in
initiating the switching process.
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Impact ionization and avalanche breakdown was
thoroughly evaluated by Owen and Robertson 71 . They
pointed out the apparent contradiction between the
decreasing threshold voltage with temperature in the
case of amorphous semiconductors and the linear
increase of breakdown voltage in the avalanche case.
However, they said that the reported statistical
nature of the delay time in chalcogenide glasses 75
and the increased noise level near threshold in some
glass compositions may be due to localised avalanche
breakdown in regions where the field is much greater
than the average value.

However, Adler suspects

the validity of this mechanism due to the short
electron mean free path (Cl nm).

So it may be

concluded that avalanching may be present, especially
in pulse experiments, but it is unlikely to be the
dominant mechanism initiating switching.
The debate about threshold switching continues
to the ON-state.

The nature of the ON-state was
studied by Peterson and Adler 76 which they claimed
to be consistent with an increased carrier
concentration rather than an increased mobility
which favours Adierts previous ideas 69.

They

deduced, from their work using the TONe 77 technique
and other methods, estimates for the filament diameters
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as large as 50 pm which are much larger than the
estimates made before.

Theyestimated the maximum

on-state temperature increase to be in the range
30 - 60 1< above ambient from which they concluded
that the ON-state, in their material, is electronic
However, they assumed in their temperature

in nature.

rise calculations that the electrodes are held at
ambient which has been shown to be inconsistent with
thermal analysis that takes into consideration
35,50,51 and experimental
substrate heat conduction
evidence for electrodes heating up 35 .

Buckley

treated Adlers results using a simple relaxation
78
model
and he deduced filament temperatures in the
range 350

-

1

450 0C

However, it was not possible

to distinguish between thermal and electronic ONstate mechanisms because the relaxation response
mechanism was not defined.
A conclusive test of the nature of the on-state
would be a measurement of the temperature of the
filament typically like the one made by South,
Robertson and Owen in the off-state before switching 60 .
This will need an accurate positioning technique in
order to be able to scan the whole pore area accurately.
However, evidence for high temperature during the
on-state already exists from the memory switching
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phenomenon as will be discusses later in detail.
Whatever the filament temperature would be, it has
nothing to do with the switching mechanism itself
since a thermal switching mechanism can lead to an
electronic on-state and vice versa.

3.6

STRUCTURAL CHANGE MODELS FOR SWITCHING
A different approach to the threshold switching

problem considers a phase change from a high resistivity
phase to a low resistivity one as a possible
explanation for the switching phenomenon.

A phase

change mechanism dependent on Joule heating alone or
on Joule heating and electric field was introduced by
Stocker 79 and Pearson 80 .

This mechanism can account

for the very short switching times of the order of
250 psec observed by Ovshinsky 4 in terms of a phase
change travelling at the speed of sound estimated
in amorphous materials to be about 4000 msec 1 .
These short switching times can be further reduced
if the new conducting phase grows from many nuclei.
An experimental justification for this model is that
the threshold voltage extrapolates to zero at a
temperature which agrees with the glass transition
temperature for the bulk material, T g

Walsh et al 81

assumed that a dielectric transition occurs at this
temperature.

The structural change ideas received more support
from what is known as the forming process of the
switching devices.

Bosnell et al 82 said that virgin

devices show considerable reduction of the threshold
voltage by a factor of three or four after the
first switching event.

This forming process produces

islands of a more conducting material thus preventing
dielectric breakdown by stabilizing the device
temperature.

They found that in a glass of the

composition Si 12 Ge 10 Te 3 As 30 (STAG) the first-fire
process produces islands of tellurium crystallites
with their major axis aligned almost parallel to
83
However, Adler 84
the direction of the field.
showed that forming is not essential to switching,
and the best devices exhibit no such effects.

The

formation of a filament which is different in composition
from the amorphous matrix was further investigated
by Allinson et al who suggested thermal electromigration balanced by chemical back-diffusion as a
possible explanation for the compositional change in
the filament.
It can be concluded that the, structural changes,
which can be physically examined by the use of
electron microscopy and electrically show themselves
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through their effect on the switching parameters,
are mainly due to a high temperature which occurs
in the material during the switching event,

it

can hardly be regarded as the main cause initiating
switching in virgin devices, but it can be seen as
modifying the switching parameters and contributing
to switching already initiated.

3.7 MEMORY SWITCHING
Memory switching in amorphous semiconductors
is known to be due to the precipitation of a highly
conductive crystalline filament in the amorphous
matrix 4.

The transition from threshold switching

to memory switching is achieved by maintaining the
switching pulse for sufficient time to complete the
crystalline filament growth between the two electrodes.
This process is characterised by the appearance of
the lock-on blip (figure 3.9).

The off-state can

be regained by application of a high current pulse,
typically 100 mA for a few ps.
A model for memory switching was introduced
by Cohen, Neale and Pasken 85 .

They suggest that to

switch a device from the amorphous to the crystalline
state during a set pulse, the temperature of the

Figure 3.9

Lock-On Blip Shapes (Steventon ref 21)

amorphous material must lie within the range of
rapid crystallization (Tm > T > T g ) with the
highest temperature in the interior.

From

scanning electron microscope evidence, they.
suggest that the crystalline growth is dendritic
and that after reset some tellurium crystallites
remain undissolved causing the formation of the
-.

next conducting path to occur in the same location
as the previous filament.

The suggested

temperature profiles during the set and reset
operations are shown in figure 3.10.

Steventon 86

suggested that the central region where T is too
high for crystallization may not exist at low set
currents.

He also suggested that the increased

conductivity of crystallites caused a redistribution
of a local current and temperature, changing the
crystallization trends.
These models are supported by results of
scanning electron microscope which shows the existence
of the tellurium crystallites and crystalline
filaments 87 ' 88 .

Differential thermal analysis

(DTA) provides a clear illustration of the memory
behaviour.

In this technique, the material is

heated at a constant rate, and the signal obtained
measures any change in the rate of heat absorbed or
given off when compared to a standard of constant

T = Glass Transition Temperature
T 0 = Crystallization Temperature
T f = Temperature at which Crystal
Growth Terminates
II

--

Temperature Profiles
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Switching

S
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Dendritic Growth
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2.5
c ron s
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C
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(b) Resetting Profiles

Figure_3.10

Setting and Resetting Temperature Profiles
for a Filament in a Chalcogenjde Memory
Switch
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heat capacity.

Thus, phase transitions in the

material being investigated can be identified. The
89 illustrate the
results shown in figure 3.11
possible phase transitions in the material
Ge 16 Te 82 Sb 2 , which is a memory type chalcogenide
alloy, under different heating and cooling conditions.
Due to the short durations involved in
achieving the memory on-state in amorphous semiconductors, there exists the temptation of invoking
ideas different from thermal ones to illustrate
this phenomenon.

Feinleib et al 88 .were able to

crystallize a spot of amorphous Ge 15 Te 81 Sb 2 S 2
using a 1 psec pulse of 100 mW laer radiation.
In their model, shown in figure 3.12, they assumed
that most of the crystallization process takes place
during t 2 , while the light pulse is applied, and not
during the rest of the period t1 when the light
pulse is off, and hence ascribed it to the light
enhancement of crystallization.

That is whi no

crystallization occurs in curve C during t 3 ,
between T

and T (resetting light pulse).

claim that light has two effects in enhancing
crystallization:

They

T
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Temperature-Time Profile of the Active
Material Illuminated by a Square Light
Pulse (ref 88)
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the recombination of light-produced carriers
raises the temperature of the glass well above
T

where atomic mobility is high.

the carrier creation contributes an efficient
bond weakening mechanism.
However, Weiser et a1 9° found the whole process to
be temperature activated.

They computed the

temperature rise due to la*.er beam illumination and
the rate of crystal growth, and compared the results
to that obtained by normal heating of the film.
They found similar results which suggests that photocrystallization did not play a significant role in the
devitrification of the film.
The composition of the filaments in the Ge-Te-As
system was studied by Okada et a1 91 using microprobe
analysis.

They found lock-on times in the higher

arsenic concentration compositions (region I) to be
longer than those for compositons with higher
tellurium concentration (region II) (figure 3.13).
They also found that the composition of the lock-on
filament in region II remains nearly the same as that
of the original material while these in region I have
nearly the composition of the stoichiometriç material
-

As2Te3.

Ge

Te

Figure 3.13

ApproximateGlass-Forming Regions in the
enic System
Ternary Germanium-Tellurium

63

Sic et a1 87 suggested that the inner core
structure of the filament is composed of crystallites
of a larger size than the outer dendrites.

The

outer structure thus copies excactly the thermal
profile during crystallization.

In the Ge 15 Te 81 X 4

(X is eg As) investigated by Sie et al, they found
the filament to be a spongy tellurium dentritic
network with Ge-rich glass throughout and a Ce-rich
centre which crystallizes in a slightly different
manner from the exterior.
Some further observations on the filament
92
They
formation were made by Uttecht et al .
noticed that the filamentary path always started to
grow from the positive electrode towards the negative
electrode.

On reversing the polarity of the applied

voltage, the filament retreated towards the new
negative electrode and started to grow from the new
positive electrode.
The blips that characterize lock-on have various
shapes which can be classified into two main
categories 86
Ci)

type characterized by a decrease in voltage;

(ii) type characterized by an increase in voltage.
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The first type occurs when some device degradation
or forming has occurred.

The second type occurs in

undamaged devices because of the cooling effects
accompanying the crystallization of the threshold on
filament due to
the decrease in Joule heating where the
conductive regions are crystallized,
and
the increased thermal conductivity of the
crystalline filament.
The cooling effect may be large enough to cause some
impedance increase.
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CHAPTER
4.1

EXPERIMENTAL TECHNIQUES

INTRODUCTION
Experimental work on switching in amorphous or

non-crystalline semiconductors involves the manufacture
and use of switching devices.

These devices can either

be bulk or thin film samples.

The device fabrication

is preceeded by the preparation of the bulk glass itself.
So far the terms 'glass' ,'vitreous solid', 'amorphous'
and 'non-crystalline solid' are used as synonyms.
However, to preserve distinction, the terms 'glass'
and 'vitreous solid' refer to materials which are
prepared by cooling a liquid and therefore are
structurally continuous with the parent liquid phase.
Thus they are a special category of the amorphous or
12
non-crystalline solids.
Owen
introduced a general
survey of the different methods of preparation of amorphous
materials which described the different techniques
starting from the vapour phase, the liquid phase and the
solid phase.
In this chapter the procedure followed in making
bulk glasses is explained which is followed by the
techniques used for thin film deposition.

Then the

types of switching devices and techniques involved in
device processing are illustrated.

Finally, the

I

equipment used for testing the devices and to perform
the required measurements is described.

4.2

PREPARATION OF BULK CLASSES

I

The fffst step in fabrication of amorphous
semiconductor devices is the preparation of bulk glass
Most chalcogenide glasses are easily

samples.

prepared by rapidly quenching the melt.

Our procedure

used a quartz tube sealed at one end and with a slight
indentation about half way along its length.
Immediately before use, the tube was cleaned with
acetone, rinsed in distilled water and dried in a warm
oven.

The constituents, which were 99.999% pure

elements were obtained from Koch Lite Laboratories Ltd.
They were weighed with an accuracy of ±0.1%.

The

batch filled about half the tube size accounting for a
batch weight of about 40 gm.

If one of the

constituents shows a tendency to easily oxidise (eg, As),
it has to be the last element weighed. The quartz tube
was then connected to a vacuum system and sealed off at
about 10

-4

torr.

The capsule was put into a cold

furnace and heated to about 1000 ° C in 2 hours.

The

capsule was left in the furnace at 1000 ° C for two hours
and then the furnace was rocked for 20 hours to allow
thorough mixing of the components in the melt.

This

was followed by rapid quenching when the tube was
dropped into water.

The bulk glass was then ground to
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a fine powder for sputtering and stored in a vacuum dessicator.

4.3

THIN FILM DEPOSITION
There are several methods for thin film sample

preparation which are reviewed briefly in reference 12. In
this section, discussion is confined to techniques used in
sample preparation during this work.
1.

Thermal Evaporation
Evaporation is the most popular technique for thin film

preparation.

It can be used in the case of simple compounds

where the constituents are about equally volatile in the
vapour phase.

However, in the case of multicomponent

chalcogenide glasses, changes from the starting composition
take place due to the wide range of melting points of the
different elements.

In order to overcome this composition

difference, constituents of different melting points can be
evaporated separately at the same time from sources of
difiTerent temperatures.

Another way to minimise compositional

changes is to use the flash evaporation technique.

In this

case small amounts of the material to be evaporated are fed
onto a hot surface so that the material evaporates
instantaneously.
In this work thin films of Al, Au and NiCr were produced
by electron beam evaporation using a Birvac evaporation
system with a vacuum system capable of maintaining a pressure
of about 10 .-s. torr.

2.

RF Sputtering
All of the switching chalcogenide compositions and

molybdenum electrodes prepared during this work were
deposited in the thin film form using the RF sputtering
technique.

1n this technique ions are accelerated from

the plasma of a gas discharge and directed onto a
target of the material to be sputtered.

Atoms are

knocked out of the target by the bombarding ions and
collected on a substrate.
Sputtering was carried out using a Nordiko sputtering.
system.

This uses a vacuum system consisting of a

roughing rotary pump and a high vacuum diffusion pump
with a liquid nitrogen trap as shown in figure '+.l.
This vacuum system is capable of maintaining a pressure
less than lO

torr.

Sputtering was typically carried

out at fairly low power levels (50 - 100 t4), and at a
pressure of approximately 5 x
atmosphere.

torr, in an argon

The base pressure of the system before

introduction of argon was approximately 10

torr. In

order to minimise sputtering of the exposed edges of the
target backing plate, a cathode shield with a 3" iris
was used which limited the sputtering action to a 2.6"
diameter central target area.
The substrates to be used were soaked in 25% Decon
(detergent) solution overnight and then cleaned for

led mounting block

evaporat:
filament
ogenide target

liqi
niti
tral

difi
pumj
Pump

Figure 4.1

Schematic Diagram of the Sputtering Plant

we

5 minutes using the same solution in an ultrasonic
cleaner.

Afterwards they were washed with distilled

water and dried with nitrogen gas.

At the beginning of

the sputtering operation, the substrates were shiøflded
from the glow discharge/process for the first 15 minutes
to avoid any non-equilibrium effects.

Once the shield

is removed, the sputtering process continues until the
required thickness is obtained.

pring the sputtering

process the substrates were continuously cooled through
a water-cooled mounting block.
In the case of chalcogenide glasses the target
consisted of powdered chalcogenide in a shallow tray which
was sputtered for two hours at power level equal to
SO watts to give an approximate thickness of 1 pm.
Molybdenum electrodes were sputtered using a targct
consisting of a 3" diameter 0.01" thick molybdenum sheet,
placed directly on the cathode.

They were sputtered

for half an hour at a power level equal to 100 watts
which gave a molybdenum layer approximately 0.2 pm thick.
In order to reduce the series resistance introduced by
the molybdenum electrodes, a layer of aluminium was
deposited, by filament evaporation in the sputtering system,
to back the top and bottom electrodes.

In addition to

reducing the series resistance, it resulted in better
electrode-substrate adhesion.
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The techniques mentioned so far, ie, evaporation and
sputtering, were those involved in the fabrication of
crossover and coplanar devices.

The use of out-of-

contact masks sufficed to define the top and bottom
electrode patterns and the chalcogenide layer.

For

the fabrication of pore devices, photolithographic
and etching techniques were used and they are discussed
in Section 4.5.

4.4 TYPES OF DEVICE
There are two different categories of sample which
can be used in investigating switching in amorphous
semiconductors.

These are bulk and thin film samples.

Thin film samples can be classified into three
different types 93 , cross-over devices, pore devices and
coplanar devices.

The special lay-outs used in this

work for each of the three types will be dicussed in
detail
1.

Cross-Over Devices
The substrate contained ten different devices with

Au-Ni Cr upper and lower electrodes as shown in
figure 4.2.

The Ni Cr layer was used to help the gold

electrodes stick to the glass substrate.

The width of

the electrodes was 0.5 mm and they were defined by an

ci electrode
icogenide film
r electrode
strate

Figure 4.2

Layout of Cross-Over Devices
II

upper electrode
chalcogenide film

-

lower electrode
substrate

Figure 4.3

Cross-Section.in a Cross-Over Device

-
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out-of-contact mask.

They sandwiched a chalcogenide

layer of thickness approximately 1 pm and the device
area was approximately 0.5 mm x 0.5 mm.

These devices

were used for conductivity measurements.

However,

this type of device had the disadvantage that the
cross-sectional area cannot be defined accurately.
2.

Pore Devices
The pore device structure consisted of the

following layers
lower electrodes;

-

an insulator layer with a hole or pore which
defined the effective electrode area accurately;
a chalcogenide layer;
upper electrodes.
The patterns of different layers were defined
using an in-contact mask with the exception of the
chalcogenide layer which did not need accurate definition
and an out-of-contact mask was used.

The total overlap

area of the electrodes has been kept down to 0.2 mm x
0.2 mm to minimise self - capacitance.
These devices were produced in two different
configurations..

The first layout had eight pore

devices of the same diameter.

It, also, had four cross-

7.2

over devices and four coplanar devices.

The sandwich

samples had a cross-over area of 0.5 — x 0.5 mm and
the coplanar cell is 0.5 mm x 0.1 mm gap.
is shown in figure 4.4.

The layout

This configuration had the

advantage of having three different types of samples on
the same substrate.

The second configuration had 128

pore devices of eight different diameters ranging from
10 pm to 150 pm as shown in figure 4.5.

This

configuration enabled us to compare results obtained
from devices of different diameters made under the same
conditions.

3.

Coplanar Devices
The coplanar structure consists of two electrodes

with a gap between them deposited on top of a chalcogenide
layer using an out-of-contact mask.

In this work,

however, the production of these dev ices was limited to
those mentioned before and which was produced along
with the pore structure.
Our devices were made on two different substrate
materials
Ci)

Corning 7059 glass which is a barium aluminosilicate high resistivity glass;

(ii) Sapphire which is a high thermal conductivity
insulator.

li
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Figure 1.4

Layout of Pore
Devices

chalcogenide film
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Figure 4.5 Layout of Pore Devices
with Different
Diameters
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Figure 4.6

Cross Section in a Pore Device
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This allows us to evaluate the effect of heat
dissipation efficiency on the device switching behaviour.

4.5

PHOTOLITHOGRAPHIC AND ETCHING TECHNIQUES
In the-case of pore device fabrication, accurate.

alignment was required to define the bottom and top
electrodes and the pore diameter.

This can beachieved

by the photolithographic and etching techniques 94 .
These are performed under 'clean-room' conditions in
order to avoid the possibility of any dirt contamination.
The first step was to prepare a set of photographic
masks on 2" x 2" plates to provide the required pattern
for different layers.

When the electrode layer

deposition was completed, a layer of positive photoresist (Shipley AZ 1350) was applied using a syringe.
The procedure continued by spinning (3000 rpm for 30
seconds) and drying for 10 minutes after which it was
baked in an oven at a temperature of 75 ° C for 30 minutes.
The positive photoresist has the characteristic that
when selectively exposed to UV radiation, the exposed
areas of the resist become acidic and therefore soluble
in an alkaline developer.

So the substrate, covered

with the positive photoresist layer, was exposed to UV
light through the required mask for 8 seconds and then
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developed using AZ 50% diluted with water and rinsed
in water to remove the dissolved exposed photoresist
from the surface of the substrate.

Another baking

process after developing was CS,.oided in order to avoid
any crystallization problems for the chalcogenide film
during the processing of the top electrodes.

It was

found that unbaked photoresist gave satisfactory
definition and protection against etchants.
After the application and developing of the
photoresist layer, the substrate was ready for etching
process.

In the case of gold-nichrome electrodes

standard etchants were used, ie, potasium iodide solution
for gold etching and (Ce 2 (SO 4 ) 3 and HNO 3 ) for Ni Cr
etching.

This was followed by washing in water, then in

acetone and finally in propan-2-ol and water.

In the

case of aluminium electrodes, aluminium etchant was used,
then the substrate was rinsed in water (2 steps) and
then in acetone (2 steps) and finally in propan-2-o].
to remove the acetone.

The etchants were found to

attack and etch the chalcogenide layer which destroyed
the coplanar samples in the case of the layout shown in
figure 4.4, but did not affect the pore and sandwich
devices.

0
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Another requirement for the fabrication of pore
devices was an insulator layer which defines accurately
the position of the pores.

The use of photoresist

a an insulator had the advantages of ease of application,
good definition, well characterised developing process
and the fact that the material under the pore was not
exposed to etchants.

A negative photoresist (160 cc

isopoly photoresist and 40 cc thinner mixed together)
was applied using a syringe with a filter to avoid any
impurities.

The syringe was cleaned using white spirit.

The substrate with the photoresist on top was mounted on
the spinner (5000 rpm) for 30 seconds and then baked in
the oven at 75 ° C for 30 minutes.

Afterwards the

substrate was exposed to UV light for 1.5 seconds through
the appropriate mask.

The molecules in the exposed

areas 'cross-link' and became insoluble in solvent
developer.

The process continued through developing

for 45 seconds and rinsing for 30 seconds in n-Butyle
acetate and then left overnight at 100 ° C.

4.6 EQUIPMENT FOR DEVICE CHARACTERISATION AND MEASUREMENTS
1.

Optical Microscopy
Glasses were inspected under the optical microscope.

The optical microscope was also used to examine switching
devices at the end of each step of the processing procedure.
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Chemical Analysis
Bulk glass composition and the composition of the
chalcogenide thin film layer were chemically analysed
using a spectrophotometer calorimetry technique to
investigate compositional changes from the target during
sputtering.

This method requires about 2 - ,S mg of

the material to be analysed for a 1% composition accuracy.
A typical result for a 4 pm sputtered film, target
composition Ge 15 Te 81 Sb 2 S 2 was a film composition
Ge 101 Te 34 .2 Sb 42 S 15 which does not show a significant
difference from the original composition.

Thickness Measurement
The thickness of the chalcogenide layer was measured
using a Taylor-Hobson Talysurf 4 which has a resolution
of 0.01 pm/division with a possible error of ±1%. The
amorphous devices used were of thickness in the range
0.8 - 1.2 pm.

DC Conductivity Measurements
DC conductivity measurements were made in the
temperature range 150K - 300K using a Keithley type
610C electrometer to measure the resistance directly.
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The sample was mounted under vacuum in a cold finger
type chamber which is shown schematically in
figure 4.7.

The vacuum chamber was made of 3/8"

dural alloy and supplied with windows for illumination
of the sample if required.

Liquid nitrogen was put

in the copper reservoir which was insulated with
polystyrene foam.

The liquid nitrogen reached the

sample holder through a copper pipe surrounded by a
stainless steel pipe but not touching it.

The space

between the two pipes was kept under vacuum for good
thermal insulation.

The sample holder was heated by

a thin nichrorne wire and the temperature was adjusted
by varying the heater current.

The temperature was

measured by a chromel-alumel thermocouple located underneath the sample.
In the case of field dependent conductivity the
measurements were made using a Keithley type 225
current source which supplies dc current in the range
from 1 nA to 100 mA, and a Keithley BlOC electrometer
for the measurement of the voltage across the sample.

5. Lock-on Time Measurements
The samples were addressed by a series of SET-READRESET-READ pulses from a pulse generator designed specially
for this purpose.

The voltage across the sample was

liquid nitrogen reservoir

ie r

Figure 4.7

Schematic Illustration of the Cold Fin4er Sample Holder
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detected using a Tektronix storage oscilloscope type 549.
The memory on-state resistance was measured after each
SET pulse Using a Keithley 6100 electrometer.

For

measurement of lock-on time with the varying ambient
temperature, the same environmental vacuum chamber used
for dc conductivity measurements was used.
The pulse generator used to generate the SET-READRESET-READ series of pulses was capable of working

either in a free running mode with a repetition rate of
1 Hz or in••ing1e shot mode.

It had the characteristics

shown in Table 4.1 below.

SET

V

I

t

0 - 60 V

0-30 mA

10 ps-160 ms

0-100 mA

10 Ps

RESET
READ

LtV

5ts

II

Ii

1
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CHAPTER 5

EXPERIMENTAL RESULTS AND PRELIMINARY
DISCUSSIONS

5.1 THE MEASUREMENT OF THE DC CONDUCTIV
The low field DC conductivity was measured as a
function of temperature in the range 150 K - 300 K
The compositions studied were 10, 20 and 30 mole %
Ge Te along the pseudo binary As 2 Te 3 -GeTe.

The

results shown in figures 5.1, 5.2 and 5.3 show a
change of activation energy, below room temperature,
to some lower value which indicates a change in the
conduction mechanism-

The higher temperature range can

be explained in terms of conduction due to carriers
excited in the extended states with activation energies
between 0.4 and 0.5 eV.
ponds to the quantity E

This activation energy corres- E

as mentioned before in

Chapter 2 and it tends to decrease as the GeTe mole %
is increased as shown in figure 5.4.

The lower

temperature range yields smaller values for the
activation energy 0.23-0.25eV which may be due to hopping
of excited carriers in the band tails.
The field dependence of the DC conductivity for the
mentioned compositions was found to obey the equation

o(E)

= o(0) exp(e a (T)E/kT)

(5.1)
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where o(E), a(0) are, respectively, the conductivity
at field E and at zero field, and where a(T) is a
temperature-dependent parameter having the dimensions
of length and ranging from 2 nm to 4 nm.

This was

checked by replotting the data in figure 5.5 in the form
logE log(a/a(0))] against log V which gave a slope of
the straight linesl which is consistent with the
results reported by Marshall and Miller 34 and equation
(5.1) seems to describe a universal feature of transport
in disordered chalcogenides and related materials.

5.2 LOCK-ON TIME MEASUREMENTS
Lock-on time measurements were made by applying
a SET pulse to the sample and observing a 'blip' in the
voltage across the device.

The appearance of this

'blip' was taken to be an indication of lock-on. The lock-on time was measured as the time between the start
of the SET pulse and the start of the 1ockton blip
as shown in figure 5.7.

A high current short pulse

is applied to return the device to its high resistance
off-state again.

The 'off' and 'on' conditions weime

indicated by a low amplitude 'read' pulse.

The range

of values of the parameters used in the lock-on-measurements were

4

o

150 K

A 175 K
o 190 K

10- 6

C) 210 K

10 H

ri

c
b

10_ B
(As 2 Te 3 ) 70 (GeTe) 30

10_ 9

1

Figure 5.5

2

3

4
Voltage (V)

5

6

.7

Electric Field Dependence of the D.C. Conductivity

8

1

Es'

I
b
b
0
tjD
0
rH

-2
0

Figure 5.6

1
Log V

2

D.C. Conductivity of (As 2 Te 3 ) 70 (GeTe) 30
Plotted Logarithmically to Check Equation (5.1)

II

(1
bD
iii
41
0

-

Figure 5.7

time

Schematic Illustration of the Measured
Lock-On Time

MR

V
SET

I

8-60 V

t

0.5-30 mA

RESET

10 ps-160 ms

100 mA

READ

7 ps

4V

Sps

Several shapes of 'blips' which characterize the
lock-onevent, were noticed in the course of this work.
All the different shapes (figure 5.8) were variations
of the typical blip which is characterized by a small
rise in the voltage across the device and then a decrease
to almost the same value before lock-on.

The

variations can be either in the duration of the 'blip'
or in the amount of the voltage increase and decrease
during the blip.

A detailed study of these shapes was

made by Steventon 86 who suggested that a decrease in
voltage may occur due to device degradation while an
increase in voltage may he due to the cooling effect
accompanying crystallization.

-

A rare number of events showed a very noisy setting
voltage which made it difficult to distinguish the value
of the look-on time in which case these events were
ignored.
The virgin devices were 'run in' under memory
conditions for 200 operations to reach a stable value
for the lock-on time.

During the running in of the

t

82.

device, the lock-on time usually dropped from about
20 ms to about 1 ms.

The devices worked for about

10 memory write/erase operations which provided a wide
enough range for reliable experimental measurements.
The lock-on time distribution for Ge 15 Te 81 Sb 2 S 2
composition was found to obey a log-normal distribution
as reported before 35,86.

The results were plotted

using a log-normal probability paper in which the
probability axis is scaled to transform the sigmoid
shape of the cumulative probability curve into a straight
line (figure 5.9).

5.3 THE EFFECT OF SET CURRENT ON LOCK-ON DISTRIBUTION
The on-state current is one of the parameters,
perhaps the most important one, which controls the energy
input to the device in its on-state.

In spite of the

argument about the mechanism responsible for threshold
switching, memory switching is believed to be achieved
by maintaining the switching pulse for sufficient time
to achieve a hot localised region in the device and to
complete the growth of a crystalline filament between
the two electrodes.

This makes it reasonable to start.

with the on-state current as the first parameter to be
investigated.
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Samples were mounted in the sample holder and
contacts to the device were made by two spring loaded
probes to achieve good contacts to the sample.

The

on-state current was varied by changing the series
resistor connected with the pulse generator.

This

provided a range of setting currents extending to more
than 30 mA.

However, it was noticed that the lock-on

blip which is the .signal used to detect lock-on almost
disappears at SET currents higher than about 15 mA.
This defined the upper limit for the influence of the
on-state current.

After each SET pulse both the lock-

on time tLO and the memory on-state resistance
were recorded.

For each value of the on-state current,

200 memory switching events were carried out in order
to evaluate the statistical average value of the lock-on
time in each case.

All other switching conditions -

pulse amplitude, pulse width, etc - were kept constant
for each measurement and the reset conditions of 100 mA
for 7 ps were used to return the device to the off-state.
The composition used was the 0e 15 Te 81 5b 2 5 2 which provided
a stable memory glass to help in the statistical
evaluation of the data.
The results obeyed the log-normal distribution as
mentioned before. It was found that the amplitude of
the median of the lock-on time decreased with increasing
SET current as shown in figure 5.10.

It was also found
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that the slope of the distribution increased with
increasing current (figure 5.11).
The models introduced for the memory stitching
phenomenon 85,

86 which were reviewed in Chapter
$
3,

assumed a temperature distribution inside the switching
device which maintains the temperature of a certain
volume of the sample in the range for rapid crystallization
According to these models a

as shown in figure 3.12.

decrease of the median of the lock-on time with
increasing current is to be expected as a consequence
of an increase in the filament temperature.

The

crystal growth rate has the temperature dependence
shown in figure 5.13.
temperature T.

It exhibits a maximum value at

During the memory switching event,

above a certain current value, the distribution of
isotherms across the sample is such that there always
exists a complete path between the two electrodes at the
temperature T which is the temperature for maximum rate
of crystal growth.

This isotherm shifts outwards with

increasing current but keeps the crystal growth rate
constant and equal to the value corresponding to T.
This leads to the conclusion that the lock-on time should
saturate at a certain SET current when T has been
reached within the device.

Experimentally, however,

the lock-on time continues to decrease as the SET current
is increased. This will be discussed further in the
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next section.
The increased slope of the-lock-on distribution
accompanying the increase of the set current can also
be explained in terms of a thermal approach.

The

outward shift of the T isotherm when the current is
increased, increases the number of possible paths for
the completion of the first crystalline bridge.

This

increases the scatter of the lock-on time and consequently
increases the slope of its log normal distribution.
Another parameter which changes with the set
current is the memory on-state resistance.

The on-state

resistance was found to exhibit a wide variation from
about 4 KQ to about 100 Q as on-state current increased:
as shown in figure 5.14.

6.4 THE EFFECT OF AMBIENT TEMPERATURE ON LOCK-ON TIME
DISTRIBUTION
As a consequence to the discussion about the effect
of the on-state current on the lock-on time distribution
in the preceding section, it was important to investigate
the effect of ambient temperature on that distribution.
The sample used was of the pore type and was mounted
in the cold finger sample holder described in Chapter 4.
Connections to the device were made using high conductivity
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silver paint.

The effect of ambient temperature on

lock-on time was measured under vacuum in the temperature
range 150 K - 293 K.

The results are shown in

figure 5.15, and show some scatter but generally the
tendency is for the lock-on time to decrease with
increasing ambient temperature.

Qualitatively this can

explain the absence of a saturation value for the lockon time as the on-state current is increased (figure 5.10)
in terms of the existence of cooler regions near the
electrodes which control the lock-on time.

However,

the fact that the memory on-state resistance remains
almost constant with the change in ambient temperature
as shown in figure 5.17 indicates that the thermal'
profiles do not change much in the radial direction
(unlike the case for on-state current where the onstate resistance changes considerably with I, figure 5.14).
A statistical treatment of the data was carried out
by calculating the autocorrelation coefficients (4) at
different temperatures.

Generally the autocorrelation

function of random data describes the general dependence
of the values of the data at one time on the values at
another time 95 and this is explained in more detail in
appendix 1.

The general form of the autocorrelation

function for a random sample is shown in figure 5.18.
The results of the computation of the autocorrelation
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function (At

) are shown in figure 5.19.
The trend
L.O.
of the data is to an increase in the value of the first
zero intersection of the autocorrelation function with
the horizontal axis as the temperature is increased.
Although the change of the autocorrelation is not
substantial, its tendency to increase with increasing
temperature is consistent and clear.

It was.also found

that the standard deviation 5* increased as the temperature
was decreased which indicated increased scattering of
the data at lower temperatures (figure 5.20).
The possible effect of the decreased ambient
temperature on the RESET operation is to reduce the
ability of the reset pulse to dissolve the crystalline
filament which may result in larger residual crystallites
than in the case of higher ambient temperature.

However

this effect is likely to reduce the scattering of the
data at lower temperatures rather than increase it,
which makes this assumption unlikely to occur.

The

increased scattering of lock-on time data at lower
temperatures, indicated by the autocorrelation and
standard deviation computations, is postulated as being
due to decreased crystal growth rate as the temperature
is decreased.

In turn this permits more paths between

the two electrodes to contribute to the lock-on process.
to avoid confusion between conductivity and standard
deviation, a is used only for the former and S to
represent the latter.
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5.5 THE EFFECT OF PARALLEL CAPACITANCE ACROSS THE
DEVICE ON THE LOCK-ON TIME DISTRIBUTION
Another source of energy input to the device during
the switching event is the capacitive discharge energy.
This type of energy delivery occurs at an early stage
in the on-state.

As the SET pulse is applied and:

during the delay time tD a certain amount of energy
(

1
2

CV 2 , where C is the capacitance of the 'cross-over'

electrodes and the pore) is stored in the device.

This

amount of energy is three orders of magnitude less than.
the energy supplied in the on-state period but it is
discharged into the filament in a very short time
during the actual switching process (a few nano seconds).
This high rate of energy discharge makes it important
to investigate its effect on the lock-on process.
The effect of the capacitive discharge energy was
investigated by connecting different parallel capacitors.
across the device and measuring the lock-on time as a
function of the parallel capacitance.

The median of the

lock-on time decreased as the parallel capacitance was
increased until it reached a minimum and then it increased
slightly as shown in figure 5.21.

A further increase

in the parallel capacitance to values higher than SO PP
resulted in damage to the device and it did not show any
lock-on behaviour.

The distribution of the lock-on time
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M
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data vs cumulative probability exhibited a change of
the slope of the straight lines which increased with
the increase in capacitance as shown in figure 5.22.
In this case, the memory on-state resistance, which is
used to monitor any changes in the thermal profiles
across the de'ice, did not change as the capacitance
was increased.
On the basis of the mode], so far proposed, the
constant on-state resistance indicates that the
temperature distribution and thermal profiles during
the on-state are not the factor which control the change
of the lock-on time.

However, the minimum exhibited

by the characteristics suggests some effect which may
be related to tellurium crystallites which already
exist in the device from previous set operations and
act as growing nuclei for the new filament.

In this

case we can regard the capacitive discharge pulse and,
its high rate of energy dissipation as providing a high
local temperature which favours fast crystal growth
for small capacitance values.

As the capacitance is

further increased the temperature may be high enough to
destroy these crystallites by melting them and thus new
filament growth is started without the help of existing
tellurium crystallites.

Indeed the values of

capacitive discharge currents involved are comparable
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to the current in the RESET operation.

For values of

the parallel capacitors ranging from 4 PF to 50 PF and
voltage pulse amplitude of 10 volts, the capacitive
discharge current UdV
c
) will change from 30 mA
to about 350 mA.

Even the much shorter duration of

this discharge pulse (in the range of nanoseconds),
which means much less energy than the reset case, can
be effective if we remember that in this case the
capacitive discharge pulse deals only with the small
crystallites rather than a complete filament.

It may

be worth mentioning also that only one crystallite need
be destroyed to delay considerably the completion of
the first crystalline bridge between the two electrodes.
From the above discussion we can see that as the
parallel capacitance is increased, the capacitive
discharge pulse will change from one speeding up the
crystal growth process to RESET like pulse during the
SET operation.
The above assumption of random nucleation is also
justified by the change of the slope of the lock-on
time distribution.

The two-slope distribution can

simply be regarded as a combination of two distributions,
one for the lower values of lock-on time which represents
the case in which tellurium crystallites act as centres
for the filament growth and the second is the
distribution when these crystallites are destroyed by
the discharge pulse.

91

The data was further analysed numerically by
computing the autocorrelation function for each set of
data at each parallel capacitance value (figure 5.23).
Again if we take the first zero intersection of the autocorrelation function with the horizontal axis as the
means of comparison, it is found that the interval at
which the autocorrelation function drops to zero is
maximum for capacitance values in the range of 20 PP
to 30 PP.

These values represent the range of the

maximum crystal growth rate-which results, as expected,
in the maximum autocorrelation among the lock-on data.
Higher values of capacitors will result in fewer
crystallites, thus the crystal growth process has to
accomplish longer paths which results in more randomness
and less correlation.
The same trend was exhibited by the results of the
standard deviation (S) computations.

The standard

deviation, which is a measure of the scatter of the data,
showed a minimum at a capacitance value of -22 PP
(figure 5.24) which confirms the significance of the
autocorrelation results and the previous discussion.
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S . B THE EFFECT OF THE PORE DIAMETER ON THE LOCK-ON
TIME DISTRIBUTION
The pore diameter is one of the parameters used to
differentiate between the thermal and electronic
theories of threshold switching.

While the thermal

theories predict a threshold voltage which has some
dependence on the pore diameter, electronic theories
--

assume that the pore area does not play any role in
the threshold switching mechanism.
In the case of memory switching, the non-thermal
mechanisms claimed to be responsible for the fast
crystallization process that takes place during the set
operation 88 , are supposed to be diameter independent.
The investigation of the effect of the pore diameter on
the lock-on time not only checks the validity of these
non-thermal ideas, but also offers valuable information
about the process of heat conduction in the device in
case any dependence of the lock-on time on the device
diameter does exist.
One of the main advantages of the device layout,
which contains the different diameters on the same
substrate, is to enable us to investigate the effect of
varying diameter for films of identical composition and
properties.

Thus any uncertainties about composition

or manufacturing conditions are avoided.

The different

93

devices were then investigated under the same
experimental conditions.
The results showed that the median of the lock-on
time increased with increasing diameter and the rate
of change of-the lock-on time is steeper at greater
Fl

diameters as shown in figure 5.25.

The change in the

device diameter also introduces a small change in the
device self capacitance which may affect the device
behaviour.

The cross-over capacitance of the device

consists of the pore capacitance connected in parallel
with the series combination of both the chalcogenide
and insulator layers.

However, the calculation of the

device capacitance showed that it is almost constant
with the change in the pore diameter as shown in
figure 5.27 so it may be excluded as a possible cause
of the change in the lock-on time.
The fact that the change in device self capacitance
is not capable of explaining the substantial effect of
the device diameter on the variation of the lock-on
time suggests that the temperature distribution across
the device and the possible heat transfer paths might
be significant.

It is reasonable to introduce the

possible thermal conductances and thermal capacities
that may contribute to the thermal conduction process
in the off-state and the on-state respectively.
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In the off-state, the overall thermal conductance
of the device consists of the series combination of
the film-substrate conductance F f and the substrateheat sink conductance

r

where r

by the expression
-

96
2K

Ff

can be represented

TT

a

Z

d
and in the case of uniform linear heat flow in the
substrate

r5

K_ ¶ a 2

If thermal fringing is taken into consideration,
the following result is obtained
35
2 K

F=
5

it a
____
l+- log
5

where K

and K are the film and substrate thermal

conductivities respectively, a is the pore radius and
d f and d are the film and the substrate thickness
respectively.
The above-mentioned thermal conductances, together
with the thermal capacities of the film C

and the

substrate C, can lead to a thermal equivalent circuit
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which is shown in figure 5.28.

This equivalent

circuit may represent the operation of the device
during the off-state.

As soon as the device is

switched on the situation is changed.

Not only do

the electrical characteristics change but the thermal
-

conduction process also changes and the thermal
equivalent circuit has to be modified in order to cope
with the new situation.
As soon as current filamentation occurs, the
radius of the conducting area shrinks to r f which is
the filament radius and the thermal conduction process
in the radial direction has to be taken into
consideration.

In this case the device consists

mainly of four thermal conductances connected with
three thermal capacities and may be represented by
the thermal equivalent circuit shown in figure 5.29.
The thermal conductances are the filament-substrate
thermal conductance F , the substrate-heat sink
thermal conductance F ss , the filament-amorphous matrix
thermal conductance F fm and the amorphous matrixsubstrate thermal conductance F 5 .

The thermal

capacities are C f , C, Cs which are the filament,
the amorphous matrix and the substrate heat capacities
respectively.

The different thermal conductances can

be expressed in the following forms

F
F

C

Figure 5.28

S

Thermal Equivalent Circuit of
the Device in the Off-State

F

fs

C
55

Figure 5.29

Thermal Equivalent Circuit of
the Device in the On-State
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rf

2 71rf 2
= Kf
d

W
.

2 ii d

rf
K

f ln(a/rf)

r ms

2
r

Kf

it

a2

df

2ira
I'

SS

K

S

1 + a/d log 2
S

The following table lists approximate values of the
thermal properties of the materials used in our
devices.

Material

Thermal Conductivity K Thermal Capacity
-1
-3 d
Wm
K- 1
KJ

Chalcogenides 0.2 - 0.5 (ref 42, 43, 1 x 1o 6 (ref 42)
97)
7059 Glass

1 (ref 98)

Sapphire

35 (ref 98)

Tellurium

le
1/ to C-axis 3.8

(Crystalline)

-- -

Ito C-axis 19.7
(ref 98)

Molybdenum

1.4 x 102 (ref 98)

Aluminium

2.9 x 102 (ref 98)

Table 5.1

-2 x 106 (.ref 98)

Thermal Properties of Materials Used in
Device Manufacture
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From table 5.1 typical values of the thermal
conductances for two different pore diameters,
10 pm and 150 pm, are calculated and the results are:

Diameter

Ff

Jim

pW K_

rfm

Fms

K_

10

0.314

1.36

150

0.314

0.628

31.4
7 mWK'

This comparison shows that in the on-state the-amorphous matrix plays a dominant role in the thermal
conduction process.

The heat transfer process in

the filament and the amorphous matrix surrounding it
can be combined into a single thermal conductance if
we consider an enlarged filament of a conical shape
with its base adjacent to the substrate and a radius,
a equal to the pore radius.

This representation will

have a thermal conductance Feff which may be
represented by

F ff

K 27rreff

where reff is an effective radius proportional to
the pore radius

re ff

Ba

where B

C

1

ME

This functional dependence of the film thermal
conductance on the square of the pore diameter can
reasonably explain the steeper region in the lock-on
time vs pore diameter characteristics.

The weaker

dependence at smaller diameters may be due to an
increased effect of the thermal conduction in the
radial direction since F f increases at smaller
diameters which may lead to a reduction of the value
of the constant B.
One other factor which may contribute to the
enhancement of the heat conduction in the radial
direction is the tellur ium crystallites which remain
after the reset pulse.

These crystallites have their
C-axis aligned with the device axis 83 and have a
thermal conductivity in the radial direction which
is about five times as high as their?. thermal
conductivity in the axial direction (Table 5.1).
This effect contributes more to enhance the radial
conduction process.
The measurement of the on-state resistance
showed no significant change with the change in pore
diameter (figure 5.30).

This indicates that the

size of the crystalline filament remains almost unchanged and in turn that the position of the fast

0
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crystallization isotherm is not changed.

This

suggests a correlation between the critical holdi,ng
temperature and the glass crystallization temperature.

5.7 THE EFFECT OF THE SUBSTRATE MATERIAL ON THE
LOCK-ON TIME DISTRIBUTION
The substrate thermal conductivity is one of the
important parameters which controls the thermal
boundary conditions for a switching device.

The

substrate thermal conductivity has a direct influence
on any thermal effects on the lock-on time and the
on-state.

In turn, this helps improve our under-

standing of the effect of the pore diameter on the
lock-on time.
The devices were made on two different substrat.e
materials

7059 glass and sapphire.

They provided

examples of low and high thermal conductivity
materials (see Table 5.1).

Devices on different

substrates were made together during every step in
the device processing to avoid any differences in
composition or production conditions.

The multi-

diameter configuration was used to investigate the
effect of diameter change accompanying the change of
substrate material.

100

Devices of two different pore diameters,
typically 60 pm and 150 pm, on sapphire substrates
were investigated under varying on-state current
conditions.

They showed the same tendency of the

lock-on time to decrease as the set current was
increased (figure 5.31).

This is consistent with

the tendency exhibited by the devices on 7059 substrates
as mentioned before.

When the results of the two

different diameters for the sapphire substrate case
were compared, it was found that the values of the
lock-on time for the 150 pm diameter devices were
considerably higher than those corresponding to the
60 pm pore diameters.

This again was consistent

with the data for devices on 7059 glass substrates.
The results of the lock-on time for the same diameter
on two different substrate materials, using set
current equal to 2.5 mA, did not show significant
change with the different substrate material and the
device diameter remains the effective parameter in
this case as shown in figure 5.34.
The results were consistent with the interpretation introduced in Sections 5.3 and 5.6 where
an increase in on-state current tends to reduce the
observed values of the median lock-on time and an
increase in the pore diameter tends to increase it.
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The fact that the lock-on data was similar for the
two different substrate materials means that the
thermal conductance of the substrate-heat sink
combination has no significant role to play in the
on-state.

This is consistent with the discussion

mentioned in Section 5.6, since

r,

the substrate-

heat sink thermal conductance, is higher than the
film thermal conductance in the on-state in both the
radial and axial directions.

D

r fs

r fm

Jim

pW K_ I

pW K_ i

10

0.314

1.36

150

0.314

0.628

1' ss
pW
3.14
47

Thus the film thermal conductances are the effective
parameters which control the heat transfer in the
device in its on-state and not the substrate
parameters.

5•8 THE EFFECT OF OFF-STATE VOLTAGE ON LOCK-ON
TIME DISTRIBUTION
In this casethe pulse amplitude was changed
while the on-state current was kept constant by
changing the limiting resistor.

The median value

of the lock-on time was found to decrease with
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increasing' the amplitude of the voltage of the set
pulse as shown in figure 5.35 and comparison with
figure 5.10 shows that, rather surprisingly, the
off-state conditions can have as large an effect on
the lock-on time as the on-state current.

The

voltage across the switching pore is almost constant
during the threshold on-state, ie, before lock-on
occurs, and therefore, in the results of figure 5.35,
the on-state working conditions are also constant.
The energy input to the switch during the off-state
is two orders of magnitude less than the on-state
energy input.

(NB. the off-state current at
threshold is approximately 10- 2 times that of the onstate current).

Thus, the change in lock-on time

with the off-state voltage cannot be due simply to
the change in the energy input.

The capacitive

energy stored during the off-state Q CV 2 , where C
is the capacitance of the 'cross-over' electrodes and
the pore) is even less than the off-state energy input
(by an order of magnitude), but the capacitive energy
is discharged into the filament in a very short
period of time during the actual switching process
(nano seconds).

It is possible that this high rate

of energy dissipation could give high local temperatures
which favour fast crystal growth.

As mentioned

above, the off-state voltage has the same degree of
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influence on the lock-on time as the on-state
current and the two are compared in figure 5.37..

5.9. THE EFFECT OF FILM COMPOSITION ON THE MEMORY
SWITCHING PHENOMENON
So far all the measurements were made on films
sputtered from a target of composition Ge 15 Te 81 Sb 2 S 2 .
-.

This is known to be a stable and reliable memory
composition.

However, the well accepted explanation

of memory switching, that it is due to the
precipitation of a crystalline filament in the
amorphous matrix, made it necessary to investigate
the effect of changing the composition on the memory
switching action.

A series of compositions along

the As 2 Te 3 -GeTe pseudo-binary system were investigated
to explore the possibility of their use as memory
materials.

This investigation helps to understand

the relation between the lock-on process and
crystallization fields of the different compositions.
The compositions investigated are listed in Table 5.2
with their possible crystalline phases as indicated
in reference 99.
The only composition which gave good memory
devices was (GeTe) 5 (As 2 Te 3 ) 94 .

The lock-on time

in devices made from this composition ranged upwards
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from 6 msec.

However, the device performance was

not stable enough to allow a statistical study of
lock-on time in this material to be carried out.

Mole % GeTe

Phases Detected by X-Ray Diffraction

6

monoclinic As 2 Te 3

10

monoclinic As 2 Te 3

20

cubic As 2 Te 3 + GeTe (33)

30

triclinic As 2 Te 3 + GeTe (33)

'17

GeTe (33)

Table 5.2

Crystallization Fields of the Compositions
Studied Along the Pseudo-Binary As 2 Te 3 -GeTe

5.10 ILLUMINATION EFFECTS ON LOCK-ON TIME
The idea behind trying to study the effect of
illumination on the lock-on time distribution was
to investigate the possibility of non-thermal effects
on crystallization kinetics in the amorphous memory
materials.
Samples were made of two different compositions
Ge 15 Te 81 Sb 2 S 2 and (GeTe) 10 (As 2 Te 3 ) 90 .

The first

composition provided devices with the required stable
and well characterized memory behaviour while the
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second represented one of the compositions which
failed to lock-on under dark-set conditions.

-

The

devices were made with thin semitransparent gold
upper electrodes which made it necessary to operate
them under the lowest possible set and reset currents
The set current was limited to 0.4 mA and the reset
current to 40 mA.
We could not observe a clear blip in the case
of composition Ge 15 Te 81 Sb 2 S 2 so it was not possible
to perform the required statistical study.

In the

case of the composition (GeTe) 10 (As 2 Te 3 ) 90 , the
samples were illuminated with white light and a red
emitting diode (Monsanto MV5752).

Under either of

these two illumination conditions, the set pulse
failed to lock-on any of the devices used.

This

may be taken to indicate that thermal and phase
equilibrium conditions are the principal factor
determining the operation of any composition as a
memory material.
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CHAPTER 6
6.1

DISCUSSION

THERMAL NATURE OF THE LOCK-ON PROCESS
The transition from threshold switching to

memory switching is achieved by maintaining the
switching pulse for sufficient time to achieve a hot
localised. region in the device and to complete the
growth of a crystalline filament between the two
electrodes.

The thermal nature of the process was

confirmed by the consistent decrease of the lock-on
time with increased on-state current as shown in
figure 5.10 and mentioned by Steventon 21 .

It was

also confirmed by the substantial increase of the lockon time with the pore diameter.

As mentioned before

the increase in pore diameter leads to increased heat
loss and thus leads to a lower on-state temperature
and consequently a lower crystal growth rate.

The

exponential growth rate u can be represented by

u

r

AexpBT

21

(6.1)

where A and B are constants and T is the temperature
in ° C.
lock-on time tLo

r

where d is the film thickness.

exp(- BT) (6.2)

I

I

-
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If steady state conditions can be assumed due to
the short time constant of the filament, then

temperature rise AT

Iv
11

-

where I, Vand F are the on-state current, the on-state
voltage and the thermal conductance respectively.
1kt,-t
the
Inicasejaxial thermal conduction dominates (F
a 2 ),
the temperature rise is

AT

where a is the device radius

lock-on time tLO

a

exp(

)

(5.3)

and an exponential dependence of the lock-on time on
is expected.

This was observed in the case of

larger diameters (D > 50 pm).

For smaller diameters,

however, the lock-on time is much less dependent on
device diameter.

This may be explained in terms of

radial thermal conductance Ff m which is weakly
dependent on the device diameter
96
F

where r

1
fm

ln(a/r f )

is the filament radius.

(6.4)

OM

The lock-on data shows reasonable agreement to
the above interpretation as shown in Figure 6.1.
The previous discussion illustrates the importance of
taking the pare size into consideration in order to
obtain the shortest possible lock-on time..
Another type of energy which illustrates the thermal
nature of the lock-on process is the capacitive discharge
energy Q CV).

This energy is delivered during the

switching time (- nano seconds) and is capable of a
considerable effect on the device performance.

This

indicates that the temperature rise in the device is high
enough to affect the crystal growth process.
Following Ormondroyd et al' °° , if we assume that all
the capacitive discharge energy is used to raise the
filament temperature (a reasonable first assumption
because of the very short :duràtion of the energy
delivery), then the temperature rise can be estimated
to be

AT = _______
c f iT r d f

(6.5)

Lr

where C, V, c f , r7 and d f are the cross-over capacitance,
the applied voltage, the thermal capacity of the
chalcogenide glass, the filament radius and the film
thickness respectively.

For switching devices in the
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Functional Dependence of the Lock-on Time
on the Device Diameter
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on-state, r
and C

1 pm, d f

1 pm, V - 8V,

c

10 J m 3 Kil

30 pF and these values would give a temperature

rise AT - 300 K which is in the range of rapid
crystallization and still below the melting temperature 99
As the capacitance is increased, the temperature
rise becomes higher and it may become high enough to
melt and destroy some of the tellurium crystallites
which act as growth centres for the new filament as
mentioned in Section 5.5.

This role of that early

thermal pulse, during the switching time, stresses
the thermal nature of the lock-on operation even during
the first nano seconds of the on-state.

This is

Consistent with the explanation suggested by Allinson
101
et al
that the capacitive stored energy dissipation
during the switching transient is responsible for the
nucleation of bubbles observed in their devices but
that these nuclei grow during the time the device is
in the on-state.
energy

( 12

Actually the capacitive discharge

CV) which can be controlled by the parallel

capacitance or the amplitude of the applied pulse,
have the same degree of influence on the lock-on time
as the on-state current.
The randomness of the lock-on time data is
governed by the following factors

Li
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Ci)

The temperature which controls the crystal

growth rate and consequently the lock-on time.
-

At lower temperatures, the crystal growth rate
is decreased and the number of possible paths
for the completion of the first crystalline
bridge increases giving rise to increased
randomness in the lock-on data.
The number of tellurium crystallites which
remains from the previous reset operation.
Although the increased number of these
crystallites tends to decrease randomness, it
eventually leads to the permanent failure of the device into short circuit 102
(iii) The size of the tellurium crystallites which,
as in the previous case, when increased tends
to reduce randomness but finally leads to
permanent failure of the device into short
circuit.
While the above factors can affect the coherence
of the device behaviour, they can also affect the
device life time, so the two requirements have to be
considered together in order to obtain the optimum
device behaviour.

-

ill

The thermal conductance calculations predict that
the only thermal conductance to be affected by the
substrate material is the substrate heat sink thermal
conductance F

ss where in the on-state
2 K

1'

ss

71

a

=
1 + (aid 5

)

log 2

As mentioned in Chapter 5, the values of P

in both

cases of 7059 glass and sapphire substrates are
higher than the film thermal conductance and thus the
film controls the thermal conduction process in both
cases.

Thus the substrate thermal conductivity,

according to these thermal predictions, may not
critically affect the lock-on process and this is
experimentally shown in figure S.R.

South et a1 6°

have shown that, in the quasi-static case, the
temperature rise in the device before switching may not
be critically dependent on the thermal properties of the
substrate.

They found that the higher substrate

thermal conductivity has the effect of decreasing the
time constant associated with device heating but not
diminishing the final temperature rise.

The case

appears to be the same in the on-state where the lockon data suggests that the filament temperature may not
be sensitive to the change in the substrate thermal
conductivity.

I

Unlike the quasi-static operating
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U

conditions in the case of the measurements made by
South et al 50 , the lock-on measurements are made
under much shorter time scale.
We will now try to describe the set operation
since the start of the set pulse until the device is
locked-on ir.fherhemory on-state.

When the set

pulse is applied, a delay period TD elapses before the
device is switched into the threshold on-state.
According to the thermal theory of switching described
in Chapter 3, this delay time is the time necessary
for the device to acquire the temperature rise
necessary for thermal runaway to take place.

The

only effect of this period on the lock-on process is
through the amplitude of the applied voltage which will
affect the capacitance discharge energy.

As soon as

the device switches on, and during the switching time,
the capacitive discharge energy is discharged into the
filament raising its temperature to higher values.
The value of the temperature rise depends on the amount
of energy dumped into the filament and it can act
either to promote the growth of the tellurium
crystallites or to delay their growth and even melt
some of these crystallites if the energy and
consequently the temperature is high enough to have that
effect.
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As the effect of this early energy delivery is
fulfilled, the effect of the on-state energy represented
by the on-state current will add to the operation.
The distribution of the isotherms, which is governed
by both the on-state current and the tellurium
crystallites already existing and influenced by the
capacitive energy, will maintain a certain volume at
the temperature range suitable for rapid crystal growth
as mentioned before by Cohen et a1 85 and Steventon 86 .
The crystallites grow rapidly joining with each other
until the first crystalline bridge is formed between
the two electrodes and the device is locked in the
memory on-state.
In order to return the device to its high resistance
off-state, a short high current pulse with the specifications mentioned before in Chapter 5 is applied to
melt the crystalline filament and cool it rapidly enough
to freeze in the amorphous state.

A representation of

the thermal profiles and steps followed during the SET
and RESET operations is shown in figure 3.10.
The processes discussed so far involved the
development of high temperature that may be well above
the melting temperature T

of the switching material.

In the on-state, the filament is very small and the
current density is very high.

The combined action of
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the high temperature together with the high current
density leads to different forms of device failure 21,102,103
among which are
Ci)

debris accumulation leading to lower threshold
voltage and finally failure into the on-state.
top electrode evaporation due to high reset
current and high temperature.

They may lead

to electrode diffusion into the active material.
(iii) electromigration and diffusion.
The reduction of the reset current, in order to
limit the temperature during the reset operation, has
the disadvantage that it leads to the failure mode M.
However, Steventon 21 found that the use of multi-reset
pulses removes debris and improves lifetime.

High

temperature can also be caused by the capacitive
discharge pulse which leads to very high current
densities.

This can lead to failure modes (ii) and (iii).

Thus it is preferred to reduce the device capacitance
and the circuit parallel capacitance in order to reduce
the possibility of failure.

This has the further

advantage of decreasing the lock-on time and reducing
the scattering of the data.
The change of the device temperature with the device
area can be considered in a different way.

Although
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the temperature rise is higher in the case of smaller
diameters, the long lock-on time exhibited in the case
of large pore diameters, together with the high current
density, may lead to more compositional changes and
eventually to device failure.
-

Thus the smaller

diameters, besides reducing the lock-on time
considerably, are expected to have higher lifetime.
This also has the advantage of reducing the component
size and using larger number of devices on the same
substrate resulting in a higher packing density.
The above discussion relating the processes
involved in the lock-on process to the device lifetime
and reliability leads to the main requirements for the
set, reset and read pulses.
(i)

The Set Pulse
The set pulse is required to threshold switch the

device as a prerequisite for lock-on.

The set pulse

voltage should be higher than the threshold voltage
at the lowest working temperature.

The set current

should not be too high to cause a very low on-state
resistance.

This may require a high reset current

which may cause device failure. The set pulse should
be wide enough to cover the whole range of the lock-on
time distribution.
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The Reset Pulse
The reset current should not be too high to cause
device damage or too low to cause debris accumulation
and device failure.

The reset pulse should be long

enough to be able to dissolve the crystalline fiLament.
The Read Pulse
The read pulse should not switch on the device
otherwise it will give a false information.

6.2

POSSIBILITY OF NON-THERMAL MECHANISMS
The possibility of non-thermal processes taking

place and causing the memory switching phenomenon in
chalcogenide glasses has been proposed 88 to explain
the fast crystal growth exhibited in these materials
and to try to dispute the thermal nature of the onstate.

It was assumed that non-equilibrium carriers

may either contribute an efficient bond weakening
mechanism or that the recombination of light-generated
carriers raises the temperature of - the glass well above
T

where atomic mobility is high.
In our trials to study the effect of illumination

on the lock-on time in the composition Ge 15 Te 81 Sb 2 S 2 ,
the set current was limited to values lower than -0.4 mA

F
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because of the use of thin gold upper electrodes.
This range of values of set current made it difficult
to make the desired statistical study because of the
difficulty found in observing the lock-an blip.

In

the case of the composition (As 2 Te 3 ) 90 (GeTe) 10 , which
failed to lock-on with pulse widths up to 140 msec,
illumination with white light and with red light
emitting diode of wavelength 635 nm did not show any
change in the device behaviour from that under dark
conditions.

This may indicate that using set pulses

of that width and under the mentioned illumination
conditions, the assumed effect of non-equilibrium
carriers does not have an essential role to play with
memory switching in this material.

However, a study

of illumination effects using different wavelengths
and longer set pulses may give more information about
this effect.
One more non-thermal process which may contribute
to memory switching is the electric field enhanced
nucleation.

According to Kashchiev 104 in the presence

of applied electric field, the rate of nucleation is
either enhanced or inhibited depending on the relation
between the dielectric constant of the new phase and
that of the old phase.

The change in the isothermal

reversible work required for the formation of a cluster
of x atoms (or molecules) due to the application of
the electric field is

ri
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f(X) v E 2 x

AWE(x)

(6.6)

A
r
_____
where f( X)1
2+A
-

and

C
C
C

A
-

(6.7)

in

where c c , cm , v, E are the dielectric permitivity
of the cluster and the matrix, the mean atom volume
in the cluster and the - applied electric field
respectively.
ie, 6m

According to (6.6), if f(A) is positive,

c , the work required for the formation of

the cluster is decreased and the electric field will
stimulate the cluster formation while if f(A) is
negative, ie, 6c > 5m' the work is increased and the
field will inhibit its formation.
In the case of the chalcogenide glass Ge 15 Te 81 SbS 2 ,
the tellurium crystallites which remain from the
previous set operation immersed in the amorphous matrix,
act as growing centres for the new filament.
Since the
dielectric constant for tellurium -24 105 while for
chalcogenide glasses it ranges approximately from 8 to 12.
This means that the work required for the formation of
the cluster will be increased by the application of
the electric field and that the off-state voltage will
inhibit the nucleation rate.

This gives support to

the explanation of the effect of the off-state voltage on
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the lock-on time in terms of the effect of the
LI

capacitive discharge energy and not an electric
field enhanced nucleation rate.

6.3

EFFECT OF COMPOSITION ON THE LOCK-ON TIME
When lock-on experiments were made on different

compositions in the pseudo-binary system As 2 Te 3 -GeTe,
the only composition which showed relatively reliable
memory performance was the composition (GeTe) 6 (As 2 Te 3 ) gq .
However, the lock-on times exhibited by this composition
were higher than those observed

in the case- of the

composition Ge 15 Te 81 Sb 2 S 2 .
A study of the system Ge-Te-As was made by Beales
et a1 99 which showed that in the system As 2 Te 3 -GeTe both the transition temperature and the crystallizati:rn
temperature increase with the increase of the mole %
GeTe in the glass composition as shown in figure 6.2.
This suggests that a higher GeTe % may have an effect
to inhibit crystallization.
transition temperature T

The increase of the glass

with the increase in Ge

content indicated the strong cross linking caused
by germanium.

A similar conclusion reached by

Sugi et al 106 who noticed that the crystallization
temperature T x increases with higher concentrations of
As or Ge from which they suggested that both elements
have an effect to inhibit crystallization.

In the

250,
crystallization temperature

T

transition temperature

w
200

U
0
ci)

RI

-4-)
nj
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E4..
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ItO
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Figure 6.2 Change of T and T x with the Change in
CeTe % Along the As 2 Te 3 -CeTe Pseudo-Binary
System
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- series of compositions investigated during the course
of this work the decrease in germanium content, .with
lower germanium telluride, causes an enhancement of
crystallization.

So the fact that memory performance

is more reliable in the case of composition
(GeTe) 5 (As 2 Te 3 ) 9 is in accord with the above discussion.
It has also been noticed 91 that the composition of the
filament in the case of glass compositions belonging
to region I (figure 3.13) of the Ge-Te-As system is
always nearly that of the stoichiometric material As 2 Te 3
in most of the filament.

Thus for the composition - -

(GeTe) 6 (As 2 Te 3 ) 94 , the composition of the memory
filament is close to that of the surrounding matrix.
This means reducing atomic migration and compositional
change and thus can account for the improved performance
of this composition compared to other compositions
along the pseudo-binary As2Te3-GeTe.
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CHAPTER 7

CONCLUSIONS

A detailed investigation . of the memory switching
phenomenon was carried out.

The lock-on time was

studied as a function of variety of parameters.

It

was found to follow a log-kiormal distribution.

The

results of the lock-on time as a function of the onstate current and the ambient temperature are in
agreement with the thermal model introduced.

This is

also confirmed by the results of the lock-on time as a
function of the device diameter.

The median of the

lock-on time increases with increasing diameter and
the rate of change of tLO is steeper at greater
diameters.

It was found that for devices of smaller

diameters ( <50 pm) the radial thermal conductance
dominates the thermal conduction process in the onstate.

This explains the weak dependence on device

diameter over this range of diameters.

For larger

diameters CD > 50 pm), axial thermal conductiondominates and results in a steeper dependence of the
lock-on time on the device diameter.
--

The early thermal contribution of the capacitive
discharge energy to the lock-on process is shown from
the effect of the parallel capacitance and the offstate voltage on the lock-on time.

This effect is
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related to the resulting high temperature and its
effect on the tellurium crystallites remaining from
the previous reset operation.

The capacitive discharge

pulse can be regarded as helping crystal growth for
small incremental capacitance values and then at
higher capacitances, the temperature may be high
enough to disperse the crystallites and start new
filament growth from random nucleation centres.
Interpretations of the statistical analysis of the lockon data are in agreement with the model.

It was also

found that the capacitive discharge energy can have
the same degree of influence on the lock-on time as - - the on-state energy.
The investigation of the effect of the substrate
thermal conductivity on the lock-on time indicated
that the filament temperature may not be critically
dependent on the substrate thermal properties.

The

pore diameter remained the effective parameter
influencing the filament temperature and consequently
the crystalline filament growth.
Measurements of lock-on time under illumination
conditions were limited to currents smaller than 0.4 mA.
Thus it was not possible to perform a statistical study
because of the difficulty found in observing the lockon blip.

However, the type of illumination used failed
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to make any observable change in the behaviour of the
composition (As 2 Te 3 ) 90 (GeTe) 10 which did not lock-on
in the on-state under dark conditions.
The decrease of the lock-on time with the
increased off-state pulse amplitude suggested the
possibility of field enhanced nucleation contributing
to the lock-on process.

However, it is concluded

that the effect of the off-state voltage would he to
inhibit the nucleation rate.

This gives support to

the explanation of these results in terms of
capacitive discharge energy.

--

The memory switching behaviour was investigated
for a series of compositions along the As 2 Te 3 -GeTe
pseudo-binary system.

The composition (GeTe) 5 (As 2 Te 3 ) 94

showed relatively reliable memory performance suggesting
improved performance with the decreased germanium
telluride content.

They may be due to decreased glass

transition temperature and a filament composition which
is closer to the surrounding matrix.
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A.1

APPENDIX 1

STATISTICAL ANALYSIS OF RANDOM DATA

There are many physical phenomena which produce
data that are random in nature.
of any random data x
value

The general intensity

may be described by a mean square

where
N
lpJ

k=o1C
k

z

Q

1, 2, ..., N

Generally the data can be described by two
expressions, the mean value p and the variance
where
N
Mx

N kro
N

x

kzo

(xk - P ) 2

The positive square root of the variance is
called the standard deviation S.

A random variable

is said to follow a normal distribution if its
probability density function is given by

p(x)

1

-(x exp [2

PX

-

/
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The cumulative probability of a normal
distribution has a sigmoid shape when plotted on a
linear graph paper.

This shape can be converted

into a straight line when plotted on a probability
graph paper.

Similarly in the case of a log-normal

distribution a plot of the cumulative probability
on a log-probability paper will result in a straight
line which facilitates the interpretation of the
results.
One of the statistical functions used to describe
the basic properties of random data - is-the auto-.
correlation function.

It describes the general

dependence of the values of the data at one time on
the values at another time.

The auto-correlation

function is given by
cov(x, Xt+n)

A x (n)

1

[Var ( xt)Var(xt + )] 2

N
__ 1
where variance - ______
- N - t : (X

2
-

1

and covariance
N

t

-Px)(Xt+n -

n is the number of events separating the events whose
auto-correlation is calculated.

A(t)

(a)

1•

A

N A-_A_ - A A A-A A- A -A -AA x(t)

(c)

r

VA

r

Figure Al.].

Autocorrelation Function Plots (Autocorrelograms)
(a) Sine Wave; (b) Sine Wave Plus Random Noise;
(c) Narrow-Band Random Noise; (d) Wide-Band
Random Noise (ref 95)
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