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DIELECTRIC BREAKDOWN OF HEAVY METAL AZIDES

Tong Bor Tang

The breakdown of single crystals of heavy metal azides has been investi-
gated. In silver azide, the low—field conduction is by mobile interstitial
cations and their enthalpies.of formation and hopping have been determined
from the Arrhenius plot of the conductivity. Based on AC conductivity
measurcments and the observed time dependence of the current, it is shown
that ionic polarisations occur at the electrode interfaces. With fields
higher than 15 kV.m ! (for silver or carbon electrodes) bipolar field injec
tion is thought to take place. These fields can lead to dielectric breakdown,
although the incubation period may last up to saveral days - but less than a
second if the field is 0.4 MV.m = or higher. Evolution of nitrogen has been
measured by mass spectrometry under this condition. Based on a comparison
with the thermaldecomposition of Aghg, the following mechanism is proposed
for the 'electrical decomposition'. Holes injected from the anode combine

bi-molecularly via traps and produce N,. Some of the electrons from the

cathode are localised at impurity centres or defects. The discharge of mobile

in silver atoms which, if formed on the

+
Ag" at the electron traps result

surface, may migrate as well as aggregate because of their high diffusivity

even at room temperature. By optical and electron microscopy silver nuclei

have becn detected on the surface of a crystal to which a strong field is

1t has also been observed that post—

applied through conducting contacts

breakdoun disruption in the form of an explosion occurs. The breakdown is

explained as due to the formation on the crystal surface of filamentlike

silver films, and the initiation of defl 1gration and subsequent detonation,

to the appearance along the metallic conduction path of 'hot spots' arising

11 decomposition and self-heating.

from Joule heating and leading to t7;

blanation is supported by evidence such as jnitiation locality.

This e

In the comprehensive study on the thermal decomposition of AgNy, mew
methods have. been proposed for the analysis of kinetic data, both iso=

thermal and dynamic, from solid state reactions.

Parallel observations, in less detail, suggest that dielectric break-
dowvn and cxplosion initiation by similar mechanisms occur in thallous and
probably in lead azides. It is a possibility that breakdovn of long incuba-
tion period can be brought about by analogous telectrical decomposition’

processes in certain metal halides, oxides, hydrides, alkali azides and other
jonic metal compounds, although in substances which are not highly exothermic

no explosion will follow the breakdown.
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SYNOPSIS

The heavy metal azides and in particular silver azide
are of great scientific and technological interest. The aim of
this work is to investijcate the mechanisms responsible for the
dielectric breakdown and the subseauent initiation of explosion
in these materials. To achieve this endrs a numper of experi=
ments were performed and interpreted. In the first series of
experiments T determined the electrical conduction processes in
a single crystal of silver azide in low AC and DC fields. The
conduction was found to be by mobile interstitial cations, in
agreement with others' work on compacted samples. The activa=
tion energies of formation and hopping of these interstitials
were found to be 1.220,3 eV and 0,530.2 eV, respectively.
Strong time dependences of the DC conductivity were obServed at
both low and high fields, and explained by the polarisation due
to ionic space charges and the douple injection of holes and
electrons from the electrodes, respectively.

In the next series of experiments, I examined whether
any chemical activity occurs during the pre=breakdown period.
The first set of these experiments was made in an ultra high
vacuum apparatus to which a mass spectrometer was attached, At

high DC fields, evolution of nitrogen gas was

moderate and D

detecteds indicative of chemical decomposition. The molecular

rate ‘of evolution was ca. 0.3 of the total flux of current

applyina

carriers., The second set of experiments consisted of




similar fields to a crystal which was continuously examined in
situ with an optical microscope. Metallic silver was observed
to form on the surface throughout the lenoth of the erystal

between the two electrodes.

These experiments were followed by the third series, in
which conductina contact was made at only one end of the
crystal. No fast decomposition took place for fields up to
three times the value at which it would within 1 s, had
contacts been made at both ends. The sites at which the
initiation occurred were then determined under two=contact
conditionss by studying traces of the residue on the substrate.
Tt was established that the site was usually away from the
electrodes, These were important results, since they cannot
easily be explained by many of the usual theories of breakdown.

The occurrence of decomposition led me to study the
basic mechanisms involved in this phenomenon, A comprehensive
study (which included developing new methods for the analysis
of kinetic data) was therefore made of the thermal decomposi-
tion of silver azide. According to the model I suggest, the
rate controlling step is the emission of an electron from the
valence band to the fermi level of silver which has been

formed.

On the basis of all the above experimentsy the

following mechanisms are proposed for the dielectric breakdown

and explosion initiation of a single crystal of silver azide.
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UInder a DC field interstitial silver jons move towards the
cathode, but cation and anion vacancies are immobile, and space
charges are formed as the contacts are partially blocking.
When the appliea field is considerable, the magnitude of the
accumulation and the depletion space charge fields at the
cathode and the anode are sufficiently high to cause field
injection of electrons into the conduction band of the crystal
at the cathode. At the anoder this is accompanied by the

injection of holes into the valence band, and the crystal

remains electrically neutral. Nitrogen is evolved due to the
combination of pairs of holes (i.e. azide radicals). Some of
the injected electrons are localised at traps to which
interstital cations are attracted. The 1ions discharge and

silver atoms are produceds which have high diffusivity on the
crystal surface, With the passaae of time more and more silver
accumulates on the surface and eventually paths of low
electrical resistance are formed. Joule heating of these paths
creates 'hot spots' where thermal decomposition and then

initiation of fast decomposition occur.

The above model is bpased mainly on results from the

work on silver azide and its validity for thallous and lead

azides needs to be confirmed. Preliminary experiments Showy

however, that these two other heavy metal aZides have rather

similar electrical and breakdown characteristics. The model

metal compounds.

may, indeed, be applicable to many other ionic
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INTRODUCTION == CHAPTER T

1.1 DIELECIRIC BREAKDOWN

The work described in this thesis 1is concerned with
dielectric breakdown of a type which is very interesting but
which hitherto appears not to have received much attention.
Any dielectric undergoes a failure in its electrical insulatino
properties when a sufficiently strong electric field is applied
through conductinc electrodes. For a given solid insulator at
a certain temperature, once the field is increased beyond a
normally more or less unique value, the current conducted by
the material rises continously without any further increase of
the field across it. The time taken for this monotonic rise
is, dependinag on the mechanism responsible, either on the order
of us or less, or (in practice) not more than a minute or so.
This is fo)llowed eventually by localised or propacating post=
breakdown disruptions (structural or compositional) in the
materials, unless, before they happenr the current is limited by
the external circuitry.

This class of phenomena, referred to as 'dielectric
breakdown', has obvious scientific as well as technological

significancee The experimental works, carried out by von

' g
Hippels Cooper, Klein and many others, and which aim a3

identifyina the various mechanisms of breakdown 1n diiffienent

£ 0 : b
materials under different conditions, constitute a majo

; i d
concern of physical laboratories and the electrical e
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electronic industries, There has also been a areat deal of
theoretical effort, by authors 1like Frohlich and 0'Dwyer:
detailed calculations are available for many proposed models of
current instability. However, in more cases than not, the
empirical data do not fit very well any of the plausible models
or are not exact and specific enouagh to 1dentify one out of
them. The subject is difficult and challengings in comparison
with breakdown in gases, in homoaeneous semiconductors (called
'switching' if the collapse 1is not followed by irreversible
material change)rs and in inhomogeneous semiconductors (junction
breakdown) ., whose nature is known with fair certainty in the
majority of cases.

For certain inorganic azides there are additional
complications, When subjected to a variety of excitations
these chemicals explode. The explosion starts at localised
spots and propagates to all other parts, Such an explosion is
found to follow the dielectric breakdown in heavy metal azides,.
Here additional aQuestions arise as to whether their chemical
instability plays a part in their breakdown and how exactly the
explosion initiates. The objective of this work is to
establish the mechanisms responsible for breakdown and
subsequent initiation of explosion in the heavy metal = azides,

2 : : i i igations
especially’ in “silver ‘azides Such fundamental investiaation

are important for both theoretical and practical reasons made

clear in the following sections.
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INTRODUCTION =-6= CHAPTER I

1.2 HEAVY MEIAL AZIDES

The metal azides represent a step in complexity beyond
the metal halides which, along with pure metals and elemental
semiconductors, dominated the minds of the earlier aqgenerations
of soljd=state physicists. The normal azides formed by metals
fall into two main groups, according to their stabilities. The
'explosive' group may broadly be sub=classified into the cova=
lent and the 'heavy metal' (silver, thallous, lead) azides.
The non=explosive group contains the alkali and some of the
alkaline earth azides, The three azides classified under the
heavy metal group are essentially ionic ands among the
pseudohaloaens, the azide ion with its D, , symmetry (the

highest that any polyatomic species can possess) 1is the

simplest. (More details will be given in Section 2.1.) Azido
derivatives such as azidothjocarbonate and azidocarbon=
disulphider, cyanate and derivatives like thiocyanate and

selenocyanate, cyanide, and cvanamide all have structures of
lower symmetrieS. Fulminates, permanganates and oxalatesr

whose decomposition are also commonly studied, all have greater

molecular complexity. Nows while the heavy metal azides are

exothermic and their decomposition can become self=sustained

(i.es 'explosive'), the metal halides as well as the alkali

metal azides are endothermic or at most slightly exothermic and

do not explode. The research on breakdown in heavy metal

azides may, therefore, provide a mode! theory for breakdown in

b s M N R



CHAPTER T =7 INTRGDUCTION

those jonic (crystalline) insulators whose chemical reacti=
vities are important,
Historically, sodium azide and from it, hydrazoic acids

were first prepared in 1890 by T. Curtius. Followino thiss he

made a prominent contripution to the isolation and
characterisation of many of the other metal salts, including
silver azide in 1891. By now, much is known of the chemistry

of azides, both inoraanic and opaanic; for a recent review see

Patai 1971, (Unfortunately, the same cannot be Said of their

physics., Very early on two structual formulae were prorosed

for the azide ion/group: a cyclic structure by Curtis in the
1890 paper and a linear confiouration by J. Thiele in the
following year. The advent of physical crystalographic methods
saw the verification of the linear structure in both ionic
(Hendricks and Pauling 1925) and covalent (Brockway and Pauling

1933) azides, with and without a centre of two=fold symetry,

respectively (see Section 2000 Alsor since the earlier

decades of the present century the pyrolysis of these azides

has been the subject of investigations both experimental and

theoretical, by Garner, MNotte Yoffer Grays Tompkinse Youngr

Prout, Boldyrev, Zakharov and others. Un the other hands, their

dielectric breakdown was not investigated until much later andr

probablyr, was up to now studied only as one of the means of

initiating explosion.

s s L
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INTRODUCTION =fi= CHAPTER 1

1.3 BREAKDOWN IN SILVER AZIDE

In 1957, McLaren and Rogers of this Laboratory,
observed, when experimenting with silver azide single crystals
at room temperature, that these crystals exploded when a
moderately high electric field was applied to them (Bowden &
McLaren 1958)., A breakdown in insulation was seen to precede
the explosion, n the following twenty years, further works
were done and extended to the breakdown in some other metal
azides, mainly by a oaroup under Zakharov in Kirov Tomskogo
Polytechnic Tnstitute, U.S.S.R.r and another group connected
with the Fnergetic Materials Division of the Armament Research

and Development fommand (formerly Picatinny Arsenal) in U.S.A.

Below we summarise the electrical properties of those

explosive metal azides whose breakdowns have been studied:

.
i
5
i
i
i
i
1
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Table 1,1 Dielectric Breakdown
Compound Room=temp. low=field Breakdown NO[;;
conductivity /S.m™! field /MV,.m~!
Aaiy 3x10F=7 0.4 a
TINg 10E=-10 1.2 a
1.1, 1e4, 1,5 b
a=Pb(N3), 10E=11 1.8 a
uuu3 see text ca. 0.2 c
Cu(N3), 2 38, 50, 68 b
Ha(N3)y 6x10FE=9 ca. 10 c
Ha 5 (N3), low very large c
a = this work; b = Zakharov & Sukhushin 19703 ¢ = Yoffe 1966
a = needle=shape single crystal, Aag electrodes
b = pellet 0.2 mm thick, Zn, Cu, W electrodes respectively
a & b : field values correspond to 50% probability
of breakdown within ca. 1 s of application

We see that, with the exception of cuprous azide which has a
complex conductance characteristic (Yoffe 1966), silver azide
has the lowest value of breakdown field strength, followed by
thallous and lead azidesS. This 1is remarkable (and will be

given an explanation in Section 8.2) since in almost any other

aspects, it will be the copper and mercury azides which are the

least stabler because they are covalent while silvers thallous

and lead azides are essentially ionic (Section 2.1). 1In this

work, we have concentrated on the study of silver azides

althouah some experiments have also been carried out on

thallous and lead azides. Their remarkably low breakdown

LG s e b



INTRODUCTION =10~ CHAPTER 1

strengths are strongly suggestive of unusual mechanisms for
their dielectric breakdown. Other insulators as well as
homogeneous semiconductors generally have strengths of the
order 100MV/m,

Our work has showns amona other thinas, that dielectric
breakdown takes place in silver azide at even lower fields than
the normal value aijven in Table l.ls provided these moderate
fields are maintained for long periods of time (Sections 2.5 &
333 This phenonenon, namely, a breakdown at a 'Sub=critical
field with an extremely long 'wait time' (ors 'incubation' or
'induction' period) during which reversible current
instabilities occur, iS remarkable but has not been extensively
studied before. Silver azider because of its chemica
reactivity, exhibited this behaviour Qquite distinctively.
Preliminary obsServations suggested that the process occurs also
in thallous (and sodium) azides., Tt may be that the phenomenon
is a commong but hitherto neglected, process in many ionic
metal compounds. Tt may also be that, although the detailed
mechanisms vary among different classes of materials, they are
all electrochemical in nature, as is (we are going to argue in

this work) the case for silver azide.

i R L s R o o il s



CHAPTER 1 =1= INTRODUCTIUN

1.4 BRACIICAL RELEVANCE

A study of the breakdown properties of the heavy metal
azides and silver azide in particular has practical
siagnificance. The electrical initiation of explosion can be
exploited in certain advanced enaineerinag applications. An
example is the designing of electrically compatible explosive=
actuated devices such as the miniature explosive bolt and the
detonating fuse lead (see e.q. Benedict 1965), Un the other
hand, without goina to explosion, the azides may be used to
generate nitrogen in novel situatjons, In the case of thermal
decomposition, this has already been suagested (Breazeale
1976). Gas aeneration is also attained by decomposition under
an electric field; this possibly useful application is a ‘spin=
off' from one of the results in this worke. Thirdlys their
electro=photolytic decomposition may be utilised in a one=step
photographic process (Schaffert 1967; Schuttevaer 1969): in
which exposure can be controlled by the switching of electric
field instead of by a mechanical shutter.

The heavy metal azides are more stable than the cova=
lent ones and, along with some other chemicals, have been

exploited as primary explosives (detonants). 0f the threer

thallous azide isS not very useful becauser when unconfinedr

single crystals of it up to 200 um in diameter do not support a

propagatina explosion (see Table 1.2 later on). In contrasty

fast decomposition once initiated is sustained in crystals down

L e A R b P A i s el A S0
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INTRODUCTION =12~ CHAPTER T
to 20 to 30 um in diameter of the other two. Current utilisa=
tion in mining and in the military relies mostly on lead azide.
Owing to its inherent hydrolytic instability and
incompatibility with many polymeric materials wused in fuze
desianes howevery an alternative compound wWith longer Service
life has lona been sought after, Very early on, silver azide
was recoanised as the potential substitute (Taylor & Rinkenbach
1925), Two years after its isolation by Curtijus, in 1893, it
was tried in the field by the Prussian aovernment; the Bpritish
has kept faith in it up to the present day. It is more power=
ful, but at the same time more sStable than lead azide: it aoes
not hydrolyse, Although it still is more expensive, methods
exist for its factory productjon (Taylor 1957, Fiechowicz
1974), Unfortunately, it too suffers from incompatibility
problems notahly with any sulphur bearing sSubstances == a
behaviour, incidentally, which was made evident when we
embeddea crystals in potting epoxies like araldite and found
them turning black in colour after a week, The explosion
initiation of these azides by high=dose radiation will then ce
an important problem for people concerned with the effects of
thepnanuchsas explosion on nearby triggerable devices
containing detonants. The initiation, in lead azide at least,

is generally attributed to the generation of intense electric

field within the azide dielectrics, due to the separation of

by electron or photon irradiations, and the

charge produced




CHAPTER I =il INTRODUCTION

subsequent breakdown by this radiation induced field (Brown et
al. 1972; Zimmeerschied R Davies 1974, Hays and Seay 1976).
There is one last aspect which is connected to the
problem of safety., The major hazard in the manufacturing and
handling of the azides is their accidental explosion initiated
by electrostatic spark discharae (Pollock 1974), Under the
conditions of both metal/metal contact discharges and long=
duration (>10 ms) unidirectional air sparks, the initiation
mechanism is thought to be thermal (Moore 1958; Mel'nikov et
al. 1970; Stengach 1972). That is, the eneray of the discharge
or the spark is dearaded to heat, and explosion propagates from
a 'hot spot' so created. For oscillatory or short=duration
sparks (<1 us), however:, the mechanism is not clear and
dielectric breakdown undepr a high transient field may play an

important part.

1.5 DECOMPOSIIION, AND INITIAIION & PROPAGAIION OF EXBLUSION

We have said that the heavy metal azides are explosive.

This aspect of their chemical reactivity is considered here in

greater detaile Une of the followng steady processes may occur

in a decomposing solid:

i) Slow decomposition

) fast decomposition

ii) Deflagration )
or 'explosion

jii) Hiah=velocity detonation S

The heavy metal azides decompose aSs jonic azides (Section 2.,1).

- s L S S S A N i
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INTRODUCTION =14=- CHAPTER T

Their decomposition has this broad scheme:

(a) N3 ==> N; + e
(b) e + MY —a> M
Gicy 29Ng == 030N,

where N; is an azide radicals e an electron, and M the metal.
The detailed mechanism, however, depenas both on the azide
concerned and on the means by which the decomposition is
brought about, Step (a) is endothermic, while (b) and (c) are
exothermicy the energetics of the overall decomposition process
in various azides can be found later in this section, in Table
1.2,

All condensed matters, when sSubjected to sufficiently
high temperatures, are unstable and will decompose. The reac=
tion may be slow (meaning not self=acceleratingls takina
minutes or even days to reach virtual completion. Outstandina
contributions towards its understanding have been made by the
schools of Bowden and Yoffe at this laboratorys Tompkins and
Young at Imperial College London, and Fprofeev and Boldyrev in

SeRer amona many others. Explosions, on the other

the U.Se.

hands happen only if the decomposition is hiaghly exothermice

In this caser once a local reaion of the material is made to

decompose at a fast rate, a condition called 'initiation', the

process becomes self=sustained and spreads to other parts. In

a single crystal such as that of silver or lead azide, the

speed of propagation may initially be of the order m/sy




CHAPTER 1 =1 5= INTRODUCTTON

accelerating then to a steady value of up to several km/s after
the reaction front has travelled some distance. This limiting
speed is dependent on the diameter of the crystal but will be
below the velocity of sound in the material, and this stage is
called deflagration. Tf the crystal is very thick, however,
the final stage is high=velocity detonation when the speed
stays constant at 5 to 8 km/s. In single crystals, the transi=
tion from deflagration to this supersonic regime is very rapid
(ca. 1 us), ana there is no intermediate stage of low=velocity
detonation (Chaudhri et al. 1977).

Slow decomposition can be brought about by a number of
means. So fars the agents which have been more thoroughly
investigated are heat, lighte and ionising ragiations
(pyrolysis or thermal decomposition, photolysis or photolytic
decomposition, ano radiolysis, respectively). For certain
azides, we have found that slow decomposition may also occur
when an electrical current is conducted; 'electrical decomposi=
tion' will be discussed in Section 3.3. Explosion is
initiated, under appropriate conditionss by these agents as
well as by hot spots arising out of friction between rubobing
surfaces (Bowden & Tabor 1954, pp.33=57 & 317=8), by low=
velocity (a few m/s) impact (ibid., pp. 270-1 & 318=9), by
focused shock wavess localised adiabatic shear during

mechanical failure of the crystal, atomic or nuclear particles

sparks and of course by dielectric

irradiation, electric

NG a4 AN SR A S A Al



INTRODUCTION -16= CHAPTER I

breakdown, A recent review on the subject has been given by
Chaudhri & Field (in Fair & Walker 1977). 1In most caseS, the
mechanism of initiation is believed to be ultimately thermal,
as 1S in gaseous explosions, This is the hot=spot theory
developed by Bowden and Yoffe (see their book 1958) and later
extended by their students as well as by other workers. The
mechanism sugaested for deflagration in single crystals which
do not have aas=filled voids is the conduction of heat from
decomposing layers to neighbourinag fresh layers (Chaughri R
Field 1870), Other mechanisms have been put forward in which
the propagation is by the mechanical activation, in one way or
another, of reactant molecules (Taylor & Weale 1938; Carl 1940;
Ubbelohde 1948; Fox 1970). These alternative explanations do
not, however, seem to be supported by much experimental
evidence to date. Nn the other hand, it is obvious that a
hich=velocity detonation, which is supersonic, cannot be purely
thermal in nature. It is probably sustained by compresional
heatina of the crystal by the hiah pressures in the getonation
front (Chaudhri et al. 1977), but no detailed theory for its
mechanism has yet been worked out. However, the hydrodynamic
theory of Chapman and Jouget has had many Successes 1n
describing it on the phenomenoloaical level.

With the exception of the high=velocity detonationes

therefore, the processes of initiation (when its mechanism is

thermal dibectlly sor aultimatelydssandsidefliagnationtimayssbe

A AL R s i L
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reaarded as extrapolations of the slow pyrolysis, involvina

basically not much more then a change of the decomposition
rate. To illustrate this conception, we have compiled Table
192%

Table 1.2 Decomposition & Deflagration
KN NaN3  LiNg3 TIN3 AgNs a=Pb(Ny), Hg (N,

Exothermicity of decomposition/eV, per molecule

(a) =0501300.22000. 81 na25429835211) 501 6.14
Deflagration velocities/m,s~!: *
1 sinale crystal
168 um thick(b) 0 0 0 0 1000 >1200 ?
2 unconfined
powder layer(c) 0 0 0 0 1500 2100 ?
J powder, steel
block confine= 0 0 0 1500 1700 >2100 ?

ment (c)
4 film ca.100 um
thick (d) 0 0 0 1500 2200 2300 2400

Tonisation potential (metal)/eV 7.42(Pb)
4534re5344a V5539 6140 1 72.57015.0€(PbYex10548

(a) = data calculated from (Fedoroff et al.1960) where oriainal
references are aiven; (b) = Chaudhri & Field 1977;
(¢c) = Bowden & Williams 1951; (d) = Boddington 1963

x velocity of sound in silver azide is v32100 to 2900

m/s, according to Chaudhri 1969
Al though data on deflaaration velocities are

unfortunately scarce, it may be seen from the Table that a

consistent trend exists among the azides ordered by their

enthalpies of decompositiony the effects due to varjations in

molecular density, thermal conductivity, and any other relevant

properties beina relatively insignificant. The alkali azidesr

which decompose endothermically or only sliahtly

while for the heavy

exothermically, do not support propagations
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metal azides, there s 3 positive correlation between the
velocity and the heat of reaction. The jonisation potentials
have been included in Table 1.2 for references but their
correlation with the properties of the azides will be discussed
later (Section 2.1).

Tn this dissertation, we are not concerned with the
propagation, whether or not a part is still played by the
electric field in this stage. (Oupr attention is confined to the
precedina two events of dielectric breakdown and subsequent
explosion initjation. However, the conception that a
continuity exists between slow and fast decomposition has
influenced our experimental approach to the problem. This
approach will he justified if, in the case of the application
of electric field, there is also a direct link between the
moderate=field and the high=field (breakdown) effects. Indeedr

such a link is established by this work,

1.6 QUILINE OFE IHIS WORK

Scientific and technological interest in the dielectric

breakdown of the heavy metal azides in general and silver azide

.3 above. A

in particular have been explained in Sections 1.

research program was started with the aim of elucidating the

mechanisms responsihle for their breakdown and, because of the

close connections also that for the explosion initiation; the

O A AR AN A A 5

form the subject of this dissertation.

results so far obtained
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Our basic viewpoint in this investigation is that their
unusually low breakdown strengths strongly sugcest a dominant
role played by their chemical reactivity., The outcomes of our
study tend to confirm this Vview. Indeedr because of this
connection, we found it necessarry to make a detailed study on
their thermal decomposition, Our approach has been through
first doing experiments at pre-breakdown fields. Low= and
moderate=field phenomena occur on long time Scales and thus can
be followed by a variety of techniaues.

The experimental proaram began with an investigation of
the conduction processes in silver azide at low fields, Rela-
tively large sinale crystals havina fairly perfect surfaces,
which we had succeeded in arowina from solution (see Appendix
A), were used as samples in these and other experiments. The
first systematic measurement was on the varijation of their AC
conductivity with freguencye. The result was interpreted in
terms of interfacial polarisations at the electrodes (a brief
review of the theory used was given in Appendix 8). Other
authors had previously established that the conduction in
compacted microcrystalline silver azide is predominantly ionice
with interstitial cations as the main carriers. Our suggestion
was therefore that contacts of the single crystals with the

metals used asS electrodes (namely colloidal silver and carbons

and tantalum) werer to various degreesr partially blockina to

the passage of Ag+. Next, the temperature variation of the DC

AU minamrn 44w i b
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conductivity was determined, from which the enthalpy of forma=
tion and the activation eneray of hoppina of interstitial
in silver azide were tentatively identified as 1.2120.3 and
0.540.2 eV, respectively.

The voltage=current characteristic was found to be no
longer linear when a moderate field exceeding ca. 15 kV/m was
applied; at the same time, the current started to display
fluctuations. An explanation of these phenomena was offered in
Chapter 3. By eliminating many other possible mechanisms and
based on a calculation of the interfacial fields at the
polarised electrodes, accordina to the Maxwelli=Wagner model, it
was conjectured that the conaitions indicated the onset of
electron and hole injections from the cathode and the anoder
respectively, into the insulating crystal. Then, a probable
consequence of creating a non=equilibrium concentration of free
electrons is their capture in the crystal by trapss to which
interstials are attracted resulting in the production of silver
atoms, while the bimolecular combinatijon of the injected holes
(= azido radicals) drifting away from the anode generates
nitrogen gas. The production of silver may therefore be
expected along the crystal, thouah only on the surface becauser
in the bulk, a silver atom is not sufficiently mobile due to
its size, At low fields, the discharge of anions may still
take place at the anode hut that of Ag+ will bes in the absence

of injections confined to the cathode interface (electrolysis).

DR O S R A 2 5
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The prediction of electrical decomposition was tested by two
experiments: [1] Samples were placed inside an ultrahiah vacuum
chamber, to which a mass spectrometer was attached. When a
current was passed through the crystal under study, evolution
of nitrogen was detected. [2] Samples were mounted under an
optical microscope and made to conduct a current, Tree=like
formations were observed to grow at a number of places along
the crystal surfaces if only if the applied field was so strona
that the current fluctuated. The formations were resolveds
under the scanning electron mijcroscoper into clusters of
'pebbles' protruding out from the surface.

The seauence of observations and deductions outlined
above strongly suagests that the chemical reactivity of silver
azide plays an important role in the aielectric breakdown. To
study the reactivity, the simplest approach is to utilise heat
as the reaction stimulus. Experiments were therefore carried
out on the slow thermal decompositions using several thermo=
analytical techniques as well as electron microscopy. The
results and our deductions form the subject of Chapter 6. The
reaction rate was determined, by thermogravimetry, as a func=
tion of the extent of decomposition and the temperaturer and 2
nodelsscalculations provedsithat fthisssfunctionalform Has
the decomposition started on the surface and

predicted if

advanced into the 'bulk at a constant speede Electnon

microscopy showed that it was indeed the case. The pyinoliyais

ek A e sl b
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product, silver, was observed to be in the form of 'pebbles'
projecting out of the decomposina surface. A reaction scheme
was proposed, in which the rate=limiting step was taken to be
the thermionic emission of electrons from the reactant silver
azide 1into the product silver, According to this assumption,

the reaction is autocatalytic, This gave theoretical values of

the pre=exponential factor and the activation energy of the
decompostjon speed which were in good agreement with the
experimental results of 10E2.5 to 10FE3.4 m/s and 1.2310.2 eV,

respectively. Furthermorer the scheme of elementary steps is
consistent with the observation of electrical decomposition
descibed above. In view of the proportionality of the thermal
decomposition rate to the surface area and the nature of the
rate=limiting step, it was thought that a polycrystalline film
of silver covered the decomposing surface. The 'pebbles' were
formed by accretion in this film,

In the course of the work described in the last
paraaraph, it was realised that the methods currently availabie
for the analysis of kinetic data from solid=state reactions in
general were unsatisfactory. We have therefore attempted to
develop a more reliable method of data analysis., A method was
reaction rate is first

proposed in Chapter 4, in which the

determineds by a systematic procedure, as a function of the

degree of chemical conversion, and then the temperature depen~

dent part is calculated. The results given in the last

i b B
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paragraph had been obtained by its use. We have also
considered dynamic experiments, in which the reaction under
study proceeded non=isothermally, Tt was again suggested that
the current methods of data reduction and analysis have many
lTimitations, includina the insensitivity to the function just
mentioned., An approach free from these limitations was put
forward in Chapter 5, where a case study has been included.
From the electrical and the thermal decompositions
experiments, it seemed clear that metallic sSilver was produced
in both cases by rather similar mechanisms. In the earliest
stages of pboth processes, interstitial cations drifted towards
impurity centres or defects which had trapped electrons and
discharged. Once a certain numper of neutral atoms had
agalomerated, the nucleus so formed would aqgrow steadily,
because metallic silver in silver azide acted as electron traps
of large capture cross=sections. That ise during the later
stages the growth of surface silver was self=sustained or
'autocatalytic'e. Howevers oOne difference remaineds In
pyrolysis, valence electrons were emitted into silver which had
been produced (thus generating holes at the same time)s by
electron=phonon interaction (thermal injection)s whereas in

x . "
electrical decomposition, operating at room temperature bu

under the action of intense interfacial fields set up by i10onic

s i : 1 ;
polarisations, electrons were injected trom the fermi leve o

Further, the accompanying

the cathode and then aot trapped.

S
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generation of nitrogen was quite distinct mechanistically in
the two processes. In the electrical caser valence electrons
were separately extracted into the anode from the anode by
field injection, so that the combination of holes was
concentrated towards the anode side.

The explanation of dielectric breakdown was then put
forward that electrical decomposition led, as in pyrolysis, to
the growth of filamentlike patches of thin silver film on the
crystal surface. Their gradual increase in number and thus in
connectivity resulted in a more and more conductive path
between the electrodes, corresponding to the onset of
dielectric breakdown. The process continued until, because of
the (non=uniform) temperature increase due to Joule heating,
the rate of thermal decomposition at some region ('hot spot')
became so fast that explosion was initiated which propagated to
other parts of the crystal. Experiments described in Chapter 7
showed, consistent with the above hypothesis, that the explo=
sion following a breakdown caused by a strong field was
initiated fairly randomly and not necessarily at the cathode or
the anode. When the applied field was decreased to moderate
values it was found that, as lona as injections remained opera<
tives, dielectric breakdown would still be possible (this was

observed in the optical microscopy work described in Chapter 3)

only that the time taken became much lonaers up to many hours.

These and other experiments (corona discharge, indentations and

L i i ik i b4 i L
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piezoelectricity measurement) eliminated several possible
alternative mechanisms and tended to support our proposals
namelyr, that the dielectric breakdown is electrochemical and
the subsequent explosion initiation thermal in nature.

The remarkable feature of the dielectric breakdown in
silver azide is that it can be brouaght about by a moderate
field, in which situation there is a long induction period when
the current rises and falls reversibly, before the current
increases steadily (onset of breakdown). Its mechanism is not,
however, thermal acing or any environmental dearadation, but
rather is an example of what we call 'secondary processes'
breakdown, Only upon the application of a 'high' field
(upwards of ca. 0.1 MV/m) does the current tend to rise
monotonically from the very beainnina, similar in this respect
to the breakdown normally studied in other crystalline
insulators. The oustanding difference remains that in the
normal breakdown, for a given sample there is a sharp value of
the field below which it does not occure Moreoverrs for a
dielectric which is homogeneous 1in composition, the critical
field is generally of the order 100 MV/m.

Some experiments have also been performed on thallous

and lead azides, and the results suggest a certain similarity

with the case of silver azide. Furthermore, it is possible

that dielectric breakdown of lona induction periods may also be

jonic metal compounds.

in many other

found
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2.1 IONISATION POIENTIAL

In studies of the electronic structure and other
properties of a substance, insights may often be gained through
a comparison of these properties with those of the others in
the same chemical series. In the case of metallic azides, a
systematic orderina of their behaviour will result if these can
be shown to be highly correlated with a fundamental physical
parameter of the metals. And indeedrsr the ionisation potential
T of the metal has been found to provide a usually adequate
criterion in the construction of consistent trends in the
characteristics of the azides (sees e.g.r Bowden R Yoffe 1958,
Chsid)e

One of the properties most opviously dependent on I 1s
the ionicity (percentace ionic character) of the metal=azide
bond. As I increases, the electron transfer from the metal to
the azido ion or group will be less and less complete, and the
covalent character of the bond may therefore be expected to
increase, On this basisy the azides listed. in Table 1.2 of

last chapter may be classified into the alkali azides which are

which are

ionic, the heavy metal azides TiNzs AgN, and Pb(N;

substantially idonic (polar), and the covalent azides which

incluage r“'“;)z' L”(HJ)J and Hg gNj)l. This differentiation

corresponds closely with the trend in chemical stability, the

covalent azides being aenerally speaking the most liable to

correlation of 'sensitities’' (which have a

The

explode.
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number of specific definitions) with increasina I, a proposal
of Bowden and Yoffe , was the first quantitative attempt to
understand the wide range of sensitivities found 1in the
inorganic azides, and it still has validity today. The one
exception in the trends, as we have said in Section 1.3, is
that the dielectric strengths of the heavy metal azides are
lower. In the concluding chapter of this work, we shall
suggest that this exception may, ironically, be explained by
the same property, namely their ionicity,.

In this section, a semi=quantitative relation between I
and ionicities will be described for the case of monovalent
azides. Pauling (1960) has defined the electronegativity x of
an atom (or a group of atoms) within a stable molecule as its
power to attract electrons to itself, and relate the nature of
the chemical bond in a binary compound to the difference in x
of the two constituents. In fact, on his scale the single~bond
energies and the standard enthalpies of formation in a series
of binary compounds are used to calculate x. Mulliken (1934,
1935) proposed, instead, that the arithmetic mean of I and the
electron affinity is a measure of x. However, in the case of
monovalent atoms (groups)s, With suitable scaling this value of
X For mixed=valency

the mean is nearly identical to Paulina's
atoms they cannot be simply equated because of the complication

due to different oxidation states.

Other scales of ionicity have more recently been

AL Ll
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proposed. Notable among these is that due to Jo€Co Phillips
(1970). 1In his schemes the ionicity of a bond is defined in
terms of spectroscopically obtained transition energies between
bondina and antibonding states of the crystal. However, since
the absorption Spectra of even the Simpler azides are far from
well understood, we cannot use in the following discussions

this modern and perhaps more true scale of ionic character,

Restrictina ourselves to metals, we expect that there

will be a high positive correlation between their I and
electron affinities: when one energy level goes 'deeper'
(Fige 2.1) so will the other. Thus it may be expected that x,
which apart from a scalina factor is given by (Itelectron

affinity)/2, increses with [, Indeed, we find that x changes

monotonically along the series of metals in the following

table.
Table 2.1 Metal
K Na Li Tl Pb Hg

T/eV 4,34 5.14 5.39 6.11 757 - 10.43
x (a) 0.8 0.9 1.0 1.8 1.9 - 2.0
WfseV (b) 2.24 2.28 2,35 3.68 Ced 4,0 4,53

(a) = from (Pauling 1960); (b) = 'preferred values' from

(Weast 1974), determined photoelectrically:

(c) = 4,6420.12 : see Table 3.1

Tt has been sugoested that a reasonably linear correlation

exists between x and the work function, Wf (Fig. 2.2), of the

solid formed the atoms (Gordy & Thomas 1956). The best

by
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available values of the work functions, included in Table 2.1,

do show a consistent trend, althouah their relationship with x

is not quite linear. (In Chapter 6 we shall see that the
magnitude of Wf may have a bearing on the mechanism of thermal
decomposition in an azide.)

The electronegativity of the azide radical has been put
at 2.7% (Gray 1963) or 2.95 (Herber & Cheng 1969), The
difference between x(radical) and x(metal) will reflect the
degree of charge transfer in the azide molecule, and Paulina
has given a semi=empirical curve relatina this aquantity, /\x,
and the percentage ionic character of the metal=azide bond.
Using this approximate relation (Fig. 2.4), we can fix the
ionicity of the silver azide bond as 23%, When silver azide
molecules form into a crystal, which 1is of the orthorhombic
body=centred type, each silver and each azide has eiaht nearest
neighbours. The two molecular=type bonding will then be "time=
shared' by the eiaght resonating bondss so that the crystalline
ionicity comes out as 1 = (2/8)(1=23%) = 80%. The ionicities
of the azide crystals, listed in Table 2.2 overfeaf, have been
calculated by us in this way.

Tt has just been said that ZAx relates to the degree
of charge transfer within a binary nolecule in the free state.
In factr by Paulina's definition Lx is numerically identical
to the permanent dipole moment of the molecule in debyes. s

the case of silver azide, its molecular dipolar strength is

s b

MR i 5 A A A e i L e o b s st



CHAPTER TI =3 = ELECTRONIC STRUCTURE &

therefore ca. 1.05x3,34x10E=30 C.m. In its crystalline state,

the dipole moment will be of similar magnitude and will
contribute to the polarisability, and iS, we Suppose, one of
the reasons for its rather high dielectric constant of 9.5. A

material of large band gap, if covalent, often has a low

dielectric constant (cf, Madelung 1978, p.349),

Table 2.2 = Ionicity
KNy NaN3 LiN, TIN; Agh;.&=Pb(N3), Hg,(N3),

Single=bond

ionmicity / % (a) 70 65 60 25: 123 - 21
Crystal:

coordination number (b) 8 6 6 8 8 8 4

ionicity / % (c) 93 88 86 81 80 = 61

(a) = calculated from Table 2,1 and Fia. 2.1
(b) = from (Yoffe 1966); (c) = calculated from (a) and (b)

The gap in crystal ijonicity values between the covalent and the
heavy metal azides turns out to be about four times bigger than
that between the alkali azides and the latters. The physico=
chemical characterisation of the latters are still far from
complete and many of their properties remain undetermined.
When the need arises, therefore, one can with some confidence
treat them as more similar to the alkali azides and use those
ionic azides as their best available analogies. This is
azides constitute perhaps the best=

fortunate, since the alkali

known agroup among inorganic azides.

In many aspects the heavy-metal azides indeed behave as

In jonic azides, the

predominantly ionic rather than covalent.
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azide ion is linear and has D, symmetry, with an N=N bond
length of 0,116 to 0,119 nm. Tn covalent azides, on the other
hand, the azido aroup has the lower aymmetry of C_,, . Thallous
and silver azides both have azide wunits with D, symmetry,
with bond lenaths of 0,118 and 0,116 nm respectively, while in
e('Pb(Ng)2 there are four crystalloaraphically distinct wunits,
three of which have eaual or nearly eaual bond lengths (C.S.
Choi, in Fair & Walker 1977). The configeration symmetry of
the azide unity which affects the crystal fields has in tuern
been correlated with the stability of the chemical compound
(see eege Yoaanarasimhan 1976). Also there is, not
surprisingly, a close relation between crystallographic struc=
ture and stability, but we shall not go into the details here.
Tt suffices to note that the high coordination number (8:8) of
silver azide, which crystallises in the orthorhombic CsCl
structure, and of thallous azide, which is isostpructural with
potassium azidesr (Choir oOpP.Cit.)s is another reflection of
their ijonicity. In contradistinctions a tetrahedrally
coordinated structure of the zinc blende or the wurtzite type
is a sign of covalent bonding (see e.g. Aschroft & Mermin 1976,
ppe. 380 & 387).

The differentiation of bond types may be correlated
with still more properties of the azides. Before ending this
section, we shall mention one further example. When heatedr

covalent azides such as mercurous azide decompose to give

RS ROAe S R
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nitrides, The initial step is the fission of the longest bond
in the azide radical. In contrasty, the decomposition of an
ionic azide involves the electron transfer from the azide ion
to the cation, either in one sStep or through intermediate
stages, and only the metal is formed (Yoffe 1966; Section 1.5
this work). Nitrides are found during the decompositions of
lithium azide and some alkaline earth azides, but they result
in fact from secondary reactions petween reactive metals and
nitrogens, For lead or thallous azidess nitride formation has
not been observed (e.g. Hitchinson et al. 1973); in the case
of silver azide, a minute amount of nitride may have been
detected by X=ray photoelectron spectroscopy (Sharma et al.

1975),

2.2 ELECIRONIC SIRUCIURE

The band structure of an azide contains basic
parameters for describing many processes which may be involved
in the dielectric breakdown and/or the thermal decompositon of
the substance. For this reasons its knowledge is of immediate

interest to us and will be discussed here.
The ionisation potential of the metal has again some

correlation with the band gap Fg of the corresponding azide

(Elig-niRs3)s A method has been proposed by de Boer, van Geel

and Mott (see Mott & Gurney 1948, ppe. 95=8) for calculatinag Eg

in alkali halides, which we have simplified so that it can be
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extended to the case of a monovalent metal azide. In this
approach, the excitation of an electron from the valence band
to the conduction band (at 273 K) is approximated by the
following cycle @

1. An ion pair is removed to infinity and Separated. With the
relaxation of surrounding ions ignoreds the work done on
the crystal is U, its lattice eneray per molecule;

2. The azide ion frees an electron to form a radical. The
energy reauired is the electron affinity of the radica)
which, from appearance=potential measurements, is deduced
to be ca. 3 eV (Franklin et al, 1958);

3. The electron and the cation combine to form an atom. The
work done by the system is I, the ionisation potential of
the metal;

4. The neutral pair is put back into the lattice. A valence
electron of the metal aoes into the crystal conduction band
Carising usually from the overlap of neutral cation
states), the 'hole' on the radical goes into the valence
band (arising normally from the overlap of anion states).,
and the electron=hole pair is dissociated. The energy
involved are difficult to estimate, but the net sum will be
assumed Zero.

This gives us the zeroth order approximations:
Eq' = U = 1 + 3eV

which have been calculated for the monovalent azides and are

BRSNS R
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shown in the following Table.

Table 2.3 Band Gap

e ol 1R KN3 Nahz LiNj TIN; AgN; e=Pb(iz), Hg,(N3)
U sev (a) 7.03 8.63 2 7.00 .88 23.4 2
Eg'/eV §5e7 6+5 2 4.0 4.3 - ?
Eg /eV (b)) 8.55 8.46 ? 4.1 4(c) 3.9 2
(a) = from (Gesy & Waddington 1956 and (Gere 197137 .
(b) = experimental values from (Deb 1961,1967): (c)=see later

We see that, in the case of an alkaline azide, Eaq' is a
aross underestimate compared to the experimental value. This
is due to polarisation and any effect of band broadening, which
have been ignored in formulationg Eg'. 0On the other hand, it
is gratifying to note that the agreement is close for both
thallous and silver azide; being less ionics they have larger
dielectric constants and these effects are much smaller. The
experimental values used in Table 2.3 all appear reasonabler
althouah we are aware that the interpretation of the optical
absorption spectra is complicated and does not lead to
unambiquous values of Ea (cf. Young 1971). Jjevertheless, once
again a high (negative) correlation is seen between I and Eg.
A partial explanation is offered by Eg', which decreases with
increase in T if the corresponding variation in U is less
significant,

The expression derived above for Eg' contains the three

dominant terms appearing in the Born=Haber equation for the

i A A Ll L. o S i LGSR
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[
standard enthalpy of formation ZM¢. We may therefore expect a

rough equality between Eaq and AANi. Ruppel et al. (1957) have
studied empirically the correlation between these two
quantities in semiconductors, Using their data as well as
those from more recent literature, we have plotted Fig. 2.5
which indicates that, indeed, Lkﬁi / Eg 1is roughly constant
with an average value of ca. 1.3. However, data we have

collected but not shown in Fige 2.5 show that this does not
hold for many stronaly ionic compounds, whose Eg are all
greater than 5 eV while their [;Hi are less.

From here onwards, our attention will be primarilly
devoted to silver azide, Several experimental band gap values
for e have been reported, McLaren & Regers (1957)
investigated both the absorption spectrum and photoconductivity
of plate=like samples. At 98 K, a polarisation=dependent band
was found centred at 359 nm (Fig. 2.6). Since at that tempera=
ture no photoconduction was obServedrs they attributed that
apsorption band to an excitor formations, They obtained the
activation eneraies of photoconductivity from 163 to 318 K of
two samples as 0.31 eV and 0.45 eV, giving a mean value of 0.38
eV, lsing the ratio of the high and low frequecy dielectric
constants to convert this thermal energy into the equivalent
optical value (Mott & Gurney 1948, pp. 160=2), they estimated

Fg to be (hc/359nm) + (9.35/4,06)0.38 eV = 3.44 eV + 0,88 ev =

4,32 eV,
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Evans & Yoffe (1959) measured the spectral distribution
of photocurrent, They observed a maximum at 375 nm, in close
agreement with the result of McLaren & Roger which is 380 nm
for both polarised and unpolarised light, Using the value of
the high frequency dielectric constant for silver azide
obtained earlier (Fvans R Yoffe 1957), they calculate that the
optical eneray to dissociate an n=1 Wannier exciton is 0.77 eV,
At around room temperature, nearly all excitions with n 2 2
will be dissociated so that this value of 0.77 eV should be the
actjvation energy of photoconductijon. The agreement of this
theorectical value with the experimental figure of McLaren &
Rogers (0,88 eV) is thought to be excellent. A slightly
different Fg is deduced: (hc/375nm) + 0,77 eV = 4,27 eV,

Nne may perhaps feel confident in assiagnina the value
of 4,320.1 eV to the band gap of silver azide, but
unfortunately there are Serious objections. The two activation
energies that MclLaren & Rogers have measured differ very
widely, and probably represent not some intrinsic properties of
pure silver azide but rather the thermal activations of
electrons from certain impupity levels such as surface silver
(Young 1964), 1In the calculation of Evan & yoffer, the exciton
radius is computed to be 0.2 to 0.5 nm (T. Gora et al,, in Fair
% Walker 1977), which is too small to be treated in the Wannier
formalism, so that there appears to ~ be  an  intennal

inconsistency.
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Later, Deb & Yoffe (1960) resolved the 359 nm absorp=
tion band into two peaks at 359 and 360.8 nm, the measurement
beina at a bandwidth of 1 nm and with unpolarised 1ight., The
first one they tentatively assign to n = 4 excitons, and the
second to n = 3 excitons, This leads to reasonable exciton
radii (T, Gora et al,, op. cit.), They further explained that,
the values of both the low fequency dielectric constant and the
reduced effective mass of the excitons being uncertain, one
could not rule out the possibility that the 375 nm or 380 nm
peak is the n = 1 exciton level, The dissociatjon energy of an
n = 1 exciton will be 0.36 eV if its effective mass equals the
electron mass my or 0,18 eV if it is m/2. These values may be
compared with 'mean' value of photoconduction activation energy
obtained by McLaren & Rogers: 0,38 eV, and with the photolysis
activation energy estimated by Bartlett (quoted in Young 1966),
0,26 eV,

However, there are still difficultiess The absence of

the n = 2 exciton peak remains unexplained. Moreovery the
validity of identifyina the n = 1 level by extrapolating from
higher states is highly cuestionable (Young 1966). The n = 3

and 4 states may fit well a hydrogenic series (Ey = F[/nz), but
the radius of the n = 1 exciton is only a few lattice spacings
so that the Wannier treatment necessarily fails.

Bartlett, Tompkins & Young (1958) measured photoconduc=

tion in freshly prepared, annealed microcrystalline silver

o kG Vo i L
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azide, The spectral response curve shows a sharp rise at 313
nm with no fine structure (exciton bands) before the threshold
frequecy (cf. Fia., 2.5). According to this result therefore
Eg = 3.9 eV, Tt is surprising, however, that this response was
not seen in the single-crystal work described above. 0On the
other hands Youna (1964) detected the same 359 nm absorption
band in these polycrystalline samples from reflectance measure=
ment. Bartlett et al, found that the photoconductive response
shifts to the visible at ca. 2.75 eV when the samples are par=
tially decomposed by heat. In addition, a new band of photo=
sensitivity appears, at 1,65 eV for the low temperature form of
silver azide and at 1,48 eV for the high temperature allotrope.
(We have mentioned in Appendix A the crystalloaraphic change at
ca. 461 K), The latter two values are interpreted as the

optical eneray required to excite electrons into the conduction

bande from (colloidal) silver which is formed during the
pyrolysis, The presence of colloidal silver is also inferred
from the absorption spectrum, which furthermore contains
several more bands if the decomposition has been by UV light.

Bartlett et al. ascribed these bands to the presence of R'= and
F= or P centres. (An R'=centre iS a pair of adjacent cation
vacancies sharing an electron. A cation vacancy with a trapped
electron is called an F=centres but a p-cen!rp if it is near a
lattice imperfection,) These colour centres as well as

Ccolloidal) silver aresr howevers possibly not formed in the
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pyrolysis of arain-free single crystals, which we think
proceeds by an interfacial mechanjsm directly ajving compact

silver nuclei (see Chapter 6).

Recently, Dubovitskii et al. (1976) in their investiqa=
tion of the photolysis of silver azide reported that a well=
developed absorption band is found at 305 nm. 1f this
corresponds to the band=to=band transition, then the value of
Fg they have obtained is 4.1 eV,

Zakharov and co-workers published an electron energy
scheme for silver azide which they specified had been prepared
from sodium azide and silver nitrate solutions (Zakharov et al.
1976), It was based on photoelectric and other meaSurements
(see Zakharov et al, 1975), but no details were given,
However, it is the most complete band 'structure' reported in
the literature., The band gap is aiven as 3.7 eV, a low figure
compared to the values we have discussed above, The fermi
level is 4LME = 0.8 to 0.9 eV above the filled bands, which is
confirmed to have originated from the 2p levels of nitrogen.
It is slightly surprising that the fermi level is so much
nearer to the valence band than to the conduction band: in
ionie insulators, the impurity levels are usually very deep
inside the band gap, so that the fermi level is more or less at
the centre (the difference between the effective masses of the

electrons and holes generally does not shift it appreciably).

The fermi level accordina to Zakharov et al. implies that holes

AL i



‘\g
f’
3
§

1 e s s o i

Ry e g

Conduction band edge

Eg=3'7
= == ——l-— = = = =|lfem vl B
AE
08— 09
%%/%%/%%EQEZ/Z%ZE%/EZZ Valence band= 2p(N3)
Fig. 2.7

Electron energy levels in Silver Azide
according to Zakharov et al. (1976);

the energies are given in eV




CHAPTER II -41- ELECTRONIC STRUCTURE &

are much more numerous than electrons in silver azide, though
even their concentration will be less than the minority carrier
density normally encountered in a Ssemiconductor (Fig. 2.7).
The electron affinity has also been determined as 146 -eVq The
work function thus comes out as 1.6 eV + 3.7 ey = Z\E = 4.4 to
4.5 eV. Zakharov et al, found that doping with Cut++ up to ca.
0.01 mol% does not appreciably change the work function.

In summary, we have in the literature come across the
following room=temperature values of the band gap: 4.32, 4.27,

4.1, 3.9 and 3.7 eV. The best conclusion seems to be that Eq =

A eV ' *210%s This average values incidentally, does not
contradict the trend depicted in Table 2.3, namely a fall in
the band qgap as the ionisation potential of the metal

increases. The position regarding eXciton energy levels is in
areater confusion, Not beina concerned with photolysiss
however, we shall not have to decide on a likely set of their
spacinas.,

There are two final points. In silver aziders which is
significantly ionicy a conduction electron will be strongly
coupled to phonons (formina a ‘'polaron'd. The energy Et
required to promote thermally an electron from the valence band
edae to the conduction band edage isS less than Ege since the
lattice can relax during the thermal process. Mott & Gurney
(1948, pp. 160=2) have derived the approximate relationship

that Ft/Eq = ratio of high= to low= freauency dielectric
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constants, This ratio is 0,45, according to McLaren & Rogers
(1957) and Evans & Yoffe (1959), However, they have calculated
the high frequency dielectric constant from the refractive
index whose large anisotropy they had not taken into account.
If  we use the value of specific refractivity of nitrogen atoms
in silver azide computed by Lewis (1966), we find that the
ratio becomes 0,60£0.03,

Secondlys the Eg values have all been measured on the
low=temperature allotrope of silver azide. 1Tn our dielectric
breakdown works, no problems arise: when the transition tempera<=
ture 1is reached, the onset of disruptive processes will be so
imminent that any crystalloagraphical change will not be
sianificant, In the study of thermal decomposition, howevers
the samples will necessarily be heated to above 461 K in order
that the reaction proceeds at convenient rates. It would be
very diffjcult to measure Fg in the high temperature phase
because of the formation of silver due to decomposition. It
seems likelyrs on the other hand, that Fg will not change
greatly, The ratio Et/Fg for this allotrope has been directly
determined as 0,38, from the values of the optical and the
thermal energies reaquired to excite an electron from colloidal
centres in microcrystalline samples (Bartlett et al. 199805
The first value was inferred from the 1.48 eV photoconductivity

band (see above), and the second by interpreting it as twice

the thermal activation eneray measured for the electronic
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conduction, which is 0.28 eV,

The band gap values of thallous and lead azides have
been given in Table 2.3. As in the case of silver azides
however, the interpretation of their absorption spectra is not
without ambiguities and thus the values should be viewed with
caution, More recently, the Picatinny agroup has developed
various methods for preparing thin films of these azides and
has measured their spectra. Their results are in rough agree=
ment with our values (Fair & Downs 1971; Fair & Forsyth 1969,
Gora 1971). The electron affinity of thallous azide has been
estimated as ca. 3 eV (Gray 1963) but to us it appears
unreliable (cf. Section 6.6.1). That of lead azide has been
said to be ca. 1.2 eV (K. Hunter & F. Williams, private

communication quoted in Downs et al., 1975).

2.3 ELECIRICAL LONDUCIION

From the band structure just described and given that
silver azide as an ionic solid also has the wusual parabolic
density of states, it is obvious that the concentration of
holes in the valence band, evaluated approximately as
10F24 exp(=/\E/kT) /cubic=m, (see e.g. Ashcroft & Mermin 1976/
pp. 572=4), is insufficient to account for the relatively high
electrical conductijvity of ca. 10E=7 S/m at room T, unliess the
holes have an extraordinarily high mobility. Indeeds near room

temperatures the activation energy of conduction (at low
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fields: see Section 2.5.2) is found to be 1,1 eV (see 2.6.2).
If the conduction process involves the drift of electrons or
holes, which exist because of the presence of shaliow donor or
acceptor levels, this activation energy should be of the order
0.1 eV, otherwise their concentration is no greater than that
of band=to=band excited carriers., The conductivity is
therefore more probably ionic; the formation energy of ions is,
of course, not directly related to the electron energy band
gap, NOow s the enthalpy of formation of an Ag+ vacancy should
be much smaller than that of an azide ion vacancys in view of
the sizes involved. Together with the high dielectric constant
and close packing (coordination number 8:8) of silver azide, it
suagests that Frenkel defects in the form of cation interst)=
tials and vacancies predominate over the Schottky type, This
is unlike the situation in the alkali halides but the same as
in silver oxalate (Boldyrev et al. 1963; Zakharov et al. 1965)
and in the silver halides. Tndeed, stprona expepimental
evidence has been gathered suggestina that the dark conduction
in compacted powders of the pure material is mainly jonic and
is due to interstitial silver ions.

Bartlett, Tompkins & Young (1958) and Young (1964)
measured the conductivity and the thermoelectric power of
polycrystalline samples. Microscopic eXamination suggested
that intergranular cohesion occurred at around 450 K, and they

found that when an originally uncompacted sample was slowly
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heated and then cooled, the conductivity rose abruptly at this
temperature if the sample was confineds but ¥l % Ae suas
unconfined. Their understanding is that the difference is due
to the ionic conductivity of the high temperature phase, which
maxeS a larger contribution in the pellet because of more
effective compaction,

This interpretation is supported by the p=type of
thermoelectric power measured in powder where sintering is
complete, In partially decomposed samples, just before the
temperature at which this takes place, a sharp n=type peak is
observed. The explanation is that the intergranular adhesion
is at first lost due to volume reduction accompanying the
formation of the high temperature allotrope. The electronic
contribution presists, since electrons can still flow across
the Jloose contacts, while the ionic part is eliminated. At
these temperatures and pressures, however, the crystallites
rapidly sinter together again, so that the thermoelectric power
returns to p=type., The authors concluded that in undecomposed
silver azide, the main charge carriers are ions, and may be
either interstitial cations or anion vacancies. The geometry
of the crystal structure and the small size of silver ions
(0.126 nm) suggest that the former alternative is more likely
and, further, that the collinear interstitial migration in the
<001> directions would involve the least strain energy. in

samples, electrons donated by metallic

partially decomposed
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silver will also conduct electricity; the electronic and the
ionic parts are reckoned to be about eaual at decomposition

temperatures.

The investigations by Zakharov and co=workers confirm

the role of the interstitial cation as the main current
carrierse. Their measurements of dielectric constant and
dielectric losses on pellets of silver azide co=precipitated
with Jlead azide and with silver carbonate show that

substitutijonal solid solutions are formed in this way (Zakharov
& Kabanov 1964), They also found (ibid,; Zakharov et al, 1964)
that electrical conductivity is lowered by the Pbt+ dopingr, but
becomes higher with the carbonate doping: see Fig. 2.8, Over
the temperature range of 293 to 388 K, the same activation
enerqgy is determined for the pure substance and both of the
doped materials; any change is confined to the pre=exponential
factor. The hypothesis of interstitial cation being the
dominant charged defect system explains these observations. The
enhancement of conductivity upon the (substitutional)
incorporation of carbonate ions follows from its increased
concentration needed to compensate the extra negative charge on
these ions at anion siteS. The decrease in the other case is
due to its preduced concentration following combination with the
excess cation vacancies generated to compensate the extra posi=
tive charge on the Pbt+ ions. The aradual recovery of

conductivity when the dopinag by Pbt+ exceeds 2 mol% (Fig. 2.8)

st
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is due to the increased number of cation vacancies. The rela-
tive slopes of the two branches of the isotherm serve to
confirm that the silver ion in silver azide is much more mobile
by an interstitial than by a vacancy mechanism.

Before ending this sections we review briefly results
which are available, concernina the identification of charge
carriers in other azides. The conductions in potassium and
sodium azides are also ionic, but the responsible species are
cation vacancies. On the other hand, lead azide conducts by
anion vacancy motion. The main evidence is as follows. In
potassium azide, Maycock & Pai Verneker (1969) found that the
incorporation of Bat+ increases the conductivity, Sharma &
Laskapr (1973) measured self=diffusion of K by the radioactive
tracer technique and showed that the migration activation
enerays, 0.8010,06 eV, is nearly identical to the activation
eneray of defect migration experimentally deduced by Maycock &
Pai Verneker, 1In the case of sodium azide, diffusion measure=
ment together with a calculation of polarisation energy Suggest
that Schottky defects predominate with Nat+ most mobile by a
vacancy mechanism (Torkar & Herzog 1966)., The various activa~
tion energies for these azides will be given later in Table
2.5, Section 2.,6.2. For lead azide, it was found that doping
Wwith Ag+ increases the conductivity, while the addition of Cut+
has the opposite effects. The interpretation 1is that Agt

doping leads to the formation of compensating anion vacanciess
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whereas Cut+ ijons, which enter the lattice interstitially,
decrease the anion vacancy concentration. The activation
energy of conductivity is 1,040,1 eV according to Savel'ev et

al. (1967)s or 1.39 eV according to Sheckhov & Zakharov (1969).
2.4 AC CONDUCTIVILY MEASUREMENI

In an attempt to learn more about the conduction
processes, we carried out measurements on the conductivity as a
function of frequency. Its characteristic in the frequency
domain may provide information concerning the azide=electrode
interface and»r as we shall describe in Section 2.5.2s ionic
polarisation is suspected to accompany the application of the
voltage,

A1l the experiments described here and elsewhere in
this work have been on relatively large single crystals; the
way in which we had grown them is recorded in Appendix A. This
sample form offers advantages over pressed pellets or compacted
powder. Its preparation involves no pressing which may result
in plastic deformation, so that any strain=induced changes in
electrical properties are avoided (see Chapter 8). It
minimises the surface to bulk ratio, so that one can be more
certain of measuring the bulk rather than the surface
properties. The boundary conditions of density, powder
particle size distributions and properties of the interstitial

gas are also eliminated. The drawback is that the geometry and

R AR AR A i i S

A st i a b s st



CHAPTER II =gy = ELECTRONIC STRUCTURE &

dimensions of the sample are restricted to those of the as=-
arown crystal, Nevertheless, the use of single crystals make
data reduction and interpretation much less ambiquous.

2.4.1 Experimental

The needle=shane Single crystals were mounted on
microscope slides made of Corning 7059 glass, This alass at
room temperature is stated to have a volume resistivity of
greater than 10E12 ohm.ms a breakdown strenath in excess of
1 MV/m, and a low freguency dielectric constant of 5.9 with the
loss tanaent being ca. 10F=3. Flectrical contacts wepe made
to each end of the crystal under study by applying a conductive
paint with a wire (Driver=Harris 'T.2 Alloy' 0,0076=inch wire
was found convenient: it is resilient and picks up the paint
easily), Fine copper wires were then held on the alass
surface, again with the use of the paints and the line of the
paint from the crystal end was extended to complete the connec=
tion, The conductive paint used in this particular Series of
experiments was DAG 915 (colloidal silver plus binder in methyl
isobuty) ketone) . Each sample was dried in an evacuated
dessicators for at least 16 hours before use.

Measurements were performed on a General Radio 1621
System, containing the Type 1616 capacitance bridge, the Type
1316 oscillator, and the Type 1236 detector. The bridge aives
five digits in its conductance readout but, for our sampies,

adjustments of the third significant figure and downwards often
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have no apparent effect on the null detection, so that the
random error in the calculated conductivity is about 2%
(Systematic error due to the error in the microscopic measure=
ment of crystal dimensions is estimated as 15%). The error due
to temperature variation is unknown but should be small, The
freguency accuracy of the oscillator is specified as 1%, The
range provided covers four decades, from 10 Hz to 100 kHz, For
some samples the wupper limit was at 60 kHz, above which
instability occurred and the bridge could not he balanced.

Measurements were in the 3=terminal configuration, The
sample was enclosed in a die=casSt boxs, with the copper wires
from its two ends soldered onto GR874 connectors (lockina type)
which were mounted on one side of the box. TheSe connectors
could be pluaged directly into the HIGH and LOW terminals of
the bridge, to minimise leads resistance and leads=to=earth
capacitance, The box was thus eartheds, but either end of the
crystal was floating with respect to earth. In this wayr the
capacitances to earth of the crystal and the copper wires were
excluded from the measurement so long as they are not
exceedingly large (Fig. 2.9).

Measurements on each sample consisted of balancina the
bridae at selected frequencies of increasing values; this was

then repeated, with the frequency going downwards and the

connections of the box to the bridge terminals reversed. No

significant discrepancies in corresponding pairs in the values
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of the conductance in the 'up' and 'down' runs were observed.

The sianal voltage used was 5V peak=to=peak, corresponding to
an applied field of between 0.5 to 2 kV/m for different
samples,

Measurements were done on three samples. 0One of the
three samples was then heated at 413 K for twenty minutes but
subsequently found to have cracked, The other two were heated
at 383 K for sixty minutes. After the treatment, they were
seen under the microscope to be still transparent but to have
turned brownish in colour, suggesting a small degree of
decomposition. Their conductivities were measured once more.

2.4.2 Results and Discussion

The spectral characteristics of conductivities of the
three samples all display the same shape, and for clarity only
one set of data has been given in Fig. 2.10. The capacitances
which were also recorded are of the order of 0.1 pF and
decrease monotonically with frequency. The dielectric constant
of silver azide is about 9.5, but the smallness of the ecrystal
cross=sectional area makes it likely that the relatively large
capacitance of 0.1 pF is due almost entirely to electrodes and
the glass substrate, and does not represent the crystal
capacitance. We were thus unable to calculate the real part of
the complex permittivity (see Appendix B) nor to generate
complex impedance plots ('Cole=Cole' diagrams). The results

for the slightly decomposed samples are also shown in Fia. 2.1
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but will pbe discussed later,

Let us consider first the leading seament in 6(w) of
the 'fresh' sample. The slope is measured to be 0.420.02, i,.e.
6 K,wmu where w is the anqular frequency. No frequency
dependence should be seen in band conduction (see end of this

Section), Several other conduction mechanisms do predict a

power law relation between 6 and ws and they are consSidered
below:
[a] Hoppina Conduction

When the charge carriers have with very low mobility (< 10F=4
mz/(V.R): cf. Section 3.2) and energies near the fermi level,

they move by tunnellina between localised states, and

6 = AQdC N'KkT w In*(1/<t>w) (2.1).
Here A is a numerical constant, q the electronic charge, 1/d
the spatial extent of the localised state wavefunction
exp(=dr), N the density of states at the fermi energy, k

Boltzmann's constant, T the temperature, and <t> the relaxation
time associated with the hopping between the localised states.
The last parameter may have a fairly broad distribution. The
constant A has different values as derived by various authors:
T3 (Austin & Mott 1969), U796 (Pollak 1971), and 3.66 N/6
(Butcher & Hayden 1977). At constant temperature anc with the
observation that <t>w >> 10, so that Inln(1/<t>w) << 4, (2.1)
leads to

6 o< w

- alod L AN

where (2.2).
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z = 1 = 4/1n(1/<t>w)
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Tf <t> is ca. 10E~13 s, then for w between say 0.1 and 10 kHz,

z is essentially constant and equal to about 0.8. For (2.2) to

approach our measured slope, however,

<t> has to be as large as

ca. 10E=6 s and in this case z will vary from 0,55 to 0.14 when

w chanages from 0.1 to 10 kHz.

can therefore he rejected.,
[b] TImpurity Conduction

Tf the current transport is again by

which have sufficiently low mobility

as localised states, then, by analogy

This model of conduction process

charged defect centres
for them to be considered

to the results due to

Pollak & Knotek (1979) for disordered solids,
6 = (ML 1n2 / 192)q" d°N*kT w Int(1/<t>w) exp(=LAE/KT)  (2.3),
where /LME stands for the eneray difference between the fermi

level and their energy levels,

At constant

temperaturers this

again leads to (2.2) and the model can be rejected for the

reason as above,

el Tonic Conduction

This we shall see is the most plausible conduction mechanism ==

in agreement with the deduction for polycrystalline samples in

Section 2,3,

A monotonic increase of 6 with w will arise if

polarisation occurs at the electrodes which are partially

blocking to the discharges of cations and/or anions

B)e 1In the case of complete blockina,

6 = G wE<t>2/(1 + wi<T>2)

(Appendi x

(2.4),
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where G is the high frequency limiting conductivity and <t>

here is the Debye relaxatijon time. We plot in Fige 2.11 the

log of 6/(G=6) against log we An expression of the form (2.4)
will give a slope of 2; the x=intercept will be logt<t>*), op
equivalently <t> is the reciprocal of w at which y = 0 (6:=

G/2). From Fia. 2.8, G is estimated as about 0,95 x 10E=5 S/m,
the conductivity at B8 kHz being corrected by subtracting from
it the extrapolation from the seconds, sharply rising segment.
Shown as the second * point in Fige 2.8/ it appears to
correspondina to the saturated value of 6(corrected), Using
this value in Fig, 2.9, we find that the plot does approach a
straight line of slope 2 for w between 10E3/s and 10F4/s, The
Debye relaxation time so obtained is ca. 0.3 msS, a reasonable
value, Tn practice, of course, a distribution of relaxation
times occurs, and this value will correspond to their
‘average'. The drop in 6 as w is reduced is, however, slower
than in (2.,4). 0Our conclusion therefore iS that the electrodes
are only partially blockina but, when the silver azide crystal
is made to conduct electricityr jonic polarisatijons occur
(possibly in addition to a polarisation at the anode due to the
generatjon there of nitrogen gas).

We now consider the second segmentr, in which a sauare
law dependence of 6 on w is apparent, Such dependence may, in
amorphous semiconductors, be an evidence of charges hoppina

under thermal excitation between pairs of potential wells., 1In
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FIG. 2.72 EQUIVALENT CIRCUIT OF A CRYSTAL
WITH ELECTRODES; Ci AND Ri
REPRESENT THE INTERFACIAL, AND
Cs AND Rs THE BULK, CAPACITANCE
AND RESISTANCE RESPECTIVELY.
C1 IS THE CAPACITANCE BETWEEN LEADS. C AND R ARE MEASURED
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our case, however, it is most Probably due to a contact

resistance between the electrodes and the crystal, Referring

to Fige 2.12, we see that the measured resistance

R = Ri + Rs/(1 + w <t> ) 62.5)
where <t> 3 Cs Rs [R§/(Ri+Rs)1*~cCs(Rs RID™, it having been
assumed that Ci =0 and Ri1 << Rs, The behaviour of R may pe
broadly divided into three freauency regimes:

Low freauency region

w? < 1/C3 RsPj R = Rs (2467

Mid frequency region

1/c3 RsRi < w?< 1/c§ Ri> R = 1/w CsRj (2.7
High frequency reacion
1/7c8Ri* < w? R = Ri (2.8).

The relation (2,7) shows that 6 oL 1/R o¢c w*s when the quantity

RsZRi is reasonably constant. street et al. (1971) have
! g 2

derived these relatijons to explain the apparent wZ dependence

of 6 in Se, As,Se, and As,S, films. In Fig. 2.8, we can find

the X=intercept by extrapolation and obtain Cs*Ri
=ca, 10E=2! s.F. I1f we assume that (s remains approximately
equal to the product of dielectric constant, vacuum
permittivity, and area divided by lenath, then Cs is ca.

10F=15 F and Ri about 10F9 {2, Taking Rs to be 10E11 (), the

resistance of the sample at w = 271(4 x 10E3)/s, we find that
the frequency range for Relation (2.7) will be 10ES /s < w <
10E6 /s. actual range so that our

with the

This

agrees
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explanation of 6(w) by (2.,7) is self=consistent.

Lastly, we consider the data shown as circles in Fig.
2.8, which were measured on the same sample after heating at
383 K for thirty minutes. The w2 part is nearly identical to
that seen before the heating, and may be ascribed to the same
cause, i.e.s contact resistance, The flat section, we tenta=
tively explain as a higher conductivity arising from a free
electron concentration due to silver produced in the pyrolysis.
These mobile electrons conduct either in a metallic reaion on
the surface of the crystal or by being thermally excited into
silver azide from the silver (see Chapter 6). The electronic
conductivity will classically obey Drude's law

6 = 6(0)/(1 + wi<t>?) (2.9),
in which <t> is now the mean free time of the mobile electrons,
and 6(0) the DC conductivity. 6(0) is given by Na”<t>/m, in
which N is the concentration of free electrons and m their
mass. Since <t> is expected to be of the order of 10E~15 s, no
frequency dependence should be exhibited by 6 for w going up to

only 10E7 /s.
2.8 EIELD DEPENDENCE & IIME VARIAIION QOf LC CONDULTION

The conduction of single crystals of silver azide when
subjected to a steady voltage has rather unusual
characteristics, we have carried out experiments to

investigate the conduction as functions of time and of the
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field. Also, in other experiments desianed to study different
phenomena, the DC current was often monitored as well, Our
Observations from all these experiments are summarised here.
2.5.1 Experimental

The aeneral arrangement for DC measurements is shown in
Figei2elde The power supply used was in most cases a Fluke
4128. It is capable of supply a voltage from true zero to 2.1
kVy and a current of up to 30 mA., From the measurement of its
load regulation, we found that its equivalent resistance Rv is
less than an ohm within the rated current and thus could be
ignored. The output voltage is selected by digital dials. Re
is a chain of resistors in a die cast box, Its function is to
protect the electrometer E in the event of the sample breaking
downes by 1limiting the short circuit current to below an
appropriate value. In low field meaSurements, it was taken out
of the circuitry, From time to time, the output voltage of the
power supply was re=calibrated by connecting the electrometer
in parallel, Cc represents the total capacitance due to the
power supply, the resistance box, and the relevant sections of
coaxial cables (100 pF per meter length). It has, however» no
effect on our current measurement,

The sample, mounted on a slider, was shielded in a die
cast box or 3 vacuum chamber, except in some breakdown measure=
ments (Chapter 7) when it was placed in front of a camera. The

cable connecting it and the electrometer was always kept short,

e T
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A Keithley 616 (3 1/2)=digit electrometer was used. In the
current=measuring mode, it displays the voltage across a preci=
sion resistor shunting its input. The maximum sensitivity of
10 mV full scale 'deflection' was generally selected; in this
way the shunt resistance was kept to the minimum value
appropriate to the magnitude of the current being measured. in
measurements over extended periodse the electrometer was
periodically zero-checked to correct for its zero=drift. Its
input capacitance is specified as 20 pF, so that Cm, which
includes the capacitance of the cable connecting it to the
sample, would be about 70 pF.

The analog output of the electrometer may be monitored
by a chart recorder. The recorder, when used, was often a
Rikadenki B281., Care was taken, esSpecially in those situations
when the measurement circuitry being set up was complicated, to
avoid earth loops which could lead to reference voltage
differentials or magnetic pickupse. The connectina coaxial
cables in every part of the circuitry were, as far as
practical, taped down on rigid surfaces to reduce tribo=
electrostatic and microphonic effects. Attention was paid to
the isolation of nearby vibration sourcess in particular the
rotary pump when used. Measurements were performed only after
the power supply and the electrometer had warmed up for an
hour,

The practice was adapted that, as far as possibler the

ARSI
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two ends of the sample were shorted for a period lasting at
least half an hour between one measurement and the next, This
was done to faciliate the relaxation of any ionic polarisation
at the electrode interfaces. Note that higher=than=room=
temperature cycling cannot be applied, for fear of changing the
crystal through decomposition.
2.5.2 Results and Discussion
We found that, at room temperature, when a constant

voltage s maintained across a single crystal of silver azide,
the current through the crystal aenerally changes with time.
The time=domain behaviour of current falls into three
cateaories, depending on the magnitude of the field applied:
[al Low fields

The current decays slowly, at an initial rate of ca. 5%/min.

A steady state, non=zero, current is obtaijned eventually.

The time taken for the current to drop by 0,63 of the final

amount of decrease 1is of the order 10E3 s and shorter when

the applied field is higher, but no detailed analysis of the

current=time behaviour has been attempted. A constant field

as small as the peak=to=peak value used 1in AC experiments

discussed in the last section would lead to this behaviour,
bl Moderate fields

The current fluctuates. If the field has a value that is at

the lower end of this ranges an initial period can be

which the average value of the current

distinauished

auring
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is seen to decay, Eventually, however, after some minutes or

a few tens of minutes, the current shows non=periodic rises
and falls, Just before the onset, there is sometimes a
distinct rise in the average level of the current, and the
power density conducted by the crystal immediately after the
onset is generally of the order 10E2 W/cubic=m. If the field
has a larger value, the current fluctuations start sooner and
the initial decay period is no longer apparent; at the same
time, the fluctuatjon amplitudes expressed as percentages of
the average value of the current seem to become smaller.
Atter a further period of time, the non=steady character of
the curprent changes, but we shall not discuss this part of
current behavioupr until Section 3.3. In all cases, although
a unigue value cannot be assigned to the magnitude of the
current, it is obvious that its approximate average increases
supralinearly with the applied field. The range of fields
within which such a behaviour is observed varies from crystal
to crystal and/or with the electrode material; its lower
limit, Fx, will be given below for those experimental condi=
tions we have investigated.

[c] High fields
The current fluctuates but at the Same time its average value
increases steadily with time. Dielectric breakdown and
explosion initiation will occur eventually unless the field

is removed or unless an current is limited by an external

i e o i s
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circuitry, The Tlowest fields Fx* at which this behaviour
were found will be given later in this section.

A 'memory effect' has also been observed. If the field
is removed and then applied again, the current has the same
starting value but its rate of rise is faster than in the
previous application. This increase is more noticeable if
the former application of voltage has lasted longer (the
current reached has been higher), and if the interval between
the two applications is shorter. Such a memory effect was
detected after intervals as long as an hour, in some samples
which had previously been subjected to electric fields so
hiagh and for periods so long that, had the fields not been
removed in time, the breakdown would have occurred, Our
attempted explanation of the high=field phenomena will have
to wait until Section 7.8.

Chart recordings illustratina ([al, ([b] and [c] are
aiven in Figs. 2.14 & 15, The five experimental conditions
under which these phenomena have been studied are:

1) silverdag=painted electrodes, 1 mPa vacuum;

?) same electrodes, but in air;

3) tantalum wedge pressure-contacted electrodes, 10E=6 Pa UHV;
4) same electrodes, in air; and

5) carbon=dag painted electrodes, in air.

The silverdaq was prepared by suspending colloidal silver in

methyl iso=butyl ketone, and carbon=dag was colloidal carbon
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ethanol, The situations of asymmetrical electrodes have not
been fully investigated, However, a few measurements with
mixed Ag= and C(-electrodes were carried outs, and in either
polarity the same phenomena were observed. It should also be
mentioned that we could not embed a crystal in a potting epoxy
so that different metals may be pressed against the ends and
serve as electrodes, the reason being chemical reactivity as
already mentioned in Section 1.4. Among the materialsS trieds
only ‘'Celloidin Wool' (made by Hopkin and Williams) was found
to be adequately inert to silver aZider but its electrical
properties are not sSuitable. We have not used metallic thin
films as electrodes: both evaporation and sputtering were found
to cause decomposition which produces silver (cf. Section 6.2).

The non=steady=state characters of the current are
Qualitatively the same whether the electrodes are of siverdag
or of the other materials, In particular, the initial values
of conductivity measured at Jlow fields show no systematic
variation significant compared to the estimated experimental
error. The conduction seems therefore to be bulk=limited, at
least before the field has been applied for Jlong and the
current has significantly decayed == See later. This implica=
tion is consistent with the picture offered in Section 2,3 that
it proceeds by the movement of interstitial cations present in
the crystal. Fuprther, it is more Jlikely to involve the

discharge of azide ions leading to electrolytic decompositions

dalskschiss
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at a silver anode as at an 'inert' anode, and not the oxidation
of silver which leaves the anode and ‘'dissolves' into the
crystal as ions. Also, under low and medium fields the curprent
is not noticeably affected by the ambient cas, water vapour
excepteds as can be observed when the vacuum system was
aradually pumped gown. However, the rise of current under high
fields is faster for a crystal in vacuum than in air.
Secondly, it is a preliminary observation that the use of
tantalum rather than silver or carbon electrodes leads to lower
values of both F* and Fxx, These values ares for both Ag= and
C=dag, 15%2 and 1704250 kV/m, For tantulum electrodes there are
areater variations between samples, and the values are 1215 and
120155 kV/m, respectively.

More charts illustrating behaviours [b] may be foundg in
Chapters 3, and [c] in Chapter 7 where suggestions will be put
forward for the explanations of both.

Current instabilities and the subsequent breakdown

resultinag from the application, over extended periods, of

fields significantly less than 100 MV/m, have, if effects due
to electrolysis are excludeds hitherto received little atten=
tion. Cornelis (1974) descibed a similar 'memory effect' in

the electrical conduction of lead azide, but gave no correla=
tion with other properties and offered no interpretation of the
effect. Independently, we have also noted this effect in lead

azide; it is almost certain that it has the expanation that we

R A i omris il il
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shall propose for that in silver azide. Very recently, a paper

(Narayan et al. 1978) appeared which reported that dielectric

breakdown occurred in MaO at 1300 K after being subjected to
100 kV/m for over 100 h; this work we shall discuss in Sec=
tion 7.6,

A third piece of work was due to Thoma (1975, 1976),
who measured the time and voltage dependence of currents in
insulators and semiconductors, and proposed that very generally
there are two critical values for the power density., When it
exceeds 10 kW/cubic=m, eventual breakdown due to localised
melting is unavoidable. If it is less, but greater than ca. 10
W/cubic=m, discharaelike instabilities do not occur but the
current may display flunctuations as well as have long=period
(several minutes) rise and fall (with a more or less
rectanaular time dependence, and a maximum amplitude of about
three times the normal level)s At even smaller power densityy
the typical instability 1is a very infreauent (seen after ca.
300 h) step=like irreversible increase of the current by a
factor rof'icae’ 1:5. These observations are most easilly
explained by current density inhomogeneities in the solids
which lead to local structural changes. One evidence for this
mechanism is the fact that a strong maanetic field reduces the
'induction time' for a step=like increase to ca. 24 h (Thoma
1973). 1In intrinsic semiconductors, the inhomogeneous current

density distribution is thought to be due to Joule heating and
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insufficient heat transfer between different parts and should

not occur until the upper critical power densSity is approacheds

while in wide=gap semiconductors and insulators it is proposed
to occur at lower power densitiess arising out of extended
defect regions which are present in the crystal before the
field is applied. It will be seen that the model we have
indenpendently arrived at for the breakdown of silver and
thallous azides may be regarded as a specific and more definite
example of the current filament (thermal breakdown) theory buty
because of the particularity of the azides, namely their
chemical reactivity, our proposal include a hitherto neqglected
mechanism for the formation of conductive filaments,

Here we shall only discuss probable explanations for

the decay of current in [al and in the initial part of [b].

Sueh a behaviour indicates in general some relaxation process

or a slow build=up of non=equilibrium space charges, and the

possible mechanisms, in silver azider are:=

1 charaing of the geometrical capacitance;

2 electronic (or optical) polarisation == the negative electron
clouds of the atoms or ions in the crystal are displaced with
respect to the positive cores;

3 dipolar (or atomic) polarisation == the relaxation of the

electric dipoles formed by pairs of the anion and the cation

(see Section 2.1);

interfacial polarisation == due to the electrodes being par=
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tially blocking to cations, and to electrons for the
discharge of anions;
5 trapping of certain charge carriers which are injected from
one of the electrodes, when the field is switched on.
Carrier tunnelling to empty traps and hopping through localised
states are two other processes which can be responsible (Das
Gupta R Rrockley 1977), but they are probably unlikely to occur
in crystalline insulators,

The time constant of the current decay is, as we have
mentioned, of the order 10F3 s. Referring to Fig. 2.13, we
expect C to be small (except in the rare circumstance when long
parallel=running leads have to be connected to the two enas of
the sample). A typical situation will be that C =ca. 10 pF and
Rm = 10E10 ohm, so that the transient voltage across Rm when a
step voltage V is applied will fall with a time constant of ca.
0.1 s, which is so small that the transient will not be
recorded on the chart, Indeeds, we see from Fig. 2.14(h) that
in the first few seconds after the application of V, the
voltage across Rm rises slowly instead. This we interpret as
the charging of Cm, with a time constant of Cm(R + Rc)r or
approximately Cm R which is of the order 1 s at room
temperature,

Mechanisms 2 and 3 may be dismissed for the similar
reason that they are expected to be fast. Carrier trapping,

the last in the 1list above, may play a part but no data are
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available. In any cases ionic polarisation must be the
dominant contribution, on the strength of the results described
in the last section. Thus, when v is first applieds the
current density is uniform along the length of the crystal;
the conduction is bulk=limited but not steady=state. As time
increases, positive ionic charaes accumulate in front of the
cathode ands at the anode, there forms a negatively charaed
depletion layer possibly in addition to a region accomodating
nitrogen atoms resulting from the discharge of aZzide ionS. The
electric field and therefore the current flow in the bulk
thereby decrease. Eventually, when the current through the
interfacial layers equals that in the bulks the system has
reached steady state, but the current is now electrode~limited.
This eventual current is non=zero, consistent with the deduc=
tion in Section 2,4.2 that the electrodes are only partially
blocking.

We shall see in Section 3.2 that the fluctuating
current of [b] or [c] is probably also electrode=limited. The
crucial effect of the interfacial polarisation is that the
field along the crystal becomes inhomogeneous, so that the
maximum value of local fields is enhanced. All the other
relaxation processes, including charge carrier trapping (unless
for some reasons the traps are grossly non=uniformly
distributed), do not lead to a non=linearity in the field.

Usina the Maxwell=Waaner model of the two=layer

ORISR
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capacitor, the time constant for the process is (see Adamec %
Calderwood 1978):

<t> = (e/6)(L/d) (2.10),
where e is the dielectric constant of silver azider 6 its
conductivity, {15 the lenath of the sample, and d the combined
effective thickness of the interfacial lavers. Relations
(2.10) is approximate in that the interfacial layers are
assumed to have zero conductivity: the electrodes are totally
blocking. As an order of maagnitude, however, <t> = (10 x 8,9
(pF/m) /100 (nS/m)) (1 em/d) = 10E3 s, if d is cae 10 nm.

Without access to a highly automated measuring systems
we found it not worthwhile to investigate the changes of <t>
with voltage and temperature. A few preliminary observations
showed, however, that <t> increases when T is lowered, We have
determined also that the zero=time conductivity obtained by
extrapolation (Fig. 2.14(a)) is constant at low fields, i.e.r
the V=1 characteristic is ohmic (cf. the discussion on
Eg. (2.14) in the next section). Above Fx the data,
unfortunately, are not reproducibler one reason being the
uncertainty in estimatina the average value of the current.
Nevertheless, the characteristic is obviously supralinear; its
possible form is I proportional to V sauareds loa(I) to V to
the power 1/4, or to the power 1/2, We shall discuss this
nonlinearity again in Chapter 3.

A phenomenon we have observed which is also

A s s A i A L kA i bbbt
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irreproducible from one sample to another is an occasional
decrease in the low field conductivity after a voltage has been
applied to the crystal once, About a day after the first
application of voltage, the initial value of the conductivity
obtained in any subsequent measurement becomes constant, and
this irrespective of the polarity of the applied voltage and
whether the voltgce is maintained for all or only parts of the
period. The ratio between the initial and the fina

conductivities has been found to be : i] ca. 1, i.e. no
sianificant difference, for fifteen samples (with silverdaq
electrodes nine in air and two in 1 mPa; with tantalum
electrodes one in air and three in UHV), iil ca., 5 for two

samples (one with silverdag electrodes in 1 mPa, one tantalum

electrode in UHV), and iii] ca. 10 for one sample (tantalum
electrodes in UHV) o One possible explanation for the
phenomenon is the capture of electrons by mixed=valency

impurijty ijons which constitue deep trapping centres, In our
samples they can be ions of transition metals such as iron
(Appendix A; Section 2.6.2). Very recently (December 1978), we
found that a similar decrease of conductivity has been obseprved
by Sonder et al. (1978) in Mg0 single crystals. These authors
suggested a slightly different mechanism, in which the
impurities move to nearby dislocations along where they, or
the

their chargeS, are transferred to the cathode. The resulty

reduction of aljovalent impurities, is the same,
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2.6 IEMBERATURE DEPENDENCE OF CONDUCTIIVITY

In the low=field regime the conductance in AaN is
ohmic and is attributed chiefly to the drift of interstitial
cations, The bulk=limited conductivity, 6, is therefore
determined by their eauilibrium concentration n and their
mobility u, The magnitudes of both n and u are themselves
controlled by thermally activated processess namely, the
thermodynamic formation of Frenkel disorders and the hoppina
over interatomic energy barriers by the ionic defects formed,
respectively. By studying 6(T) =q n(T) u(T), we can therefore
estimate the physical parameters describing these two
processes,

2.,6.1 Experimental

The arrangement for current measurements was identical
to that described in the last section, except that the glass
slide on which the crystal was mounted was glued to a copper
cold finger with Dow Corning 340 heat=sink compound. The
copper block was welded to a Kovar disc which formed the bottom
of the inside wall of a vacuum Dewar (Fia. 2.16). The specimen
was cooled by introducing watertice or methanol+dry ice into
the Dewar. A silvered glass socket=and=cone (not shown in the

photograph) formed an outside wall of the Dewar, enclosing the

copper block, The Dewar was evacuated to 1 mPa by an oi
<<==
FIG. 2416

Dewar system for conductivity measurements
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diffusion pump backed by a rotary pump. Electrical connections
between the sample and the power supply as well as the
electrometer were made via a multipin feedthrough,

A Eurotherm 072 temperature controller was used. A
copper=constantan thermocouple was held by heat=sink compound
on the glass slide next to the crystal. It was connected to a
DVM ands in parallel, to the Eurotherm which controlled the
current into a soldering=iron heater (1,9 k=ohm) mounted on the
copper block, The stability of temperature achieved, as
monitored by the DVM, was £ 1 K. When the initial values of
conductivities at different temperatures were measureds the
glass slide was heated to a chosen temperature and then the
Furotherm output power reduced to zero. This was to avoid
mains pickup by the electrometer circuit, and the <change in
temperature while the reading was quickly taken was checked to
be not more than 1 K.

The offset and the noise levels in the electrometer add
up to 0,01 pA, In our particular system, however, the limit of
measurement was set by the leakage current through the glass
slide and the feedthrough and some residual pickups, which was
ca. Oal pA at 100 Ve Current measurement commenced at low
temperatures, and the electric field applied was about 20 kV/m
below 273 K, 1 kV/m above 323 Kr, and 5 kV/m in between.
Between each measurement, while the temperature was raised to a

new Setting, the ends of the crystal were kept shorted.

i L
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2.6.2 Results and Discussion

Measurements were carried out on three samples. Each
was 'formed' by having five volts applied to it for an hour and
then its ends shorted for a day. The conductivities of samples
A and B were unchanged, but that of C afterwards was reduced by
a factor of 4,3, Sample A was broken when liquid nitrogen was
introduced into the Dewar, The Arrhenius plot of the conducti=
vities of the other two specimens is shown in Fig+2e17« [|zet sus
first consider the high temperature part. Our results, as well
as those obtained by other workers, all of which have been in
this temperature region, are compared in the following table:

Table 2.4 Activation Energy of Conductivity

Sample form Electrodes Slope/eV Temp./K References
pellet ? 453=523 Gray ®
Waddington 1957
Sintered powder & 1.09 433-453 Bartlett et al.
1958
pellet araphite 0.82 203-388  Zakharov %
(in vacuum) 2 0,05 Kabanov 1964;
Zakharov et al,
1964
sintered silver wire 1.08 293=453 Young 1964
powder pressure
(in vacuum) contact
pellet? ? 1.08 293~ ? Sheckhov R
(in 1 mPa vacuum) 7dkh?POV 1969
pellet sputtered 0.80 293 = Gas'maev R
silver x2 0.08 ca.388 Zakharov 1972
" b ca. 1.87 ca.388 Zakharov et al.
- 430 1976
single g .
crystal silverdaa Thetlat 262=343 this wor

(in 1 mPa vacuum) x 0.05
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Note to Table 2.4 : The result of Gray & Waddington probably
applies to electronic conduction in decomposed samples, in
view of the very high temperatures they have used. They
stated that a discontinuous change in the conductivity was
observed below 453 K. Zakharov et al. (1976) thought that
the conduction is electronic when the temperature exceeds Cae
388 K. Young (1964), however, has shown that when his
specimens were cooled from 453 K down to room temperature,
the conductivity did not change its slope and could be
attributed entirely to ions.

The low temperature part of our plot gives a smaller
slope of 0.520.2 eVe. It appears to correspond to the extrinsic
conductivity region, in which the majority of free ions are not
thermally agenerated but exist because of the presence of
uncompensated multivalent impurities in the crystal., We may
therefore consider the approximate value of 0,5 eV to be the
activation energy for motijon of the ionic carrier, Wv.

The high temperature part then corresponds to the
intrinsic reaqione. Applyina the l1aw of massS action to the reac=
tion 3

occupied lattice site + unoccupied interstitial site
<===> cation vacancy + interstitial cation

at constat pressure, we see that the density of interstitial

cations, n, is given by @
€ (Ni=n)/n )( (N=n')/n* ) = exp(LAS /k = We /kT) K1y

2 5 : : '
where Ni is the density of possible interstitial sitess n' that
53 s
of cation vacancies, N that of cation lattice sitess, and L)

and Wc are respectively the entropy and the enthalpy of forma=

tion of a pair of cation interstitial and vacancy. (The case
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beina considered is where the charge carriers are intepstitial
cations, as it is in silver azide,) Since Ni is nearly the same
as N, n << Ni, n' << N and, in the intrinsic regions n' is
about equal to n, (2.11) reduces to @
n = p N exp(=Wec/2kT) (2.12),

where p = exp(4\S/k) is usually not very different from wunity,
When an electric field F is applied, the motion of the ions
exhibits a net drift because of the created difference in the
inter=site barrier heights, with a velocity

V@drift) = v d exp(=Wv/kT) 2sinh(aFd/2kT) (2.13),
where v is the jump frequency, d the Jump distance, and q the
charge on the ion. The change in potential due to F from one
interstitjal site to another is small compared to thermal
fluctuations: gFy << kT, so that sinh(aFd/2kT) can be
approximated by aFd/2kT, The ionic mobility is then

u = vldrift)/F = (qvd /kT) exp(=Wv/kT) (2.14),
and isS proportional to (1/T)exp(=Wv/kT)e V and d having only
mild temperature dependences. Since 6 = nqu, the conduction
characteristic is ohmic, and the slope of the plot of 6T vs,
1/7 should be Wc/2 + Wv. Hence Wc is obtained as ca.
2(1.1120.5) or 1.2 eV,

Usina crystallographic data to evaluate N, we find from

(2.12) that at room temperature n iS ca. p(2x10E18)/cubic=m.
At room temperature therefore, approximately

u = (1/na) 10E=7 S/m = (1/p) 10E=7 (m/s)(V/m),

SRS A
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This results seems to be rather too large unless p is
exceptionally large; the typical mobility of the interstitial
silver ion in silver halides is of the order 10E=13 (m/s)(V/m).
On the other hand, the value estimated by Zakharov & Kabanov
(1964) is definitely too small. From the conductivity isotherm
of silver azide containing Pb++ (Fig. 2.8)» they calculated
that U =ca, 4x10E=16 (m/s)(V/m). This corresponds to n/N =ca.
0.1, which is quite impossible except in a superionic solid=
electrolyte. The authors dide in fact, point out that the
assumptions made in their calculations were unlikely all to be
satisfied. Qur conclusion is that from one interpretation of
the conductivity plot, values have been found for the free
energies of formation and of motion for the dominant charge
carrier in silver azide at low fields. These values canes
however, at present be regarded as tentative only. They can be
independently checked by, for example, self=diffusion measure=
ments, Considering the geometry of our single crystals,
however, we decided that the effort likely to be required to
make the experiment work was not justifiable in view of the
secondary importance of the result to the present research
programme,

Corresponding values for the other heavy metal azides
are totally unknown, Nevertheless, it is plausible that in
monovalent metallic azides they will show a consistent trend

with I, the ionisation potentials of the metals. We may expect
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that as T increases in the series K, Na, Tl and Ag, the
ionicity of the corresponding azide bond decreases, so that in
the crystalline state the eneraies required to create defects
and for the charged defects to move are reduced., As a result
of both of these effects the conductivity will increase, Our
expectation is not contradicted by experimental results which

are summarised in the followina table:

Table 2,5 Conduction in the Azides

Potassium Sodium Thallous Silver
Gemdugtfon ... .. estion . catisn. 2 interssitial
species vacancy(a) vacancy(a) cation (a)
Wec/ eV 1.43 (b) 1.91 (¢) ? (1.2)
Wv/ eV 0.80 (a) 0.87 (c) 2 (0.5)

Activation Energy
of intrinsic (d) 152 1.83 ? 111
conductivity /ZeV

Room=temperature :
conductivity/(S/m) 10E=12(b) - 10E-10 3x10E=7

Results from this work unless otherwise specified
(a) as discussed in Section 2.3
(b) Maycock & Pai Verneker (1969)
(c) Torkar & Herzog (1966)
(d) equal to NC/2 + Wy
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3.1 BUSSIBLE MECHANISMS OF NON=QHMIC CONDUCTION

In Section 2.5.2 we have described the observation that
in silver azide, when the applied electric field exceeds a
certain critical value F*, the current displays fluctuations,
Alsosr the approximate average value of the current increased
superlinearly with the field. 1In this and the next section, we
shall attempt to identify, through plausibility arguments, the
processes responsible for the non-=steady=state and non=ohmic
behaviours,

First, we examine here the spectrum of mechanisms which
may explain non=linear current=voltage characteristics in ionic
crystals. These mechanisms can be classified accordina to
whether they take place in the bulk or at the electrodes. They
lead to an increase of the conductance either by enhancing the
ionic mobility or the density of mopile ions, in the bulk, or
by generating new current carriers in the bulk or at the
electrodes,

3.1.1 Bulk Effects

(a) A field=dependent mobility of ionic defects can be
derived in a straight=forward manners without the postulation
of any new processes. Referring to Fq. (2.13), we see that u
is constant given by (2.14) only if aFd << kT, where @ is the
ionic charge, F the fieldr d the distance over which the ion
hops, and kT has the usual significance, In the case that this
condition holds but that aFd is still sufficiently

does not
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small in relation to kT so that it is adequate to take anly the
first two terms in the series expansion of the sinh factor, we
obtain

u(F) = uC0) 1 + (aFd/2kT)% /3] 63510
in which u(0) is the low=field mobility given by (2,14), At
room temperatures, kT is approximately 1/40 eV so that the
field-dependence in (3,1) is significant only for Fd 2 1/20 V.
Since d is typically of the order 1 nm, this implies the condi=
tion that F >ca, 100 MV/m,

(b) When the field is applied, the density of mobile
ions may be increased because of the lowering of the potential
barrier for an ion to leave its normal lattice position. Bean
et al, (1956) have analysed the ionic conductivity data of
tantalum oxider, and suggested that the density is given by

N(F) = NC0) exp(=qFd/2kT) (3.2),
where N(0) is the thermal equilibrium density, and d here is a
parameter which itself depends on F but is generally 1 nm or
less. Relation (3.2) has further been applied to the data of
some other oxides (Young 1961). Like (3.1), it implies that at
room temperature F > 100 MV/m before the field-assisted genera=
tion of ionic defects can become important.

(c) The density of free electrons or holes is, in the
intrinsic region, aoverned by the thermal process of excitina
electrons from the valence to the conduction band. If the

band=to=band enerqy aap is Eag, this number is the effective
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density of states times exp(=Eq/2kT), For a material such as
silver azide with Fg ca. 4 eV, the exponential factor will pe
so small that, although the electrons or holes or both may have
much higher mobility than the ionic defects, their contribution
to the conductivity is utterly negligible. Alternatively they
may, of course, be derived from donor or acceptor impurity
atoms contained in the material, but wusually the impurity
levels are so deep inside the enerqy gap that at room tempera=
ture, most of the impurity centres remain un=ionised. However,
if the applied field is hiah resulting in sianificant lowerina
of the ionisation eneray barrier, then thermionic emission from
these electron or hole traps may become important. If the
trapping potential has the Coulombic profile =q%/4T ex, then
the barrier reduction is Z\W = (ti/n,af:’ and the density of
conduction electrons or holes is
n(F) = n(0) exp(ZAW /kT)

1

= n(0) explq(qF/rc e) /kT] (3.3).

Here q is the electronic charge, e the static permittivity of
the material, and n(0) the original density in the absence of
the field. At room temperature, n(F)/n(0) is not large enough
unless Fdﬁq/;Le\wz > 1740 V. For silver azide whose e is
9.5/36rc nF/m this condition means that F > 100 MV/m,

EqQ, (3.3) was first derived by Frenkel (1938) and based
upon the earlijer experimental work of Poole (1916, 1917).

Various refinements have been proposed to this Poole=Frenkel
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expression (Jonscher 1967; Tdea et al. 19713 Hill 19715)is 7 "In
all these modifications, however, the factor which varies most
rapidly with F is of the same form as that in (3.3), so that
the condition remains valid,
3.1.2 Flectrode Effects
The electrodes, being metals, have electron energy
bands which are only partially filled, The density of free
electrons is therefore orders of magnitude higher than that in
the crystal. By thermionic emissions electrons may be injected
by the electrode into the conduction band of the crystal, or
extracted from (i.e. injection of holes into) the valence bhand.
Since the electrons and holes have small effective masses,
tunnelling is also possible across an interfacial energy
barrier. Below, we consider these processes in greater detail.
[al Electrons or holes can 'boil off' from the metal
into the crystal just as they do from the heated metal into
vacuum. Depending on the particular crystal surface and metals
it may be that the activation energy W for the process is
substantially smaller than the corresponding work function for
the metal=vacuum interface (Fig. 3.1). Tf W is not very much
larger than kT (1/40 eV, at room temperature), then a vapour of
electrons or holes is maintained in the crystal. In the
absence of compensatina charaes, a space charge will then exist
in the crystal, accompanied by an equal and opposite charge on

the surface of the metal. This is the case of thermal injec=

i
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tion, and has been studied by Mott & Gurney (1948, PP.168=73),
Rose (1953) and Lampert & Mark (1970). The carrier density in
the crystal immediately near to the interface is, with

generally valid approximations,

2. .3/2

n = 2(2em*kT/h ) “expl(=W/kT) (3.4),
where m* is the effective mass of the charce carrier and h the
Planck's constant. The pre=exponential factor is typically of
the order 10F19, If the applied voltage V is very large, the
current density in the crystal will be

J = anu(V/L) (3.5),
in which L is the length of the crystal. The conduction is
therefore ohmic, and it is said to be emission or temperature
lTimited, with an activation energy equal to 4. However when V
is less than anL®/e (but still much larger than 1/40 eV), the
rate of carrier injection from the electrode exceeds the rate
at which the carriers can be transported across the bulk of the
crystal, and a space charge iS maintained near the boundary.
The current density under this space charge limited (or voltage
limited) condition is

J = (9/327)euvi/L? (3.6),
if the bulk is trap=free. This case is in many ways simijar to
the situation in the thermionic vacuum dioder where Child's law
cives J = (4/3/9)ex (q/m)/*v3*/1*; the difference is that in
vacuum the charge moves with constant acceleration instead of

at the constant velocity uV/L. EQ. (3.6) is modified if the

e
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carriers are trapped; the various cases corresponding to
different trap distributions and the situation that the drift
mobility may become itself field=dependent have been considered
by Caserta et al, (1969) and Muraatroyd (1971).

[b] In the case of space charge limited conduction
discussed above, W is assumed small. This in fact is not the
common Situation, More often, a blocking contact is formed,
where W is large, formina an energy barrier which not many
carriers can surmount to get into the crystal (Fig. 3.2 (a) R
(b))s Still, when the applied field is high enoughs, the
barrier height may be so much reduced that significant emission
is obtained and an appreciable current flows, This case of
field=injecting electrodes has been considered by Schottky
(1938). (Note: Some authors, e.a. Mark R Gora (1974), do not
refer to field=assisted emission as injections reServing the
term for what we have called thermal injection. This distinc=
tion will not be made here; it is unnecessarilly reStrictive
and apparently seldom recoanised.) The model is shown in Fig.
3.2 (e) for the case of hole injection; the situation of
electron injection is completely analogous. Band=bendings are
ignored (see below) so that the valence band edge is
approximated by the straight line labelled '1'. when a hole is
emitted into the crystal, it induces a negative charge in the
metal. Hence, it does not have the full potential eneray W

until its distance from the interface, x, is infinite. With

e
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the image force included in considerations the barrier profile
is modified to '2': h-ql/(dfyel). Finally, when a field F s
applied to the electrode, which is made positive relative to
the counter electrode, the voltaae is assumed to drop uniformly
inside the crystal. The barrier profile is then

W' = W= gFx = g*/(4 mex) (3.7
The minimum can be found at once to be

W= /AW = W= (g*F/ame)” (3.8).
The field=assisted thermionic emission current density is

J = [PTZexp(=W/kT)1 explq(qF/me)2/2kT]  (3.9),
where P, the Richardson=Dushman constant, is 4 I(m*/m)qkz/h> =
ca. 1.2(mx/m) 10F4 A/m°K>, where m* is the effective mass of
the electron in the metal,

Let us now examine the effect of the actual bending of
the band edge. In the crystal adjacent to the interfacer there
is a region where free electrons have flowed into the metal to
allow the fermi levels on both sides to align. The length of
the resultina electronic depletion layer is (Simmons 1968) :

1 = (2ew/q2m)'* (3.10),
Here n is the density of conduction electrons in the crystal.
As we have mentioned before, in ionic solids which have large
band gaps and deep impurity levels, n will be small. Hence |
may be of considerable magnitude. Ifreagger Wasel seV;
n = 10F15 /cubic=m and if the crystal has a dielectric constant

of 10, then 1 is ca. 1 mme The conditijon that 1, the space=
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charge length before application of external field, is large

guarantees that the straight line approximations 1, wused in
deriving (3,7) is perfectly adequate, even if F is not very
large. (On the other hands the fact that n is so large in

metals underlines our implicit assumption that the metal side
of a contact can be consiaered free of any space charge.)

[e] Charge carriers may tunnel from the fermi level of
the electrode into the conduction band of the crystal. The
process can be either thermally-assistedr, or field=assisted
alone (i.e. field emission). The tunmnelling may also be
directly to the fermi level of the counter=electrode, but this
mechanism is important only if the insulator i an ultra=thin
film and will not be considered here. A unified theory for
thermally=assisted tunnellina (TAT), field emission and over=
the=barrier thermionic emission (which we have deScribed
already as (b) in the above) has been presented by Tantraporn
(1964), In this approach it becomes possible to identify
discrete regions on a temperature=field plot in which each of
the three mechanisms 1is predominant, The field emissions
qoverned by a modified form of the Fowler=Nordheim Equation,
will not pe discussed because of its relative insianificance at
room temperature for fields less than about 300 MV/m, given the
usual orders of magnitude of W, e, and me It remains necessary
to consider the TAT emissions which has been calculated by

Roberts and Polanco (1970) by a W.K.B, approximation. Although
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the appropriate equations cannot be solved analytically to give

the current density, they found that the following empirical

relation fitted within 3% of the computer=generated results:

J = B exp(=W/KkT) expl(C+D/kTIF'?) 63511

Here B = 7x10FE11 A/square=m, C = 10E=4 m'¥V'®%, and D = 10E-5
12,12 : A

eVem ' /V", This relation applies, however, only for the ideal

case of a trapezoidal potential hill (Fia, 3.3), in which band=

bendina and image forces are neglected.

3.2 SUGGESTED MECHANISY OF CONDUCITION
IN SILVER AZIDE UNDER SIRONG EIELDS

In the preceedinc pages we have presented a brief
review of the various mechanisms by which current may be
carried in an ionic crystal, besides that of ohmic ionic
conduction. In the present case of silver azider all those
three which take place in the bulk may be rejected at once.
They are unimportant until F approaches at least 100 MV/m, more
than three orders of magnitude higher than Fx (Section 2,5.2)
which is a globally averaged value. The bulk effects can
therefore be ruled out, Incidentally, at a bulk field of such
magnitude, some processes which lead to dielectric breakdown
are already feasible (see Section 7.,3.2).

As to the electrode effects, space charge limited
conduction appears unlikely since (1] at low fields, the

current has been established by several authors as mainly ionic
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(Section 2.3), and [?] the activation energy (1.1 eV) of low=
field conductivity which we have measured is relatively hignh.

If this activation eneray is identified as W (and not as in

Section 2,6), then from (3.4) n 1is about 10, an utterly
nealigible space charge density. Indeed, from gqeneral
experience with semiconductors we will be quite surprised if

thermally injecting contacts to an azide have heen achieved
Wwithout elaborate treatment of its surface and careful choice
of electrode materials. For Schottky (field=) emission we may,
considering a silver azide crystal of cross=section (150 um)
and at room temperature, calculate from (3.9) that the current
ise in Ay

108] ~ exp(=40W + 0.015F") 3120
if W is in eV and F in kV/m, Here F is the local field near
the electrode and may be different from the bulk value.
Similarly, from (3.11) the TAT current is numerically

TITAT] =~ (10E4) exp(=40W + 0,016F"%) (351395

Let us now consider the likely values of W. The

electron eneray diagram for a metal=insulator interface, after
thermal equilibrium has been attained by the electrons on the
insulator side, is Sshown in Fige 3.4 where the pands of the
insulator bend up to take up the contact potential between the
insulator and the metal, The contact potential arises from the
difference between the work function Wf of the insulator and

that of the metal, wf', both of which are measured from the
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correspondina fermi levels to the vacuum level. The electron
affinity, X, of the insulator is the minimum energy that has to
be given to an electron in the conduction band for it to escape
to infinity. The diagram has been drawn for the case Wf < Wf',
So that a Mott barrier exists for holes and a Schottky bharrier
for electrons. If Wf > Wf', then the bands bend downwards and
the reverse situation applies. Experimental values of the work
functions of silver, tantalum, and aquadag are listed in Table
3.1 below, For silver azide, Wf = 1.6 + 3,7 = (0.8 to 0.9) =
4.4 to 4.5 eV, according to Fia. 2.7. Since silver azide
crystal is an essentially ionic solid, it should have a density
of surface states less than 10F14 /square=m (Kurtin et al,
1969), so that the real contact will not behave very
differently from the limiting situation depicted in Fig. 3.4.
(This argument, incidentally, will be invoked again in Section
6.6.1)
Table 3.1 Work Function

Conductor

Ag 4.64 Dweydari & Mee 1975
4,52 Dweydari R Mee 1975
4.74 Dweydari & Mee 1973
Ta 4,15 Protopopov et al, 1966
4.80 Protopopov et al. 1966
4,00 Protopopov et al. 1966
€(daqa) 540 Robrieux et al, 1974
The values for Ag were all measured photoelectrically,

those of Ta by thermionic emission, .
and that of C by contact potential difference.
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Tt will be seen from Fig. 3.4 that the theorectical
values of the eneray barriers for holes and for electrons arer
respectively, wl+)] = Ec + X = Wf' and W[=] = Wf' = X. In the

case of the silver=silver azide contact, Wf' = 4,52 to 4.74 eV
(Table 3.1)s X = 1,6 eV, and Eg = 3.9 to 4.3 eV (Section 2¢2)s
Thus Wl+) = 1,1420,.3 eV and Wl=] = 3.0£0,1 eV, With the bands
bending up at the contacts hole injection (from the anode) may
occur by Schottky emission, and electron injection (from the
cathode) by TAT,

When we substitute the above values of W([+] and wWl=]
into (3.12) and (3.13) respectively, the currents are seen to
be negliaibly small, if the fields at the electrodes are taken
to be the bulk average so that F gca. 100 kV/m. Howevers, the
eneray barrier values are actually applicable only in the
condition when there is no externally applied field.
Otherwise, when a current flows, ionic space charaes will be
set up aS we have argqued in Sections 2.4.2 and 2.5.2. In front
of the anoder there will be a region depleted of silver
interstitial ions, and thus a negative space charge arises out
of the under=compensation of immobile cation vacanciess
accompanied by an induced positive charge of the same magnitude
on the anode surface. Adjacent to the cathoder, the accumula-
tion of interstitial cations gives rise to a positive space
charger and the cathode surface acquires a negative charoce.
layers leads to a reduction in Wl+]

The presence of such double
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and in W[=]. This phenomenon has been referred to by Pollack
(1963) in his investigation of Schottky current in the
(Pb = Aluminium oxide = Pb) system, lisina the macroscopic
average value of E, he found for the emission eneray threshold
Wi=] = 0,64 eV, This value is lower than expected, and he
attributed the reduction to the formation of a space charge in
the oxide adjacent to the cathode, due to a miaration of either
Al+++ to vacant nearby inteprstices in the oxide lattice, or
anion vacancies (oxygen deficiencies). In a study on the rela=
tionship between time lac and applied field in the breakdown of
NaCl, watson and Heyes (1970) have also postulated the forma=
tion of ionic space charge (see Section 7.6),

Let us admit at the outSet that we have few accurate
data accumulateds but nevertheless we may attempt a semi=
Quantitative assessment of the plauasibility of this picture.
Take that the crystal is 1 cm lonar and the voltage applied is
300 V (i.e., F 2ca, Frx). Tt seems reasonable to suppose that a
total of 5% drop of the voltage occurs at the interfaces with
the two partially blocking electrodes. Assuming a total effec=
tive thickness of the interfacial layers of 10 nm, the same as
the Jlow=field value deduced in Section 2.5.2, the effective
local fields in each layer will be ca. 1.5x10FE6 kV/m if they
are equal, Putting this value of F into (3.12) and (3.13), we
get I([S] about 1 nA and T[TAT] roughly 1 uA. These values are

obtained in a speculative way, but nevertheless are in the

A L i
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expected rande within one or two powers of ten, An interfacial
field of ca. 1500 MV/m looks excessives but it applies over a
very short distance, In a calculation of field emission in
alkali halide crystals due to space charae build=up by photo=
excitation, von Hippel et al. (1953) have estimated a field
strength of ca, 250 MV/m in cathode reaions, These reaions
were estimated to be effectively about 8 um deep; the crystals
in the calculation were 1 cm lona to which 1 kV was appiied.

An alternative way of Jlooking at the effect of the
accumulation or the depletion of interstitial cations is to
consider that it reduces the distance over which the band=
bending occurs, according to (3,10)., The local carrier density
is enhanced, so that 1 bhecomes so small that the flat=band
approximation invoked in the derivation of relations (3.9) and
(3.11) leads to gross over=estimation of the energy barriers.

According to our suggestion, thereforer bipolar injec=
tions take place at the two electrodes, whenever the applied
field is strong enough to cause a large interfacial space
charges within a narrow distance. A bipolar injection leads to
a much laraer current increase than if it is wunipolar, since
holes and electrons are injected into the crystal at the same
time whose overall charge neutrality is maintained. Moreover,
the field iniection of holes probably automatically creates the
conditions for that of electrons, because the holes or azide

radicals may compine leading to a non=stoichiometric excess of

AL idanls iaids
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Agt. Tt is possible, then, that the non=steady=state behaviour

(Section 2.5.2) of the current is due to a fluctuation in the
heights of the interfacial energy barriers. This fluctuation
can be caused by a number of factors., Those which have been
studied are non=equilibrium polarisation (Marcus 1956) and
lattice vibrations (Dogonadze et al, 1965). Neither effect
seems large enough to account for the ohserved fluctuations in
the current, However, we propose a new mechanism, which may be
important in our case because the interfacial layers have been
supposed to be very narrow.

When emission or tunnelling occurs, the electron or
hole concentration in silver azide is increased to higher than
the thermal eguilibrium value. The localisation of some of the
injected charges at some of the impurity centres and defect
Systems existing in the interfacial region gives rise to a trap
Space charge whose polarity is opposite to that of the ionic
space charge. (We assume thats near the electrode under
consideration, the trap space charge due to carriers injected
from the other electrode is negligible since their flux here
has been greatly attenuated through recombination and/or
combination.) It is possible, in fact, that the interstitial
Ag+ themselves constituting the ionic space charge in front of
the cathode can act as electron trapss and the Agt vacancies
near the anode as hole traps. A steady=-state value, if

permitted, of the cathodic or the anodic field will be
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determined by the alaebraic sum of the jonic and the trap space
charges, However, carriers are continually released thermally
from the traps, after which they drift outside the interfacial
region, and re=set traps are continually refilled by fresh
carriers, In the case of ions and vacancies acting as traps,
re=setting may similarly take place, except that if they are on
the surface (either external or 'internal') then the accretion
of neutral Aa, and the combination either of two holes (azide
radicals) may occur instead == cf, Sections 6,5.1 and 6.5.2.
There is, therefore, a statistical fluctuation in the length of
time, te that a particular trap remains empty. Such a 4\t
leads to a corresponding fluctuation in the number of trapped
charges, 4\7. Since the trapping and detrapping events can to
a close approximation be treated as causally independent of one
another, we may consider that the fractional fluctuation £\7/Z
has a mean value of the order of 1/2'”: The net charge density
in the interfacial reaion is O = q(N = Z/1A), where N is the
ion density, if the filled electron or hole traps are al
singly=charged.

The relaxation of the ionic Space charce should be a
slow process so that, when 7 varies, N will be assumed to
remain constant. By Poisson's eauation, the average fractional
fluctuation of the interfacial field LNF/F &~ £\Q/Q. Denoting
the thickness of the interfacial region by | and the cross=sec=

tion area by A, let N and Z/1A be given the cuessed values of
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10E22/cubic=m and Ax10F21/cubic=m respectively, correspondina

to a concentration of about 1 ppm which seems 5 febsunabile

p
magnitude. With 1 = 10 nm and A = (150 um)” , we then find that
/2
A7 = 7 = 1,5x10E3 and therefore LAF/F = 6.7x10E=3, Using
Bas (3.12) and the good approximation that (Fi[SF)‘ =

UEEARAZENF"S ;. (we deduce! Ehat the ausrent s medulisted by the
factor exp(0.15 x 3.4x10E=3 x (1.5x10E4)’*) = 1.07. The
calculation is speculative, but the average magnitudes of
current fluctuations which have been observed do range from a
few percent to (occasionally) a few tens of percent, so that
the model may appear feasible. However, more investigations
are obviously needed to test the model. Une way is to study
the power spectrum of the fluctuations and its variation with
temperature., To be able to give them independent interpreta=
tion one need, however, to know the exact nature of the traps
and the distributions of the most probable trap time among the
different kinds of trap in the crystal, Such knowledge may be
gained by, €eTer subjecting the crystal to a low=energy
electron beam or to a corona discharge. Cf. the experiments on
Myler by Monteith & Hauser (1967) and by Seiwatz & Brophy
(1965), respectively.

Lastly, we may mention that Youna (1964) has measured
the Hall coefficient of well=annealed, compacteds, partially
decomposed powder., Assuming that the ionic contribution is

% i f
insignificant in comparison, he deduced for the mobility o
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electrons in silver azide a value of (120.8) 10E=2 (m/s)/(V/m)
at 373 K. We araue here that this seems a reasonable result.
To the degree of accuracy appropriate here, the Hall mobility
is of course identical to the drift mobility. Now, Zhuze
(1955) has found the following semi=empirical relations between
the electron mobility u in (em/s)/(V/cm) and the enthalpy of
formation LAHF in kcal/mol, both measured at room temperature
u = (1.56 x 10E5) ZAH2
¥ (3.14)
U= (1.56 x 10E6) L3H3S
for crystals of NaCl and ZnS structures, respectively (Fige
3.5(2): note non=S.I. wunits). Silver azide is body=centred,
and the electron mobility data for materials of this structure
are scarce in the literature. However, silver azide is to a
large extent ionic, and the body=centred structure is much

closer to the NaCl type than the covalent ZnS structure (Sec=

tion 2.1). \Using the first relation, then, we obtain the
tentative assianment that wu is about 30 (em/s)/(V/cm) =
0.3x10E=2 (m/s)/(V/m). Zhuze has also found correlations

between u and the difference in electronegativity between the
compound constituents, and his diaaram is reproduced in Fig.

3.5(b). Using acain the NaC! curve, we find u to be around

0
v

4x10F=2 (m/s)/(V/m) for silver azide. (The values of its /\H
and ZAx have been discussed in Section 2.1.) The room tempera=
ture electron mobility probably has a value intermediate
Since the mobility usually

between the two rouagh estimations.
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varies inversely with a modest power (0.5 to 1.5) of tempera=
tures this deduction is consistent with the experimental result
of Young, Incidentally, the relatively small value of the
electron mobility implies a narrow conduction band, but it is
not so small that the band picture becomes inapplicable (Sec=
tion 2.4.2 [al; 0'Dwyer 1973, p.48).

The mobility of holes may be assumed to be some orders
of magnitude smaller than that of electrons. They are often
trapped fairly deeply in the band gap, and to drift they have
to be thermally excited into non=localised states (et.
Klein 1978). With a trao depth of merely a few tenths of a eV,
the trap=controlled mobility at room temperature falls to a
tiny fraction of the band mobility.

More exact knowledae of the transport parameters is
obviously needed to achieve a quantitative understanding of the
strong=field conduction in silver azide. It may be recorded
that we have attempted to measure, using sincle crystals, the
electron drift mobility by transit time experiments. Howevers
the current waveforms obtained using photo=injection as well as
electron peam excitation were all different in structure, and
no transit time could be determined. Hall effect experiments
were also carried out, again without success; the samples used

were fresh crystals illuminated with mercury arc lamp.
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3.3 DECOMPOSITION UNDER CONDIIIONS UE CURRENT INJECITON

3.3.1 Observations

In the above we have outlined, as a plausible
postulate, an explanation of the current instability in silver
azide conducting under a moderate or strona fielde. However, it
was observed (Section 2.,5.2) that with the application of a
moderate fields the non=steady character of the current chanaes
after a period of time, Fige 3.6 shows the current=time
behaviour when 60 V was applied to a crystal, the inter=
electrode (silverdag) distance being 1.8 mm » so that the field
is 33 kV/m > Fx, It is seen that the current, in addition to
fluctuatina, displayed 'blips' (large jumps) after 4 h. The
'plips' are reversible changes, so that there remains a steady
'dormant' current level, but their amplitudes are distinctly
larger than the fluctuations we have so far discussed.

The sample was observed under an optical microscorer
this being the simplest way to find out if the remarkable
current behaviour is accompanied by any structural changes of
the crystal. In Fia. 3.7(a) are transmission micrographs of
its two ends before any voltage was applied. Fic. 3.7(b) was
taken after it has conducted for 19 h, (c) shows the same
specimen in reflected light, and (d) qgives the details. It is
<<==

FIG, 3.7

Refer to text for descriptions of micrographs;
scale: visual width of the crystal is 135 um
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apparent that some tree=like formations have grown out on the
crystal surface, their protrusion beina suagested by the bright
reflections seen in (d). These formations appear to have
spreadead from the cathode. Near the anode, the bulk has
apparently suffered some fractures (transmission micrograph
(b)) and on the surface are found lines of ‘'dots' ((e)).

The crystal was then left in an evacuated dessicator
and kept in the dark for 28 days., As seen in Fia. 3.7(f), the
surface formations did not disappear and are thus permanent. A
voltage of 60 V was applied again but in opposite polarity to
that before. The current displayed fluctuations as well as
'blips' right from the beginning. Figs. 3.7(g) & (h) show the
crystal after 5 and 10,2 h, and (i) & (j) are the same as (h),
excepnt that (j) was taken in oblique reflected light and (j) at
a higher magnification. The tree=like formations are seen to
continue growing on what had become the anode side, but on
which now are also found the 'dots'.

After the appearance of the tree=like formations, the
crystal became strongly photoconductive in a He=Ne laser light
(photon eneray 1.96 eV). This probably indicates the presence
of metallic silver, which gives donor levels. Also, averaged
over a period of an hour or sor the 'dormant' current level
rose gradually ands more dramatically, the 'blips' increased in
amplitude, At (h) dielectric breakdown seemed imminent. To

prevent this, a current=limiting resistor was added in series
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in the external circuitry, Tt was then founds by usina
different voltages and different series resistances, that
fields as low as 5.5 kV/m would also lead to breakdown and that
at the peak of a 'blip' the crystal resistance could have
dropped to as small as 10E5 ohm, Fig. 3.8 illustrates the case
of applied voltage being 10 V and series resistance 5,5 M=ohm,

Fig., 3.9(a) shows another crystal, where the silverdaa
electrodes are separated by a distance of 0,70 mm, Alternating
voltages were applied for 16 h (at 20 kHz) and for 23 h (at
2 kHz), both of 30 V peak=to=peak. Fig. 3.9(pb) indicates that
little or no changes have taken place on the crystal surface,
A DC field F of 129 kV/m 2 F*x* was then applied through a
series resistance of 29,5 M=ohm. Figse 3,9(c) to (g) are
photomicroaraphs taken at 5=minyte intervals; the arrows and
stars there mark areas where new features were formed during
each stage. In (g) a whole arear from the cathode to where the
white arrow points, has gone distinctively brownish in colour.
Micrograph (h) shows the reverse sides of the crystal, where
much less changes have occurred,

Ficge 3.10(a) to (f) are scanning electron micrographs
taken with a Cambridoe Stereoscan S54=10. (See Section 6.2 for

more details of micrography by S.E.M., which was extensively

<K==
FIGs 3:9
Refer to text for descriptions of micrographs;
scale: visual width of the crystal is 143 um
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used in the study of silver azide pyrolysis,) The tree=like
formations were resolved into clusters of 'pebbles' projecting
out of the surface., In additions an evaporated carbon film
mounted on a transmission electron microscope arid was pressed
against them so that some adhered to the film. In this ways
they were shown to contain silver by energy dispersive X=ray
analysis, for which a Link System incorporating a Kever series
3000 Li=drifted Si detector with a 1 mil beryllium window has
been used. They are observed to be inert under the electron
beam and, therefore, are metallic silver,

The amount of silver on the surface has been estimated
visually at different times and, although such a measurement is
obviously highly approximater, it sugaested that the rate of
production greatly decreased towards the later stages. The
experiments to be described in Section 3.4 were more quantita=
tive in nature and supported this obServation,

The 'pebbles' found on the anode side (Fig. 3.10(d))
have a 'hillock' shape like that of surface mass accumulations
produced in the electromigration of aluminium (Ganaulee R
d'Heurle 1975)., Howeverr an electrotransport of materials from
the electrode through the crystal over distances of the order
<<==

FIG. 3.10

Flectron microaraphs of surface formations in Fig. 3.9(g),
the letters indicating correspondence;

The arrow in (f) points to the extent of the silver=dag

painted electrode on the lower side;
The number beneath each micrograph gives its width in um
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mmy whether by a lattice or surface diffusion or by a disloca~
tion migration process, can safely be ruled out in*euptPcase
where the temperature is low and current density small. This
is confirmed by a short experiment on a sample having C=daa
electrodes, which after heing subjected a field of 165 kV/m for
5 min, also produce Silver 'pebbles'. 0On the other handr we
shall find that silver atoms do have a sienificant surface
diffusivity enabling them to migrate at room temperature, a
point we shall shortly consider.
3.3.2 Discussions

As we have said in Section 1,5, when a heavy metal
azide decomposes the sclid product is the metal, It requires
therefore little imacgination to infer that decomposition may be
occurring in silver azide when a moderate to high field is
applied to the crystal throuah conducting electrodes. We
supported this conjecture by looking for the other end product,
namely nitrogen gas. This result, to be described in the next
section, also Serves to confirm that the silver aggrecates do
not come from any jons injected from a Silver anode. Harris
(1968) has shown that dislocations and subarain boundaries in
KBr were decorated with silver, after a prolong application of
a strong field throuah silver electrodes to the crystal,

It may be seen at once that the decomposition is not
electrolytics because the silver formed would then be confined

to the cathodic interface (cf. von Hippel 1937). Moreovers as
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we have just argued in Section 3.2, most of the current in the
present situation is carried by injected electrons and holes.
Usina the 1low=field conductivity to predict the ionic part of
the strong=field fluctuating current, we esStimate that the rate
of silver concurrently formed by electrolysis is insianificant
compared to that observed, the more so the higher the field.

Tt is natural to aquess that the the underlying
processes in the phenomenon, which we shall call '‘electrical
decompositon', are closely related to the condition of bipolar
injection: they appear not to occur at low DC fields
(Fige 2.14), nor under high frequency fields (Fig. 3.9(b)) when
field enhancement by ionic polarisation is absent. To examine
the actual mechanism involved and to explain the current
'plips' observed (which we shall do in Sections 7.1 & 8)
reauire, however, an understanding of the detailed course of
the decomposition; this we shall offer in Chapter 6, where our
kinetics experiments and their interpretations will be
described., Here we confine the discussion to the topoaraphical
features of the phenomenon. Surface 'pebbles' appear to ini=
tially grow more on the cathode side, where electrons are
injectedr but at later stages can be found throughout the
crystal. Their distribution is non=uniform petween different
crystal surfaces. On the anode side, finternal cracks are
formed. Holes are injected from the anode and, if they are

responsible for the formation of the cracks which in contrast
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seem not to spread towards the cathode as time goes on, the
process must be one which mainly occurs near where the holes
are generated. If the polarity of the applied voltage is
changed (Fig. 3.,7(e) to (j)), cracks are apparently formed on
the new anode side but most of the additional cebbles are
produced where they are already concentrated, is€e¢r ONn the
original cathode side.

We have also observed, and Fig. 3.9 (g) shows this most
clearly, that, at later stagesr, the crystal face on which
pebbles are distrijbuted becomes uniformly coloured, We shall
take this to imply the permanent existence of a relatively
thick silver film, We can show here that the presence of
silver films as well as pebbles has a unified origin. That
silver evaporated on alkali halide crystal surfaces have large
surface diffusivities at temperatures not much higher than half
the melting point of the halide, has long been known (e.g.r
Grigorovici et al. 1961) . By takina transmission electron
micrographs of extraction replica of a silver azide surface on
which silver has been evaporatedr McAuslan (1957) argued that
the silver atoms migrate very fast on the suprface and will
aggregate at little above room temperature. The situation in
which silver is continuously condensing from vapour may be
analogous to the ceneration of silver by electrical decomposi=
tion. Montaou=Pollock (1962) in his study on the surface

cyanamide, has also put forward the

decomposition of silver

AL 4 i A



CHAPTER TIT =-104= CURRENT TNSTABTLITY R

concept of a mobile film of silver existing on the cyanamide.
We conclude, therefore, that the production of silver atoms s
initially distributed, the formation of compact pebbles beina
by the secondary process of accretion. A patch of continuous
and thick (permanent) silver film appears only when a very
large number of atoms have been produced in that area.

Our discussion here ends with a review of two earlier
works reported in the literature, which have a bearino on
electrical decomposition, In the experiments of Sukhushin et
al. (1973), single crystals of silver, thallous and lead azides
(average dimensions 1.5 x 0.25 x 0.1 mm) were placed between
two callium electrodes, put in cells filled with paraffin oail,

and observed under the microscope. After the application of a

voltage, the crystal was removed, washed free from oil with
benzene, and then placed in another cell where it was slowly
etched (by 0.1 N solution of ammonium hydroxide, distilled

water at 320 K, and mono=ethanolamine for silver, thallous and
lead azides, respectively).

Beginnina with a field strength amountina to about half
the 'breakdown value' (meaning, as we judge from the published
qraphs, 0.15 and 0,5 My/m for silver and lead azides respec=
tively), they noted irreversible changes consisting of
specifically distributed gas formation and separation of solid
products., The observations (Fig. 3.13) agree on the whole with

ours, which are more detailed. However, our approach has been

b
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to beain the investigation by looking at the effects of
moderate fields over extended periods of time. Thus, we Showed
that silver is produced at fields as low as F* =ca. 15 kV/m, a
tenth of the critical value according to Sukhushin et al. More
importantly, but probably also consequently, the mechanism they
proposea to explain the decomposition in a strong field
involved electronic avalanche that somehow developes, and is
very different from ours. The question of mechanism will be
discussed in Section 7.1, after a case has been built up for
the one we shall put forward.

In a Jlater publication, but apparently unaware of the
closely related work of Sukhushin et al,, de Panafieu et al.
(1976) reported that placina an electric field across a heated
potassium azide crystal led to additional decompositiona The
experimental temperature range was 500 = 540 K, ano stainless
steel agrids were used as the electrodes. They interpreted the
phenomenon as field enhancement of the pyrolysis and Suagested
a mechanism based on the polarisation of azide ions by the sur=
face dipole layer, which reduces their stability and which is
increased by the application of a field, We acree that such a
field effect should exist but think that its magnitude is
insianificant, at experimental ranges of the applied field, in
potassium azide and in the case we are interested in.

The case of silver azide will be considered in Chapter

Ze For potassium azide, from the published data concernina the
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vacuum system and a oraph showing the effect when 300 V was
applied, we calculate that nitrogen evolution rate was Cae.
2x10E11 molecules/s and that the (single=)charage carrier flow
rote was J3.5x10E11 /s. The calculated ratio of the two rates
being so close to the value of 2/3, it appears highly probable
that the phenomenon is purely a classical solid=electrolyte
process, in which azide ions are discharged at the anode to
produce nitrogen and their rate of arrival was recorded as a
conduction current, The authors reported that an increased
pyrolysis rate was observed for both polarities of the applied
field when one electrode was a thick evaporated gold film, but
the enhancement was larger when the grid electrode was posi=
tive. Qup explanation (which they also have briefly
considered) for the effect when the arid was negative is that
anion vacancies are beina moved away from this region and the
surface thus obtains an excess of K adatoms. This increases
the rate of pyrolysis due to 'autocatalysis' (Section 6.,6,1) ==
it has been shown that potassium azide decomposes faster when a
vapour of K is maintained over the surface (Garner & Marke
1936; Jacobs & Jompkins 1952; Youna 1966).

To return to our investigation of electrical decomposi=
tion we describes in the following sections the detection by
mass sSpectrometers of the other end product of decomposition,
i.e. nitrogen, Measurina decomposition rate in this way is
obviously exact than the semi=quantitative

more sSensitive and
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techique of estimating the volume of silver produced at

different times,

3.4 MASS SPECIROMEIRIC SIUDY UE ELECIRICAL DECOMPOSITION

NOTE : Due to the calibration of our measuring instruments,
pressures and partial pressures are given here in Torrs,

1 Torr 3 101325/760 Pa =ca, 10E2 Pa.

3.4.1 Experimental

Two ultprahigh vacuum (UHV) systems have been used. One
incorporates a quadrupole mass spectrometer (Varian R.G.A.
model 974=0002), the others, a time=of=flight mass spectrometer
(Bendix RGA=1A) with an jon fliaght tube 0.2 m in length. To
both systems are attached a molecular sieve sorption and a
sputter=ion pump, whose operations are contamination=free, and
the latter of which need no vapour trap that has to be
perijodically filled with liquid nitrogen. Also fitted in both
systems are a pirani and an ionisation gauge (Vacuum Generators
16P 3)» for measurinc the total pressurer and a leak valve.
Compared with conventional manometrys, the UHV technicue offers
higher sensitivity and, by allowing the use of residual cas
analysers, specificity in the measurement of gas evolution:
these advantages have been mentioned by Walker (1967), The
operations of the auadrupole and the time=of=flight R.G.A. have

been described in ibid. and (Patel 1978), and in (Hauser 1977),
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respectively.

In previous auantitative works (Walker et al. 1966,
Soria Ruiz 1968, Fox 1970, Patel 1978) wusing these mass
spectrometers, thermal decomposition was investigated so that
the maximum partial pressure increase in each experimental run
could be assumed to correspond to 100 % decomposition of the
crystal under study. In our runs, the (electrical) decompoSi=
tion did not proceed to completion and the final pressure
attained had no special sianificance. Therefores the ecurrent
outputs of the the spectrometer=electron multipliers required
calibration so that the sensitivities (in say amps/Torr) would
be known.

We had at first calculated the sensitijvity by operating
the spectrometer in the scanning mode and then dividina the sum
of peak heights in the output by the total pressure as read
from the ionisation gauge, However, in either case the results
obtained at different pressures, as the UHV system was
aradually pumped down, were found to vary by a factor of up to
5 This we decided was due to the changing gas compositions
together with the dependence of the sensitivity on specific gas
species both for the spectrometer and for the gauge. We
therefore next measured particularly the spectrometer
sensitivity to u;ﬂ at the chosen operational conditions like
the setting of the electron multiplier gain, and at a total

pressure inside the UHV system between 5x10E=9 and 10F=7 Torr.
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This was done by introducing throuah the leak valve a small
quantity of nitrogen (British Oxyagen, spectrometrically pure
arade) and then correlating the m/az=28 peak height with the
ionisation gauge readina. The spectrometer sensitivity so
obtained was$ constant (and presumed accurate) to within 25%;
the gauge sensitivity to N, had been accurately specified by
the manufacturer. Within the same system pressure range, the
resolution of nitrogen partial pressure was found to be ca.
10E=9 Torpr for both spectrometers,

The erystal under study was placed across a grove cut
on a quartz plate, each of whose ends were fixed in position by
two nuts screwed onto a conductor rod of an electrical
feedthrough, (Alumina plates had been tried but were found to
have less satisfactory electrical and vacuum properties.) A
third nut on the top held a tantalum foil which made a
mechanical pressure contact to one end of the crystal and
served as an electrode. (See Fige 3.11.) The whole assembly
fitted into either of the UHV systems, with the crystal within
5 em of the ion source of the spectrometer.

In all, three samples have been studied. The
experimental procedure was as follows, With the sample put
insides the UHV system was evacuated. when the vacuum levelled
off at a pressure of the order 10E=7 Torr, the system was baked
with heating tapes for periods of about 6 h each, Longer

heating were avoideds to prevent

perjods of continuous
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decomposition of the crystal despite its thermal insulation.
In the case of the quadrupole spectrometer, the ionising fila=
ment was degassed simultaneously in the later periods of
baking; this was sparingly done for that in the time=of=flight
spectrometer, because of its much shorter rated life, The
final workino pressure attained, after 5 or 6 bakings, was
generally about 5x10E=9 Torr.

During decompositions, when a voltage was applied across

the sampler the evolution of nitrogen was followed by
monjtoring the increase of the 28 a.m.u. peak with an
electrometer (Keithley 610B) which in turn drove a chart

recorder, (That peak is of course also attributable to CO0+ due
to the coincidence of mass to charge ratio, but its possible
contribution may safely be ianored 1in our situation.) The
monitoring wasS carried out in two ways, In the earlier series
of experimental runs, the sputter=ion pump was first isolated
from the UHV system. The parts of the partial pressure=time
curve hefore and after the application of the voltage were
observed to be linear and quite parallel to each other.
Therefore, any evolution of nitrogen immediately after the
removal of the voltage must be at very low rates, Also, the
net backaround pressure rise in nitrogen due to filament
outgassings leaks from the atmosphere and to the sputter=ion
pumps, and pumping of the ionisation gauge and the spectrometer

ion source could therefore be assumed given by the extrapola=




& CHEMICAL DECOMPOSITICN -111= CHAPTER III

tion of the initjal part of the pressure=time curve, and
subtracted from the second part obtained when the voltaae was
on. The adsorption of nitrogen on the walls must have been
proportionally aquite insignificantys so that its pressure
dependence was not passed on to the backaround rise raters which
was thus virtually a constant throughout, Un the other hand,
it was necessSary to estimate the background rise individually
in each experimental run, Since the closing (manually) of the
isolation valve to apparently the same position did not always
lead to the same background rate.

The drawback in the above procedure is that, because of
the accumulative rise of pressurer the usuable Jlenath of
experimental time was limited to 4 or 5 minutes, The later
series of experimental runs were therefore carried out under
the condition of non=zero pumping speedss when the isolation
valve between the ion pump and the UHV system was left in a
hal f=open position, The resulting base pressure was then
hiaher, about 1 to 5x10E=8 Torr. In the next section we shall
describe how we derjve the decomposition rate from the
pressure~time curves so obtained.

In the first few runs on a fresh sampie, the rates of
nitrogen evolution were generally found to be agreater by up to
an order of maanitude than those in subsequent runs at the same
voltages, the rates of which were auite consistent == unless

the crystal became hiahly decomposed, when they dropped (see
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later). It may be recalled that the low=field electrical
conductivity also decreases initially (Section 2.5),and the two
phenomena may be related, OUtherwises a possible explanation is
that the additional evolution is due to desorption of nitrogen
on the crystal surface. The quantitative results, to be given
in Figs 3.16 below, were obtained from subSequent runs made
consecutively within a few hours.

There was one final complication, We discovered that
the aquadrupole spectrometer induced a current of the order 1 nA
in the specimen circuit and, more importantly, its electric
fields interacted with the one applied across the specimen
resulting in spurious increases of all peaks (N5 H» cCoOyty
etc,) in its output. These interference effects were virtually
eliminated when the specimen voltage was floated, so that no
electrical connection existed between the two circuits through
earth, This was achieved by using a battery bank for the
voltage source, a battery=operated DVM (Keithley 160B) to
monitor the specimen currenty and an isolation amplifier for
the bvM analogue output to eliminate earthing through
transformer coupling in chart recorder. (See Fig. 3.14,) There
was no problem of interferences in the case of the time=of=
flight spectrometer, which was, however, slightly less sensi=
tive and accurate because of its bigger volume.

3.4.2 Results and Discussions

After the passace of currents, the crystals were taken
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out and brownish=coloured regions were clearly visible espe=
cially towards the cathode sides. Fige 3.12 is a typical
micrograph, showing similarities of these physical changes to
those discussed already in Section 3.3.1.

The analysis of pressure=time curves measured with the

valve closed is straight=forward. It will be assumed that the
gas is wuniformly at the constant room temperature T. B8y
calculating geometrically the volume V of each of the
UHV system=spectrometer assembly and wusing the universal gas

law, we can convert an increase of partial pressure, Lpr into

that of nitrogen molecules, ZAMN (table below).

Table 3.2 Conversion Factors

Y/ Z\o / LAN / *

10E=3 cubic=m 10E=9 Torr 10E10 molecules
Quadrupole 15 & 051 1 20,25 *» 5 x1.5
Time=of=flight 2:06 & 053 1 £0,25 *x 9 13

* 3 LAN = (V/KT) Lip see below;
*x :; eStimated error of spectrometer readings

A typical pressure=time curve and its interpretation are qiven
in Fige 3.15(3), which shows also the current through the
crystal; this particular measurement has been obtained with the
auadrupole system, as was also the case for Fic. 3.15(b) which
will shortly be discusseds. A general observation from these

curves is that although the decomposition rate appears to take

a sianificant length of time in reaching its steady value after
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the application of a voltage step, it ceases essentially
abruptly the moment the voltage is removed.

Our analysis of curves obtained with the valve par=
tially open, illustrated by Fia, 3.15(b), is as follows,
Denoting the number of nitrogen molecules in the whole system
by N» we consider all its sources and sinks and write its rate
of change as:

dN/dt = B + D(t) = o'(t) P/kT (3:15) ¢
where R is the net background rate of nitrogen evolution and as
before assumed to be a constant throughput, D, the additional
evolution rate from the crystal, p' the partial pressure
measured of nitrogens, and P, the pumping speed through the
valve and should be a constant volumetric flow rate. Now,
before any voltage is applied, the base pressure p* is steady
and from (3.15),

0 =B + 0 = px P/kT (3.16),
Sso that B is readily obtained as px P/kT., Substituting this
back into (3.15) and introducing the experimentally more girect
variablers namely, the pressure rise p = p'=p*, we have

(V/kT) dp/dt = D(t) = pP/kT (3.17).
This may be written in the commonly recognised form of first=
order linear differential equation with constant coefficients:

dp/dt + p/<t> = g D(t) (3:18),
where <t> = V/P and a 5 kT7/V., 1In the case that P => 0 so that

<t> ==> o0, this eaquation reduces to the situation in
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Table 3,2, 7Tts solution, when P is finite, is elementary:
t
p = g exp(=t/<t>) D exp(t/<t>) dt (3.19),
0

and if D eauals a constant d between t = 0 and t* but is zero

afterwards, then for t < t* :

plt) = a d <t> [1 = expl(=t/<t>)] (3.20a),
and for t = t* + t', 0 5 t' =
plt) = p(tx) exp(=t'/<t>) (3.20b).

Eqs. (3.20) show that p rises to the asymptotic value
of gd<t> on a step increase of D, and decays when D switches to
zeros both processes heina exponential with the same time=
constant <t>, The pumping speed can be adjusted to obtain
different <t>, but if <t> is smaller so that the response
becomes faster, then the sensitivity of p to D is less, and
vice versa. In fact, we may perhaps, with significance, define
a 'gain=bandwidth' product as g<t>(1/<t>) = kT/V which shows,
however, that a higher T or, more relevantly, a smaller V will

which can be detected

decrease the lower limit of
experimentally, This is expected, since reducing V leads to a
larger density of cas for a aiven number of gas molecules
present, and raising T, to a greater p for a given density,
Our analysis of p(t) proceeds according to Fqg. (3.18),
which may be rendered as
DCt) = (1/0) (LAp/iAt + p/<t>) (3.19),

in which ZAMt is the resolved time in which an experimentally
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significant Z\p occurs. If Z\t ==> 0 ( a step change in plt)),
then by multiplying (3.19) throughout by 4\t we see that it
reduces to Table 3.2. On the other hand, if <t> is arranged so
small that always LAt >> <t>, then the term /\p/ZMt may be
omitted in (3.19), The last situation is the only one analysed
(Redhead 1962) and commonly used (e.g., de Panafieu et al.
1976) in the literature. We believe that Fg. (3.19) which we
have derived here is useful, since the minimum detectable D(t)
may then be attained by adjusting <t> to be as great as the
rise of base pressure (resulting from the reduction in P)
allows, although the ultimate limit is set by g. Moreover, <t>
in each case may itself be measured directly from the ‘decay'
part of p(t), according to Ea. (3,20b).

The quantitative results from oup analyses are
summarised in Fig. 3.17. The data for samples i and 2 were
obtained by the quadrupole spectrometer, and 3, by the time=of=
flight instrument. The systematic error in the evolution rate
D is ca. 30 %, arising from the uncertainties in the UHV
systems volumes, but for those obtained with non=zero pumpina
speeds (data points with vertical error bars) there iS an
additional random error of ca. 25 % propagated from the estima=
tion of <t>, The lower 1limit of detectable decomposition
corresponded to an applied field of 30 kV/m; the highest point
shown was at 133 kV/m. Between this range D changed by a

0 f a9 However, if at fields above 75 to 90 kV/m the

factor
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initial values of the current are taken == currents under these
fields increased in general with time == and these points are
drawn with horizontal error bars, then a good correlation can
be established between D and the current I. The ratio of D, in
molecules/s, to 1/q, where q is the electronic charge, comes
out as ca. 0.3,

At hiah fields the followings have also heen noted.
Superimposed on the continuous decomposition were found sharp
bursts of nitrogen evolution. Both their maagnitudes and
frequency increased with the field. UOn the other hande as may
be seen in Fig., 3.16, the decomposition rate did not increase
proportionally to the current when the latter rose sharply. It
was difficult to determine how large was the increase in the
rate going to he if the current was allowed to proceed beyond
the reversible limit. The reason was that the subsequent
explosion would occur on a time scale of a microsecond, and the
time resolution of the spectrometer would be inadequate to
separate the pre=breakdown increase from the tremendous genera=

tion of nitrogen resulting from the fast decompositions, which

moreover could damage both the ion source and the electron
mutiplier, Nevertheless we may infer that, assuming a
continuity in the mechanism underlying the current runaway, any

large increase of D(t) that may finally occur is more likely to
be a result rather the cause of the breakdown, since a major

part of the rise in the current preceeds ite Explanations for
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the above two observations will be put forward in Section 7.8,
where we sugaest a breakdown mechanism, Thirdly, when an
external resistor was inserted in series to limit the current,
the ratijo of D to T/q was found to drop sionificantly with time
slowly as the degree of decomposition of the crytal increased.
This fact is consistent with the preliminary observation stated
in Section 3.3.1 that the rate of production of surface silver
decreased after repeated passaaes of fluctuating currente.

The phenomena mentioned above will be further
elucidated in Chapter 7, where mechanisms will be put forward
for the electrical decomposition and for the dielectric
breakdown, To end this chapter, however, we should point out
that the work described here may have a practical relevance,
namely, the controlled generation of nitrogen by the passage of
an electrical current, The <case where this is done by the
application of heat has already been patented (Breazeale 1976).

We have now shown that the chemical reactivity of
silver azide is a prominant factor in processes occurring under
moderate and high fields. To study the reactivity, we carried
out experiments on its slow thermal decomposition, and the next
three chapters are concerned wWith the subject of this

investigation,
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4.1 BPREAMBLE

Tn this chapter we are going to discuss, firstly, the
functional forms of the kinetics of solid state reactions and
their theoretical interpretation. After this, a method is
proposed for their determination from data obtained in
isothermal experiments; its application to the pyrolysis
(thermal decomposition) of silver azide will be presented in
Chapter 6,

There are many reactions of interest in which one of
the reactants is in the solid phase. These reactions can be
classified variously as jecomposition, dehydration, calcina=
tione dehydroxylationy reductions polymeric inversion and
degradation, oxidation etc.r, and they occur in a wide range of
substances from explosives to bioloaical materials. Various
discussions of the subject may be found in Garner (1955), Youngo
(1966)s Schmalzried (1974), and Harrison (1969), and recent
reviews on the pyrolysis of metal azides in particular have
been given by Fox & Hutchinson (in Fair R Walker 1977) and
Yoganavasimhan (1976). In a solid=state reaction generally,
the molar reaction velocity is given by =d(1=a)/dt = da/dt,
where a = aflt) is the fraction of the solid reactant which has
reacted by time t. The kinetics is solved if a is determined
as a function of T, the temperature, and l=ar the global amount
of reactant efts This phenomenological knowledge is a

necessary, though not sufficient, condition for elucidating the
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reaction mechanism., It is necessary to formulate the reaction
velocity in terms of the global variable a, because there is a
continuous collapse of structure in the reactant; the local
concentration of the reactant varies throughout the reaction
volume and cannot be used as a state variable. In fact, unlike
the case of a homooeneous reaction in the ljauid or the aaseous
phase, there 1S no real 'reaction order' with respect to any
reactant in a reaction involving solids whose mechanism is
usually of the heterogeneous type.

Tf the reaction proceeds isothermally, it is observed
empirically that Capnt) curves corresponding to different
temperatures T are isomorphic to one another, at least within
a range of T, i.e., by a linear scale change in t, different
curves can be superimposed (Youna 1966), It follows that da/at
is a separable function:=

da/dt = R(T) f(1 = a) (4.1).
Here f(1 = a) may chance in different ranges of T or ar but for
every f(1 = a), there corresponds a single R(T) which s
characteristic to the reaction under study and indepedent of
reacting sample geometry, It should be noted that experimental
data may be adequately analysed by (4.,1) only if the tempera=
ture distribution in the sample has been ensured sufficiently
uniform and constant, Furthermore, the significance of R(T)
and f(1 = a) determined from the data, regarding the class of

mechanisms they independently indicater should always be
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examined for consistency. In the method we propose for
determinina f(1 = a) and R(T) from isothermal data, the
interpretation of f(1 = a) forms the essential link between the

experimental data and the functijons.

4.2 PHYSICAL INIERPREIAITONS OFE KINEIIC LAWS

4,2,1 The Function f(1 = a)

Solid=state reactions are complex processes which
proceed 1in Several stages. These can be the delocalisation or
transfer of electrons in chemical bonds in the case of non=
metals, the diffusion of atoms, free radicalss or ions, the

desorption of product molecules when they are in the gaseous
phase, the heat transfer to reaction 2ones in the case of
endothermic reactions, and the formation of a new solid struc=
ture (crystalline or amorphous) if one of the products is in
the solid phase. The last step may often be further
differentiated into nucleation, growth of nuclei at velocities
which depend on sizes of nuclei (Young 1966), and sometimes the
collapse of the lattice from a transitory one to the
equilibrium structure (Sawkill 1955) . Irrespective of the
details of reaction mechanisms, however, under a given set of
circumstances (T, a, sample history etc,) one of the staaces
will be the slowest, It then acts as the rate limiting step of
the reactions and it will determine the kinetics i.e.r the rate

law in (4.1).
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Further, a solid=state reaction has, in contrast to a
homogeneous reaction whose proaress in independent of spatial
coordinates, an additional controlling factor, namely
topochemistry. This refers to the geometrical shape of the
solid reactant and, in iifferent cases, to its free surface
arear its defect structures the thickness of the product laver
if solids or to the product=reactant boundary etc.

The function f(1 = a) reflects the nature of the rate=
limiting step and the topochemistry of the reaction, It may
accordinaly depend on certain sample conditions, such as
whether the sample has been pre-irradiated or bleacheds and
whether the sample is in the form of a powder, or a Jlarge
single~crystal of a different shape from the crystallites, It
will vary in several ranges of T if in each of them a different
elementary step becomes rate=limitina, as occurs in the
decomposition of potassium azide (Jacobs & Tompkins 1952). At
a given temperature, it may also chanage in different ranges of
ar due to a sSwitching of the rate=limiting step or to
topochemical chaages. This happenss for instancer in the oxida=
tion of zirconium (Rozenband & Makarova 1977) and in most
decomposition processes (Yyoung 1966). An extreme case 1S the
decomposition of ammonium perchlorate which, in the two
temperature reqgimes below and above 620 K, has entirely
different reaction mechanisms and in fact vields different

reaction products (Galway & Jacobs 1960). TIn such cases there
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may be competing paths for the chemical reaction or it may in
fact be followed by another chemical reaction whose ‘'onset
temperature' is higher, In* &3 possibilities, however,
f(1 = a) should be independent of T (within a range) if it s
to have more than only an empirical significance.

In Table 4.1, we have collected together the more
common forms of f(1 = a) which have been used in the litera=
ture, and the correspondina intearated forms

% a
dt (da/dt)/f(1=3) = da/f(1=3)
Jo 0
which we shal] denote by F(a), Also, we write R instead of
R(T) for simplicity., Note that F(a) = R (t=t') if the range of
a for which it becomes applicable stapts at a = a(t'),

Tn many reactions, such as most decomposition and most
dehydration processes, the rate=limiting Step takes place at
the interface between different phases as in suplimation. The
speed at which the interface moves into the reactant is (at a
given temperature) then either a constant, or a3 unique function
of the interfacial area. This area therefore, from the kinetic
point of view, plays the same role as that of concentration in
homogeneous reactions. 1f the speed is constant, then the
theoretical sianificance of f(1 = a) is <clear: it gives the
area expressed as a fraction of the original area at a = 0.
This is the case of a reaction controlled by the movement of a
(Table '4.17::" 'Fp G and H)e 'In this

coherent phase=boundary
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situation, the exact form of f(1 - a) will depend on the
geometry of the reacting system, though aenerally the shape of
the (a, t) curve is such that its slope is either constant or
steadily decreasina.

Tf the reaction consists of the formation of compact
nuclei of a solid product at localised places in the reactant
followed by their relatively rapid growth, then, to express the
total interfacial arear f(1 = a3) is derived from the laws of
nucleation and growth and the geometry of the reacting sample
has no effect on f(l=a). This is the situation when the reac=
tion is autocatalytic (Macdonald & Hinshelwood 1925): reactant
molecules at a reactant=product interface react in preference
to those at a reactant='vacuum' surface. The preference is due
to the existence of microstrains in the reactant at the
interface, or due to the electrochemical potential of the
product phase when the rate=limiting step is a redox process.
The various possible forms of f(1 = a) for an autocatalytic
reaction are listed in Table 4.1, A to E. Vote that they have
the general form log f(1 = a) = p loag(a) + q log(l=a). In A, B
and E, g is zero and da/dt increases monotonically with a.
Such a situation is most unlikely to last up to a = 1, These
types of f(1 = a) therefore may apply only to the acceleratory
parte if it is present in the a=time curve and which wil
usually be followed by a decay part. In C and D, o ig non=zero

and these types give siamoid=shape (ar t) curves, the infexion
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point occurring at ax = p/(p + q). It is thus kinetically
feasible for them to fit the complete experimental curve.
There are, however, physical grounds to consider that even they
should be used to analyse only the accelatory period (Young
1966),

In other reactions the rate=limiting sStep is not
confined tos or does not only occur at, the reactant surface.
For instances, in the unimolecular=decay type of reaction, all
molecules whether on the surface or in the bulk have an equal
probaility per unit time of reacting. The reaction therefore

has a homogeneous mechanism, Tt has a true reaction order of

the value of one, and f(1 = a) = 1 = a irrespective of the
geometry of the reactina samples the reaction velocity is
simply proportional to the amount unreacted, lany decomposSi=

tion reactions tend to this limit at hich a values. Another
example is when the rate=limiting step is the migration of
proguct jons along the dislocation network to form additional
arowth nuclei at dislocation nodes (Hill 1958). This leads to
f(1 = a) = a, the same form as for branching nuclei (Hailes
1933), The slow process of 'ageing' in some explosives when
they are stored at room temperature may be by such a nucleus=
chain mechanisme. A third cateqory consists of reactions
controlled by the diffusion of reactants across a solid product
layer. The diffusion may proceed uniformly through the bulk of

the layer and is thus structure=insensitive, or preferentially
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alona its aross lattice imperfections arising from product=
reactant mismatch, In the case of uniform diffusion, the sSpeed
at which the product=reactant interface moves is a function
only of the product thickness (and temperature)s and the
appropriate forms of f(1 = a) are included in Table 4,1 as J, K
and L, The forms depend on the aeometry of the reacting
system. The oxidation of metals often follows diffusion=
controlled kinetics; in sheet form theSe tarnish accordina to
the parabolic law J. Exceptijons are those metals in Groups Ia
and Tla of the Periodic Table. Excludina beryliium, they all
form oxide layers which are porous, so that the atoms of the
metal do not have to diffuse throuah a coherent Jlayer before
coming into contact with oxygen,
4,2.2. The Function R(T)

It is almost always the case that the temperature=

dependent part of (4.1) can be represented successfully by
R(T) = R* exp(=E/kT) (4.2),

in which the macro=kinetic constants E and R* do not depend on
i (within the ranae), though they may take on different values
when f(1 = a) changes.

If it is established that the reaction rate is limited
by a diffysion or migration process, the interpretation of R(T)
is complicated, but obviously it is proportional to the
corresponding transport coefficient, which in general is an

exponential function of T.
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For a single=solid=reactant reaction which is
controlled by a surface process, on the other hands the simple
theory of Shannon (1964) is often successful. This theory is a
generalisation of the Polanyi=Wianer equation, Assuming the
existence, in the reaction path, of some activated complex
(defined as the transition state having the configuration of
maximum potential energy) and that it can be treated as in
thermodynamic equilibrium with the reactant, he related the
pre=exponential factor Rx to the rotatjonal and other internal
degrees of freedom of a reactant molecule in addition to the
vibrational ones, Following Shannon we can Set :=
Rx = (kT/h) exp(LAS'/k) Sd/V (4,3),
and exp(=E/kT) = exp(=ZAH'/kT) (4.4),
Here the mean=frequency factor kT/h is usually in the region of
10F13 Hz (see later), ZAS' and Z\H' are respectively the
entropy and the enthalpy of formatjon of the transition
complex, d is the thickness of one monolayer and V the initial
volume of the reactant, and S f(1 = a) aives the free surface
or the product=reactant interface area when the dearee of
conversion is a. (Strictly speakina, it has been assumed that
the reaction proceeds isobarically.)
Note that in this interpretation the empirical quantity
Rx contains the surface=to=volume ratjo and so depends on the
sample geometry. Also R* is proportional to Ts apparently. In

if the vibrational modes are being considered then

our opinion,
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only at low temperatures will the peak distribution of phonon
frequencies lie at kT/h, In most substances (with the excep=
tions of Be, Cr and diamond) the Debye temperature I is less
than 500 K, so that the frequency factor should stay constant
at kI/h < 10F13 Hz for all likely experimental temperatures.

For certain reaction mechanisms, nevertheless, R* may
be predicted to have temperature dependence. (In cas reac=
tions, R* is proportional to the sauare root of T.) An example
can be found in Section 6.6. Howevers, any variation of R* due
to a modest power of T contained as a factor in it will be much
smaller than that of exp(=E/kT). (cf. Section 5.2.)

The factor exp(/Z\S'/k) may alternatively be wpritten in
terms of partition functions as Q'/Q, which can be determined
from spectroscopic data (Cagle & Eyring 1953). ZAS' usually
cannot be larger than the reactant entropy of melting, and
exp(ZAS'/k) comes out normally between unity and 10E4,
Occasionally exp(ZAS'/k) is found to be less than unity, as it
is for the steric factor in gas reactions. Such a negative
value of Z\S' means that the activated complex is more ordered
than the reactant (e.g.r Mackenzie & Banerjee 1978), Experi=
ments on some decomposition reactions have given R*x which are
abnormally high in comparison to the theoretical values of
€453) & Hypotheses put forward to explain such discrepancies
include co=operative activation (Garner 1939), proton=
R Toussaint 1963), and a mobile layer

delocalisation (Fripait
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of molecules on the reactant surface (Shannon 1964),

4.3 KINEIIC ANALYSIS

4,3.1 Current Practice

In determining the kinetics one wishes to find R*x, E,
and f(1 = a) or equivalently F(a) so that the reaction velocity
can be predicted at any given T and a, This is commonly done
by analysing a set of da/dt or eauivalently al(t) values
obtained by monitoring samples reactina isothermally at a
numper of temperatures. The consistency of the R* and E values
with f(1 = a) should as far as possible be assessed, and
correlated with, for instance, visual examination,

A quick method of calculating E was used by Haynes and
Youna (1961). Consider a set of (a, t) curves which have been

found to be isomorphic, fFor any two curves (a's t') and

(a", t") corresponding to temperatures T' and T" respectively,
one can write

F(a') = t' R* exp(=E/KT')

F(a") = t" R* exp(=E/kT")
By choosina points corresponding to the sSame a on the two
curves so that F(a') = F(a"), E can be evaluated by plottina
loa t vs. 1/T. 0On the other hand, to determine F(a) the
experimenter often relies on visual inspection of the general
shape of the curves, and a trial=and=error method 1is resorted

to. Conflictina forms of the function have sometimes been

A sl
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asserted by several authors for the same material, like
ammonijum perchlorate (see Maycock & Pai Verneker 1968) and
potassium permangante (see Ng 1975),

A conventional way of superimposing isothermal curves
is to convert them into 'reduced=time plots' by individually
scalina their t=axis with the factor 1/<t>, where <t> is the
time when a is 0.5 on the i=th curve. 1In this way R(T) is
absorbed into each scale factor, and all (a, t) = (0,5, 1)
points coalescers while other a(t) points may be plotted out to
see if the curves are indeed isomorphic, Sharp et al, (1966)
tabulated the theoretical values of a against t/<t> for some of
the F(a) shown in Table 4.1. They proposed that by comparing
experimental data with such master values the correct F(a) can
be identified,

The above method may, howevers result in ambiguity due
to a number of aspects, Fxperimental data contain random
errorsy but no simple statistical analysis can be applied to
the identification criterion it employs because no Straight=
line graphs are involved. Additionally, a general problem for
all isothermal experiments is the zero=time uncertainty, The
finite time taken by the sample to reach the designated
temperature may be negligible relative to <t>, yet may affect
the comparison with the tabulated values (Hancock & Sharp
1972), Moreover, F(a) may change in different regimes of the

a(t) curves, as mentioned earlier.

A A b S |
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4,3,2 A New Method

Here we suagest a step=by=Step approach to determine

F(a). Tt was noted by Hancock and Sharp (1972) that for many
forms of F(a), the plot of logl=1n(1 = a)] vs, log t is almost
linear if a 1is restricted to between 0.15 and 0.5, Using a

computer proaram (Appendix D) to generate artificial values and
their Jlog=In plots (Fig. 4.1 (a) & (b)), we have found this
true for all the theoretical forms listed in Table 4.1, with
the exceptions of B Gy and F. The slope in each case is
listed there under the Column 'm'. (In the figures, In is to
base e, 1log is to base 10, and t is normalised to t/<t>, The
value of m is, of course, independent of these choices,)
Nbviously a loa=1n plot is not very sensitive, Tf we
were to rely solely on it to discriminate between the
functional forms of F(a)s, the experimental data would have to
be of the hiahest auality. A slightly more sensitive way is to
plot the m=th root of [=1n(l = 3)] vs, ts, but then m can only
be obtained iteratijvely. Fortunatelys m does differ
significantly between different aroups of F(a), and the final
discrimination is easily achieved by a further graphical step.

There are three possible situations for this second step :=
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1] m 2 2 or log=ln plot concave upwards

Tt will be seen from Table 4.1 that this situation

suaggests an autocatalytic reaction, for which log da/dt = log R
+ p log(a) + a loa(1=a) for certain p and qg. From the
experimental data of da/dt and ar one can then do a least=

squares fit on the graph of JZlloa(da/dt)/4Mlogla) against
ZAlog(1=a)/4Mlogla), and find p from the y=intercept and g from
the slope. Here 4ZMloa(da/dt) represents logldal(t')/dt] =

loa{dal(t")/dt], etc,

For a (da/dt) expression of this forms one has
p(1=a%x) = a ax , where a* is, as before, the value at maximum
da/dt. Using this relation to reduce the number of unknown

parameters to one, Oone can uSe a simpler graph to determine p
and a (Na 1975), However, the calculated values of p and q are
then subject to the accuracy of a* and, more fundamentally, the
possibility that p and g may change from one range of a to
another is not allowed for. As mentioned above, those types of
f6l =¢2) in which q = 0 represent the acceleratory period
whichys in genera)l should be followed by a decay period governed
by a different form of f(1 = a).
2] m =ca. 1

The reaction is either phase=-boundary controlled or
<<==

FIG. 4.1(b): logl=1n(1=a)] vs. log(t/<t>)

FIG, 4,1(a): a vs. t/<t>
Curve | is a=(R t) , 2 a=(R t) , 3 a=(R t) , 4 a=Cexp(R t),
and 5 a/(1=a)=Cexp(R t), where C is ca. 0.085
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unimolecular, and log(da/dt) = 1o0g(R) + r log(i=a), as seen in
Table 4,1, 0One then draws the graph of loo(da/dt) against
loa(1l = a) to find r, the apparent reaction order.
3] m =ca. 0.5

The vreaction is diffusion controlled, One has to test
separately whether a(t) is parabolic or of the other two forms
in Table 4.1,

The correlation coefficient in the Jleast=sauares fit
servesy by measuring the linearity of the da/dt araph, as a
quantitative indication of the confidence to be attached to the
identified form of f(1 = a). It may be that p and gqr r, Or s
change once or twice asS the reactijon proceeds from beginning to
completion, but the da/dt araphs will show it by displayina
several linear segments, If howeverr a part of the graph say
from (a', t') to (a", t") is non=linear, then F(a) has chanaged
to a form in another groupe. The first step should then be
repeated for that part: loa(=1n(1 = a + a')] is plotted vs,
log (t = t') for a between a' + 0,15(a" = a') and a' + 0.5(a3" =
a'), followed by one of the above three alternative procedures.
On the other hand, if a ocood fit is found with values of p and
a, r, or s that are not in Table 4.1, the experimenter should
assess whether theoretical justification can be providede. in
this way new rate laws may be identified.

Confirmation is carried out by plotting the selected
or forms on top of the experimental curve. A

functional form

A o s
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slight misfit in the very early part (ca. 1 min, depending on
the sample size and the environment) may be attributed to
thermal lag=time and ignored, The da/dt graphs cive Ry, and
from a set of R values at different temperatures R* and E can
be determined. Note that the determination of these macro=
kinetic constants depends on the forms of f(1 = a) chosen (when
there are more than one, applying to differences ranges of a),

as it should be.

4.4 EXPERIMENTIAL IECHIQUES & IMBLEMENTALION OF

DATA REDULCIION MEIHOD

Fxperimentally, da/dt or al(t) values of a solid=state
reaction may be obtained by a variety of technicues. They
include dilatometry, guantitative infra=red spectroscopys and
auantitative X=ray diffraction. Measurements of electrical
conductivity, dielectric constant, optical reflectivity,
viscoelasticity, ultrasonic attenuatijon (Belomestnykh & Sharov
1978), chemi=luminescence, and evolved gas pressure
(thermomanometry) are also used. In facts, the measurement may
be of any physical property whose correlation with the change
of chemical composition in the sample under study is well=
defined, Most universally applicable, however, are the
thermoanalytical techniquess namely thermogravimetry (TG) and
the two differential methods of thermal analysis (DTA) and

scanning calorimetry (DSC).
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Tt may be added that we regard it as possible to have
full automation in the acquisition and processina of data
obtained by thermalanalytical techniques. The hardware can be
under the control of micropossessors or dedicated
minjcomputers, and their output would go into a computer or the
same minicomputer, A computer proaram can then reduce the data
to a(t) or da(t)/dt values, which may be fuprther analysed to
identify f(1 = a) and so calculate R* and E, according to the
method proposed here. For instancer, a cubic spline fitting to
a(t) curves can be used to generate da/dt ory in the reverse
direction, the calculation can be by numerical auadrature (cf,
Appendix F), The intermediate results from the first and the
second stepsS can be stored on a disc or a floppy disc and the
plots or graphs drawn on an interactive display console. The
experimenter can then, after Jlooking at the intermediate
results, select the next step and, in the final stage, inout
the appropriate form(s) of f(1 = a) which are to be plotted on
top of the original datae. The whole procedure may thus be fast
and efficient, Nevertheless, the physical interpretation of
these results by the experimenter remains the crucial step.

The method we have proposed in this chapter has been
applied to investiocate the kinetics of slow thermal decomposi=
tion in silver azide single crystals, The results are

described in Chapter 6.
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2.1 BREAMBLE

The dynamiec method of studyina solid state reaction
kinetics involves measuring the reactijon rates under conditions
of a continuous temperature changer in contrast to the situa=
tion discussed in the last chapter where the reaction proceeds
isothermally, Originally proposed by Skramovsky (1932), the
method 1is becomina popular, especially with the development of
differential thermoanalytical techniques like DSC and DTA,

Since the initial temperature can be chosen so that the
reaction rate is relatively insianificant to beain with, the
method does not suffer from zero=time inaccuracy: a problem
which exists in isothermal experiments where the temperature is
raised rapidly and then held constant. A further advantage is
that, provided the dynamic data have bpeen wunambiguously and
correctly analysed, any changes in the kinetic constant will
not be overlooked even within small temperature intervals, In
contrast, the isothermal method only provides values averaced
over discrete points in temperature. Alsor when the data are
so analysed that the kinetic constants are calculated from each
dynamic curve then very few samples are required; only a
milligram or so of the material is needed for its thermal
characterisation. 1f many runs are indeed carried out,
differences between individual samples can be determined. The

last two advantages are particularly useful in single crystal
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WOPrK,
On the other hand, intrinsic differences should be
carefully distinauished from the effects of experimental condi=
tions. Firstly, literature data have shown that experimental
parameters such as the sample mass (Fong & Chen 1977) and
shape, the particle size distribution in the case of powder
samples, and the ambient atmosphere can affect sianificantly
the calculated values of kinetic constants (see Simon 1973).
If this happens, then whenever possible the empirical results
should be extrapolated to refer to a ‘'standard' set of
experimental conditions. Secondly, the heatino rate very often
affects the shape of the dynamic curve obtained; in particular,
the temperature distribution 1in the sample may no longer be
adequately uniform, but fuller discussion will be deferred to
the next section. Lastlys, the very fact that temperature iS
now a varijable, in addition to time, complicates the analysis
of datas. 1f due care is not taken, either inaccurate or
totally misleading values are obtainede. In facts a survey of
the literature reveals several instances of high=quality
experimental data beina misinterpreted by methods beyond their
ranges of validitye. In thi1s chapter we first describe various
methods currently employed and point out their limitations. We
then justify the approach in which use is made of both
isothermal and dynamic experiments. The analysis of isothermal
f(1 = a) unambiguously andrs knowing f(1 = a), one

data vields

L bl AL At s 1
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can calculate individual values of the kinetic constants from

each set of dynamic data. We may mention that, historically,
isothermal experiments were the only ones carried out in the
pioneering age of the twenties and thirties, when solid=state

reactions began to be studied from the modern point of view, as

distinct from that of Langmuir, Nernst and Tammann.
5.2 KINEIICL EQUATION

As discussed in Chapter 4, the kinetics of a reaction
proceeding isothermally can wusually be described by the
empirical relation:=

da/dt [isothermal]l = R* f(1 = a) exp(=F/kT) (5513,
where the quantities explicitly written down on the L.H.S. are
'usefully!' temperature=independent. fhat isy the function
f(1 = a) may change in different ranges of a but is, for a
aiven a, independent of T, at least within a range of T, and R*
and E should be the same for the same f(1 = a). If the rate=~
controlling step of the reaction occurs on the reactant free
surface or on the reactant=product (solid) interfacer then R*
will contain the surface~to=volume ratio. In other words, the
reacting system should really be normalised per unit area
rather than per unit size, and R* be given in wunits such as
molecules /(s,square=m).

Some authors have questioned the ageneral validity of
grounds (Garn 1974, Barzukin 1974, Draper &

on various
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Steum 1970, Krug 1977). However, in the literature (5.1) is
almost always successfully fitted to experimental data.
Tndeeds this empirical relation can be given mechanismic
justification (see Chapter 4),.

Tn dynamic experiments, Tt is commonly agreed that

(5.1) may be adapted to describe the reaction rate:~=

da/dt [non=isothermal) = Rx f(1 = a) exp(=E/kT(t)] (5q2)%
T(t) is controllable by the experimenters. Some temperature
programs offer the mathematical advantage that

exp[=E/kT]/(dT/dt) can be integrated analytically (see later
discussion on intearal methods of data analysis). Examples are
the hyperpolic proaram where T = 1/(A = Bt), (Zsako 1970,
Simmon & Debreczeny 1971): a parabolic program in which
1/(dT/dt) = 2AT + B, with B = AE/R* by iteration (Marcu & Segal
1978); and an exponential program so that dT/dt = exp(=B/T)
with B = E/k by iteration (ibid.). For the sake of
experimental conveniences, however, the arrangement is usually
that dT/dt = H. (A, C and H represent constants in a particular
run of experiment,)

However, it has heen taken by some authors who object
to (5.2), that

da = (Da/Dt)dt + (Da/PT)dT + (Da/DH)dH (5.3),
where (Da/Dt) = da/dt [isothermal] and D denotes partial
differentiation. The aroument is then that (5.2) is seen to be

inadequate even in the case of dH = 0, since the second term on
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the RsHsS. 10f (5.3) is non=zero but left out in it (see e.g.
MacCallum & Tannepr 1970, MacCallum 1971, Murant et al. 1977).
The opinion has further been offerred (Norwisz 1978), by a
derivation startina from (5.,3), that (5.2) is correct only if
it includes the extra factor
Let (3 =sT0Y4TIELKT

But we believe that (5,3) is unsound., Given t, T and H, a is
not uniguely determined and therefore not a function of these
system variables; it cannot decrease even for negative dT and
dH. Nevertheless, the inexact differential da can be
intearated, if the dynamic process can be treated as the
limiting case of a series of time intervals, during which the
reaction proceeds isothermally according to (5.1) but at the
end of each of which T is altered, in a time so short that
during it the sample is wunchanged, Alonc this path P the

result is easily obtained (Simmons & wendlandt 1972):

a R* T
da/f(] = a) = Rdt = ==== i exp(=E/kT) dT (5.4)
Jo JP H T(0)
where R = Rx exp(=F/kT). We must emphasise that (5.4) is not

logically self=evident, as is sometimes implied (Simmons R
Wendlandt 1972) or argued by mathematical! operations based on
the presumption that a = a(T,t) (Gorbatcher & Loavinenko 1972).
Rather, it comes from the assumption that the reaction under
study involves no slow processes» so that da/dt depends only on

the present values of a and T (meaning that da/dt is a function
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of state) and not on the history of the reacting system (c.f.
Felder & Stahel 1970). Only by this assumption (absence of
memory effects) can the dynamic process be treated as P.
Experimentally, a temperature program with temperature jumps,
which approximates P, has been realised on a thermobalance
interactively controlled by computer (Dickens & Flynn 1976).
Fquations (5.2) and (5.4) are of course equivalent. Their

validity has also been shown by 'rational' thermodynamic arau=

ments, in which the functional relation da/dt = a(t, t dR/dt)

' characteri1sing the

is regarded as the 'constitutive eauation
reaction system (Sestak & Kpatochvil 1973).

On the other hand, experience shows that apparently
(5.4) is not always followed exactly. Consider a reaction
being investigated by a series of experiments conducted at
different heatina rates H but with the same initial temperature
T(0). In (5.4) we see that the R.H.S., for a given upper
temperature limit T, is directly proportional to 1/H. Plots of
the L+.H.S. vs, T should therefore all have the same shape. It
may happen, however, that increasing departure from isomorphism
is seen when experimental data obtained at higher H are so
analysed, The most probable explanation is that the tempera=
ture change is too fast, causing the temperature distripution
in the sample to become significantly non=uniform, In fact,
thermal equilibprium is an underlying assumption when (5.4) is
without it da/dt will depend on the thermal

derived above:
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history of the reactino system.

It may be that some other factor is at work., The reac=
tion rate may be sensitive to the structure of the reactant.s
and a hiaher H can enhance the defect density or change the
reaction activation eneray at a defect site (Sosnovsky 1959),
Tn branched=chain reactions, the speed of the progressive
accumulation of active centres may vary with H (Azatyan 1977).
1f the reaction is a surface processs the distribution of reac-
tion centres among corners, edges or faces of the sample may
change with H (Constable 1925, Heuchamps & Duval 1966). The
chemical system under study may have multiple reactions
proceeding concurrently in it, and they have different t (Nzawa
1976) . Al]l these variations in the reaction activation energy
may be accompanied by chanaes of Rx in the same direction.
Because of this couplina, a linear relation between E and
loa(Rx) isS sometimes obServed. Called the 'compensation
effect', this phenomenon does not necessarily mean, as was
suggested (Garn 1974), that the Arrhenius expression in the
R.H.S. of (5,4) is invalid. 1In all these cases, by varyina H
the experimenter cans, in fact, gain additional insights into
the mechanism of the reaction, or distinguish between the
competitive reactions in the reacting systems (a situation
usually, though not always, indicated by the presence of
multiple peaks in the da/dt curves). This is possible if the

method of data analysis employed is such that K and E are

AL
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determined from a sinale da/dt or a(t) curve, rather than from
data at a number of heating rates, The method we sSuggest wil
be of this type,

Tt may also happen in (5.2) that R* is proportional to
Téoi so that Rx cannot be taken outside the integral sian in
(5.4). Indeed, modifications have been Suagested of some
methods of jata analysis (those that assume a reaction order
for the reaction) to take this extra temperature dependence
into consideration (Petty et al. 1977). However, even when
theoretically reguired, the correction may for practical
purposes be ignored, unless F is small or temperatures used are
very high: d(1nR)/dT = (E + le/*IZ. Likewise, any slight
temperature dependence of E can wusually be neglected.
Furthermore, irrespective of this or the above complications
the form of f(l = a) in (5.2) and (5.4) is not affected. It
should be the same as in (5.1), on the basis that the dynamic
process can be treated as the limiting case of a series of

isothermal intervals, an assumption already mentioned above.
5.3 CRITICAL EXAMINAIION OF CURRENI MEIHODS OF ANALYSIS

Many methods of analysing da/dt or a(t) data have been
proposed to calculate the kinetic constants E and Rx, and
sometimes also f(1 = a)., Often they were originally formulated
with reference to one particular instrumentations but they may

be made aenerally applicable to all techniques after quantities
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measured on DSC, DTA, TG, etc., are all interpreted in terms of
da/dt and a(t). On the other hands their validity does depend
on the particular reaction whose data are being analysed.
Their limitations in this respect form the subject of our
discussion below, They will be examined in three aroups: peak=
temperature, integral and derivative methods, in this order.
Sophisticated instrumentation systems are coming into use, that
incorporate computers to establish baselines or other null
settingsy to carry out automatic data aceuisition, and to let
the experimenter interactively analyse the data (e.o. Doelman
et al. 1977, 1978). Such advances do not, however, remove the
danger of uncritical choices of the method of data reduction.
5.,3.1 Peak=Temperature Method

Kissinager (19572) considers reactions of the type
f(1 = a) = (1= a)'. Differentiating (5.2) with respect to ty
and setting the resultina expression to zero, he obtains

(da’/dt)* C(EZKIH/T**= exp(=E/kT*) n(1 = ax)'"™' (dazdt)x (5.5)

in which * signifies 'peak' auantities at the point of maximum

2. 2 n-| P

(da/dt) where d“a/dt* = 0, He next assumes that n(1=a) ~ls
therefore

% 3 (5.6)

H/Z(T*x)" oc exp(=E/kT*) . v

recgardless of n, which itself may be calculated from the shape

of the al(t) curve. F and R%*, on the other hand, are obtained

by performing a Sseries of experiments at different H An

which reaard as an inefficiency of Kissinger's

aspecty we
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methods is that only one point on the curve is used althouagh,

in the case where multiple peaks occur sianifying that

different £.C1 smna) and E govern different sections of the

curve, the method shoulg still be applicable to each peak.
There is, however, an important limitatijon. The 'a

Tt e woo.

priori' condition that f(1 = a) = (1 = a) is actually valid

only in very special circumstances, namely when the rate=

limiting step of the reaction 1is the inward movement at

constant speed of the reactant=product interface, where n is 0,
1/2 or 2/3 for one=, two=, or three=dimensional movement
respectively, or when the reaction is unimolecular so that
n =1, (See Table 4.,1,) Fven among these special cases, the
other approximation that Kissinger uses is still conditional,
since n (1=ax)' =z 1 only for n = 1. When n is 1/2 or 2/3,
this expression varies with a* approximately as

(n (1 = n)7(1 = ax)¥ M )zrar 2 0.2/0a*, where Lla* is the varia=

tion in a* itself. In Appendix C we Show that a* changes with
H in the general case, Hence, when an apparent reaction order
exists and is 1/2 or 2/3, Kissinger's method can lead to a
systematic deviation in (5.6) and thus generate a siagnificant
but hidden error in the calculated E and R*.

If no apparent reaction order exists, then i
definitely should not be used, otherwise an approximately
linear plot from (5.6) results in totally misleading values of

constants, An example is in the decomposition of

the kinetic
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benzenediazonium chloride: it derives from DTA data a value of
E that is 40% lower than the nearly identical values, obtained
by applying other methods of analysis to the data from DTA as
well as other techniques (Reed et al. 1965). Other examples
are in the study of Jlithium aluminium hydride, where the
Kissinger values are half of the isothermal result (McCarty et
al. 1968), in RDX where it is again 40% lower than all the
values calculated by other methods (Rogers & Smith 1970), and
in urea nitrate, where it is 30% lower (Rorham & OUlson 1973).
5.,3.2 Intearal Methods

The L,H.S, of (5.4) is a function of the upper limit of
the intearal, a, only and will be denoted by F(a); the lower
limit of integration in the R,H.S., can for practical purposes
be taken as 0, since in experiments TC€0) will be such that

reaction velocity is negligible below it, i T os<sElka oEn

view of these considerations, many authors have proposed
different methods of analysing a(T) datae.

The temperature intearal, S;axn(-t/kY)cI, has no
analytical solution in general, Only in the unusual case of a
hyperbolices parabolic or exponential temperature programs then
exp(=E/kT)/(dT/dt) is integrable, but, as we have said in Sec=
tiond'5.2; normally T is experimentally arranged to rise
linearly with t, and this is the sole case to be considered
here. The numerical values of the integral have been compiled

but, being a function of both E and T, are not directly useful




RHRYNANTC METHOD ={49- CHAPTER V

unless an iterative solution of (5,4) by trial=and=error is

resorted to. For more efficient approachess, approximations to

the integral are necessary. Thus, takino the first two terms

: x 2

in an asymptotic (z =2 E/kT ==> o0) serijes of t exp(=t)dt
o

Coats and Redfearn (1964) obtain the linearised relationt
2
In(F(a)/T7) = A = E/k(1/T) (5.7),
where A 3 In(Rxk/FH)(1 = 2kT/E) 1is 'sensibly constant' if the
range of temperature ZAT is small, They further assume that
the reaction has a reaction order, ns so that f(1 = a) =
"
(1 = a)", and thus F(a) can be calculated at each (a, T).
Plotting (5.7) for several values of a thus aives E and R*,
making use of only one set of data corresponding to a single H.
Several cautijonary notes should again be made here.
The assumption for f(1 = a) has already been discussed.
Similar to the case of Kissinger's method, results obtained may
be wrong and misleading if this functional form is not indepen=
dently  determined beforehand. Thus, in a study on the
dehydroxylation of kaolinite (MacKensie 1973), straight lines

over dijfferent ranges of (1/T) are given by (5.,7) for a whole

series of values of n, namely, 0, 0,5, 0.667, 1 and 2. In
particular, plots using n = 1 and n = 2 are almost equally
'good’,

Secondlys the accuracy of the asymptotic approximation
is rather low, By comparing its values with tabulated values

of the intearal (Doyle 1961, Biegen & Czanderna 1972), we find

AR el i
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its relative errors to be ZA\I/I = 20% at 2:= 5, 5% at z = 10,
and 1.5% at z = 20, Thus, for example, if E is 1 eV, then for
an accuracy of 08%Z the hiahest temperature reached in the
experimental run should not be more than 600 K, a very low
fiqure for most materials though it is higher for larger E.
Additionally, expanding A into a power serieS shows that Z)MA/A
= 2klA\T/E approximately, so that at say 2% inaccuracy the range
of temperature, L\T, from which (a, T) points are selected
should be less than 100 K (for E = 1 eV)es The total possible
deviations in the calculated E and R* are, to first approxima=
tion, the sum of the Z\T/T and ZMA/A. It certainly is
unsatisfactory if they are larage and yet nowhere mentioned in
the calculation,

Other approximations to the temperature integral have
been suagested by van Krevelen et al, (1951) and by Horowitz
and Metzaer (1963), who made use of certain asymptotic expan=
sjons in the vicinity of T*, the temperature at peak reaction
rate. Both have been shown (Zsako 1973) to be even |less
accurate than the Coats and Redfearn approach, and so will be
left out in our discussion.

Amongst the integral methods, the best is probably the
one due to Ozawa (1965), which requires data at different H

but, in it f(1 = a) remains completely general. The approxima=

tion to the temperature intearal is 2
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=-E/kT E (=2:32 =.04,457 E/KkT)
e dT = = 10 (5.8),
0 k
so that from (5.4)
log H 4 0,457 (FE/k)/T = loa H + 0,457CE/Kk)T (5.9),
1 1 2 2

where the two T's are taken at an arbitrary but identical value
of a in the two curves corresponding to the two different
heatina rates. Plotting 1log H vz, 1/T for selected values of
a should therefore produce straight lines, the slopes of which
give Ee.

Three comments are appropriate here. By comparing

(5.8) with tabulated numerical values, we see that it is 7% out

at 2z = 10 or T = 1170 K, and 3% and less only for T < 720 K (if
E =1 eV), These errors should be examined before O0Ozawa's
method 1is applied. Secondly, the method has been modified

(Krien 1973) to reads in place of (5.9),

LAIn H /7 ZN(1/T%) = 0,457 E/k (5.10),
in which * denotes peak auantities, as before. This relation
may be compared with (5.6) but in general it does not hold
since, as we show in Appendix C, a* varies with H, Lastly,
like Kissinger's methods E cannot be determined from data at a
single Hse and in some cases this may be a disadvantager as
discussed in Section 5.1.

5.3.3 Derivative Methods

The derivative methods offer an advantace over those
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described above in invoking no mathematical approximations,
Unfortunately, they use da/dt data which, with present
instrumentation, tend to be of lower quality whether they are
obtained by numerically differentiating the a(t) data or are
direct experimental read=outs.

The most straijahtforward, but as it stands relatively
inefficient, of the derivative methods is to write (5.2) as ¢

In (da/sdt)/f(1=a) = In Rx = E/KT (5.11),
and to substitute different forms of f(1 = a) until a linear
plot appears (Sharp & Wentworth 1969). Later we shall arguer
however, that even this 'labor omnia vincit' approach, like all
dynamic methods in generals, cannot guarantee correct values of
£ and R* (nor an unambicuous form of f(1 = a) in this specific
case), although the labour it involves may be undertaken by the
computer,

The earliest derivative method 1is probably that of
Borchardat and Daniels, originally formulated for homoaeneous
reactions in the liquid phase (Borchardt & Daniels 1957) but
later extended to solid=state reactions (Blumberg 1959) for
which it is now frequently used. The method assumes a reaction
order ns and substitutes f(1 = a) in (5.11) by the explicit
expression with n aiven a guessed value. £ a linear plot
results then E and R=* are obtained from it, BRased on this
methods, Hauser and Field (1978) have developed a computer

procedure, in which plots are generated for a series of values
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of n incremented at discrete steps, and the 'best' one is then
selected to yield F, R*, and n. An attraction of this method
is that the correct n can be readily selected by eye. Alterna=
tively, since in this case

LAIn(da/dt)/LAIn(1=3) = =E/k [LN(1/T)/4NIn(1=3)] + n (5.12)¢
a plot of the L.H.S5. vs. the quantity in the square brackets
aives E from the slope and n as the y=intercept (Freeman %
Carroll 1958), Tf constant L\In(da/dt), AQAlIn(1=a), or LA(1/T7)
is selected, Eq. (5,12) can be further simplified (Segal & Fatu
1976), However, we have emphasised previously the fallibility
in presuming such a convenient form of f(1 = a); Uzawa (1975)
has commented on the possibility that this procedure, and the
intearal method of Coats and Refearn, may give false values of
F and Rx, In addition, since (5.12) involves the ratios of
differences, the quality of data called for is even higher than
that demanded alone by the use of da/dt. There 1is another
method due to Roger and Morris (1966) in which LAlIn(da/dt) is
plotted against (1/7), and can be Seen to be the special case
of n = 0 in (5.12). An example of the general danger that very
linear plots may sometimes appear even if the applied method is
not valid is given by Patel and Chaudhri (1978). The Roger and
Morris method was used to analyse DSC data on lead azide, and a
straight line results althouah the calculated E turns out to be
180% laraer than (Ozawa value. Conversely, the coincidence of
by various methods need not prove that these

values calculated

i ML s sl s i
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methods are all applicable to the case in hand, A counter=
example is provided by a DSC study on RDX (Rogers & Smith
1970), where the Roaer and Morris value aarees well with other
values but the complex decomposition is beyond doubt far from
the n = 0 type.

On the other hand, David & Zelenyanszki (1973) plot n
[d In(1=a)/dt}j/(1=3a) against (1/7); this amounts to assuming a
reaction order n = 1. It serves as yet another example of the
futility of linear plots, for their method gives such plots for
the decomposition of 'a wide ranage of materials' includina
calcium oxalate and polyethylene which, most likely, are not of
first or any other ‘'order'.

Some of the inteagral and derivative methods described
in the foregoing have been compared by testing their accuracies
on synthesised DTA data (exact as well as with artificial
random error) for one F value and temperature range, the reac=
tion considered being of the type with reaction order (Anderson
et al, 1977). Among the methods not included there is that
due to Friedman (1967). Tt probably is the most general among
the derivative methods. Like 0Ozawa's procedure, it makes no
assumption about f(1 = a), although it reauires da/dt data
which, furthermore, have to be at a numper of H. Once agains
from (5.2):

In (H dasdT) = In(R* f(1=a)) = E/kI (5.13)5

R*f(1=a) is identical for the same value of a, taking

Since
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da/at and the corresponding T from several data sets at
different H one can determine F,

Tt is our contention that even Friedman's method has
one basic limitatijon which, more significantly, is shared by
all dynamic methods described above. The point in auestion is
that all of them have to presume the constancy of f(1 = a) as
the temperature is chanaed. However, since mechanisms of
solid=state reactions are aenerally complicated, there is no
general justification for this presumntion, though it may be
true for particular reactions within specific temperature
ranges. An illustration is the case where parallel reaction
paths exist, each with values of R* and F such that a aquantita=~
tive change of ) will lead to a qualitative change in the
dominating path, Another case is where the jdentification of

the rate=limiting step depends on T, Methods have been

proposed whichs, by the use of computers, try different forms of
f(1 = a) in analysing the dynamic data (Skvara et al. 1974,
Nolan & Lemay 1973, Chen & Fong 1977), However, the search s
limited to functional forms which are already known.

More importantly, from our own experience with azides
we have strong doubts as to the exactness in determining
f(1 = a) or even its constancy from dynamic data. Likewiser, in
a study on the dehydration of mancanese formate (Nolan & Lemay
1973) for instance, no unique form of f(1 = a) and

correspondingly no unique values of E are identified even over
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CHAPTER V REACTION KINETICS =
appropriately restricted ranges of a, the criterion used being
minimum standard deviation in the Arrhenius plote. Further
examples are the thermal dehydroxylations of kaolinite
(MacKensie 1973) and of magnesium hydroxide (Fong & Chen 1977),
We suggest that, in dynamic experiments since data are
collected under variable temperature conditions, the change due
to f(1 = a) is inherently masked by that due to R(T).

To demonstrate this effect, we wrote a computer program
(Appendix E) which generated al(7) and the correspondinag da/dT
data according to the theoretical equation a = R*x exp(=E/kT)
throughout from a = 0 to a =1 (Fig. 5.1(a)). The values
chosen for R* and F are 10E8 and 1 eV respectively. Let us now
examine how the data generated accordina to this relation,
which is of the type a = Rty will be fitted by different
kinetic eauations, one of them being the correct one. In
Fia 5.1(b) we plot aaainst 10E3/T the natural loocarithms of the
followina expressions :=
ri (da/dT)/3(1 = a) , i.e. assuming 1 = (1 = a) = Rt 3

reaction controlled by three=dimensional contraction of

phase boundary;

[21 (dasdT)/2(1 = a) , ie.es 1 = (1 = a) = Rt type;

31 (da’/dT) : the original assumption; and

[4] (da/dT)/3a , i.e. a = (Rt) : reaction controlled by
<gm=

Arrhenius plots == see text

FIG. 5.1(b)
a and da/dT vs. T/K, where a=10E8 expl= 1 eV/kT)

5.1Ca)
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€.9. three=dimensional arowth of existing nuclei.
It is seen that the incorrect f(1 = a) in () and [2] still
give Virtually linear plots, with sliaghtly different slopes;
interestinagly, curve [4] is so misleading as to show two
'linear' seaments with a seeminacly sianificant transition in
between. Fxperimentally, Guarini et al, (1973) have noted that
it is impossible to ascertain from their DSC data whether the
monomerisation of 9=Me=10=AcAD has an apparent reaction order
of 1, 0.67, or 0,5, in all of which cases E has about the same

derived value,

2.4 IHE SUGGESIED APPROACH

In the foregoiny sections, we have discussed the
limitations regarding the applicability of various methods that
have been used to analyse dynamic data. 1In many published
works we find that often many apprarently different methods are
used to analyse the same set of data. However, we think that
in many cases this procedure is of no real significance, when
some of the methods used are mathematically eauivalent and
therefore lead to the same results, and/or when some are
invalid in the given situation and thus Jlead to doubtful
values.

The limitations of the methods express themselves both
as discrepancies in the calculated values of the kinetic

and sometimes as fortuitous agreements when some of

constants,
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the methods are certainly inapplicable, An extreme example of
the second situation is thaty, for RDX, the Kissinger value
(Rogers & Smith 1970) of E is near to that obtained (Maycock R®
Pai Verneker 1970) by plotting a vs 1/T, a procedure which has
absolutely no theoretical justification, Accordingly, we
suggest that the interpretation of dynamic data should as far
as possible be based on results from isothermal experiments,

One can unambiguously determine f(1 = a) over the whole
range of a and over the relevant temperature range, from the
independent analysis of individual isothermal curves. A
systematic method of efficiently implementing this identifica=
tion has been proposed in Chapter 4. Tt may also be noted that
thermoanalytical eauipments are equally apolicable in
isothermal experiments (see Patel & Chaudhri 1977 and our work
in Chapter 6) though they were more often used in the dynamic
mode. The identified form(s) of f(1 = a) can then be
substituted into either (5.2) or (5.4), In this way, from the
dynamic a or da/dt data one can then determine accurately the
non=average and single=sample values of E and R*: advantages
which have been mentioned in the preamble of this Chapter.
Moreover, the values will correspond individually to different
heating rates.

We applied this approach to the spinel formation
Zn0 + frzus -——> 7nrrzu4_ A DTA curve (experimetal atmosphere:

nitrogen at 300 mm mercury) was published in Ishii et al.
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(1977)s who have also monitored a(t) by chemical analysis when

the reaction proceeded isothermally in nitrogen flowing at 50

mi/ming and showed that the isothermal data fiit
T~ .

1 - (1 = 3)”) Rt. We have measured R from experimental

data points at t = 20 min in the published isothermal plots,

From these values of R, aiven in Table 5.1, we calculate

value of 1.5 eV for F,

Table 5,1 Isothermal DNata

T/K R / arb, units In R

1073 1 0

1173 4 1.4

1273 23 J.1

Table 5.2 Dynamic Data
T/K a (da/dt) / arb. units *

2 =2.6
4 -1.4
7 =0.54
12 +0.76

= (1 =ad 2 GdadT) ]}

In Table 5.2, da/dt values were measured from
published DTA curve whose heatina rate was unspecified, and

a values were read off from the (ar T) graph which Ishii et

a

the

the

al.

have drawn presumably by integratijon. Nowe from their analysis

of the isothermal data the governina kinetic equation is,

in
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differential form, da/dt = K/[(]1 = d)~d3 - (1 = a)<451; at least
within the ranges 1073 - 1273 K, and a from 0 to ca., 0.6
corresponding to Rt = 0 to ca, 0,07, The Arrhenius plot of
(dayat) (1= Ra)le (O =ha )2 =Nl fop R the s fiour {dateNRoiats
shown in Table 5.2, is indeed a good straight line. From the
plot we obtain F = 1,3 eV, In view of the probable
experimental errors and inaccuracies in obtaining data from the
published graphs, we consider satisfactory the reasonable
agreement between this value and the one calculated from the
isothermal data.

The suggested approach has also been applied to dynamic
TG data of the pyrolysis of silver azide. The results are

given in Appendix G,
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£.1 EREAMELE
This chapter describes the results we have obtained on

the pyrolysis of silver azide, using the thermogravimetric

technique and the data reduction methods proposed in the two
previous chapters, Some of its thermal properties have also
been measured, using other technigues, From the kinetic

results deductions have been made concerning the mechanism of
the reactions, whose knowledge is relevant to our study of
dielectric breakdown,

Several kinetic studies of the reaction have been
reported in the literature. Audupert (1939) measured the ex=
tent of pyrolysis by monitoring the accompanying UV emissions
Audubert (1952), Gray and Waddington (1957), and Bartlett et
al. (1958) measured the pressure of the evolved qas, whereas
Zakharov et al. (1964,1966) used a gravimetric method, the same
techniaue as ours, These techniques of studying solid=state
reactions have already been mentioned in Section 4.4, The
approach of the 'English School' of Gray, Tompkins, Youngs et
al. in investiaating decomposition reactions has mainly been by
the fittina of sophisticated eauations to the experimental rate
curves, that of the 'Cavendish School' by (transmissions
scanning and diffraction) electron microscope observation of
decomposina sinagle crystals, and that of the 'Russian School',
by studying the catalytic effects of additives. Howevers there

is still no general agreement on the reaction mechanism,
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In all the previous works quoted above, the silver
azide used was in the form of pressed pellets or fine powder.
The disadvantages of using this sample form have already been
discussed in Section 2.4. Here in particular, it introduces
boundary conditions such as the packing density, the dearee of

sintering (if any)s, the particle size distribution (Bircumshaw

&  Newman 1955; Hitchinson et al., 1973) and the particle
Shapes, Al of these influence inter=crystallite contact
areas, Another experimental condition which may be important

is the nature of the interstitial aas. Further, in experiments
in which the nitrocen pressure isS monitored, a complication may
arise due to the possibility that the diffusion throuah the
interstitial spaces may be so slow as to siagnificantly distort
experimental readings. As Yoffe (1966) commented sometime acor
the real difficulty in kinetic studies is in the interpretation
of results and it is profitable to work with sinagle crystals,
In this study, we have investigated the isothermal
decomposition usina the relatively large sincle crystals we
have growna. Both reaction kinetics and related thermal
auantities have been determined, The wuse of large crystals
also made possible a study of the morphology of the decomposi=
tion surface utilizing scannina electron microscopy. A similar
study has previously been undertaken by McAuslian (1957) at this
laboratory andr althouah the conditions of our experiments were
our main conclusions are in agreement (Sec=

somewhat differents
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tion"6:333). Unfortunately, the thickness of the crystals
precluded in=situ electron diffraction studies of selected
areas of the decomposed surface. However, as the decomposition
end product consisted of an aaglomerate of small particles,
electron diffractoorams of indivigual particles were taken.

We have also studied the pyrolysis kinetics by the
dynamic method (Chapter 5) using thermogravimetry, The results

are aiven in Appendix G,

6.2 EXPERIMENIAL PROCEDURES

In our kinetics experiments we have chosen TGs which
involves following the weight of a sample as its reaction
proceeds. Historically, isothermal studies of exothermic reac=
tions by this technique were reported as early as 1956 (Cook
and Abega), though dynamic studies appear not to be so commonly
employed. The weight of a silver azide sample is an
unambiquous function of its dearee of decomposition sinces
unlike in the case of alkali metal azides, the vapour pressure
of its metallic product is nealigible at experimental tempera=
tures, The classical method of thermomanometryr i.es.r the
measurement of the isochoric pressure of the evolved gas, has
not been chosen because of its inherent non=isobaric condi=
tions. In accordance with Le Chatelier's principler an
increase in the partial pressure of the product gas over the
cause a decrease 1in the decomposition rate

reactant should

A AP L c s Al o M A b L i S U L s b
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(cf.Rouguerol 1973). I1funthe.seffact is Jlarge enough, the
interpretation of data becomes difficult,.

To measure the specific heat and enthalpies and
temperatures of phase transitions, the techniaque of DTA has
been employed. The temperature of the sample was continuously
compared with that of a reference, when both were heated by

identical power inputs sSuch that the temperature of the

reference increased linearly. One DSC experiment was also
carried out, The temperature of the reference was controlled
to rise at a constant rates and the change 1in the power

reauired to maintain the sample at the same temperature as the
reference was monitored.

A DuPont 990 Thermal Analyser was used to which a DTA
module was fitted, The sample pan, 1 mm deep and S5 mm in
diameter, was made of aluminium which was inert at experimental
temperatures. The reference was an empty pan. The temperature
difference was monitored with a chromel=alumel thermocouple and
displaved in two sensitivites on an X=Y,Y' chart recorder.
Dried argon flowina at 10 ml/min was used as the purge gas.
This was to reduce further the small chance of side reactions
occurring concurrently when oxyaen and water vapour were
present. Five experimental runs were made at a heatina rate of
5 K/min, and sample weights ranged from 0,213 to 2.019 ma (1 to
8 crystals). For the DSC experiment, a Perkin=Elmer model

DSC=2 was used. Temperature measurements were made with
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platinum resistance thermometers and the sample weight was
4,019 mg; other conditions of operation were jidentical,

A Stanton Redcroft TG=750 electronic thermobalance was
used at its maximum usable sensitivity of 50uV/2ua, A
Solartron LM 1450 (3 1/2)=digit DVM was triggered by a Seauen=
tial timer to read in the gravimetric output at recular time
intervals, and a data loager recorded the digitised weiaht
readings on tape. The timing circuit wused was desianed and

built especially for the purpose and it has been described in

(Tang 1978); it can generate short as well as unusually lona
gating pulses, is reliable in operation, and is much cheaper
than commercially available instruments. The data loaginag

system was set up as in (Hauser 1977), The furnace temperature
was measured by a Pt=(Pt,13% Rh) thermocouple, and was
displayed in deg.C by a linearisina circuit. The sample pans
were of the same type as before, Fiaht experimental pruns were
carried out at selected furnace temperatures between 513 and
558 K, Fach sample comprised of two crystals, These selected
crystals were of uniform cross=section ca. 100 um across, and
of average weight apbout 250 ug. Using smaller crystals would
reduce the uncertainty in the sample temperature due to
exothermicitys, but this was not possible because of the limited
sensitivity of the thermobalance.

The thermobalance incorporated a proarammer whichy in

the experiments reported in this chapter, controlled the




KINETICS & MECHANISM CHAPTER VI
furnace temperature to stay within 0,5 K of a preset value.
(For the calibration of a thermobalance, see Blazek 1973,
Chapter 2.) In each runs the furnace was first pre~heated to
the selected temperature and an empty pan was lowered into it.
There would be an apparent weiaht increase followed by a slow
decreaser, the transijent lastina a total of 2 to 4 minutes,
This was recorded on tape and used to correct for the initial
part of the weight=loss curve, obtained when the pan was again
lowered, this time with the sample in ite. The correction was
by simple subtraction and, conSeauently, the very early parts
of our decompoSition curves are not reliable. The pyrolysis
took place in a dynamic atmosphere similar to that in the DTA
and DSC experiments,

A Cambridge Stereoscan S4=10 was operated at 27 kV for
the microscopy work, Sample pans containing crystals which had
reached various dearees of decomposition were transferred from
the thermobalance to the microscope stage. For a crystal in an
early stage of decompositions and especially when viewed at
hiah magnifications (x1000 and above), photographs were taken
'blindly' by using an adjacent area for focusing. This was
necessary because experience had shown that continuous scanning
lastina many seconds produced electrostatic charge accumulation
and radiation damage. The former led to fictitious contrast
effects, and the latter was visible as cracks or small

agoregates of silver on the surface (Figs. 6.1 & 6,2). We have
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not found it necessary to evaporate a metallic film on such
crystals or to prepare carbon replica: both processes Sseemed to
cause extraneous decomposSition. In his previous study,
McAuslan (1957) maintained that the evaporation of a conducting
film was required before the crystal could be photographed:
while admitting that this practice complicated the interpreta=
tions of observations,

To take diffractograms of the decomposition product
(particles of silver or ‘pebbles' = see below), we used the
750=kV high voltage electron microscope (HVEM) desianed and
constructed by the Electron Microsopy Group of the 0l1d
Cavendish, An evaporated carbon film, mounted on a
200=mesh=per=inch copper grid, was pressed gently against a
partially decomposed crystal so that some of the 'pebbles'
adhered to the film. With the microscope operating at 600 kV
in the transmission mode, a 'pebble' was located that was small
enouah to allow the electron beam to penetrate through it, and
then a selected area diffraction pattern was taken. X=ray
diffraction pictures were also taken of completely decomposed

crystals py the Laue methods, using a oeam size of 0.4 mm,

==
FIG. 6.1(a) ¢ partially decomposed crystal surface
(a =ca, 0.1); (b) : after irradiation for 10 s
FIG., 6.2(a) : silver azide melted and partially decomposed
(a =ca. 0.8); (b) 3 after irradiation for 20 s
In both cases the electron beam intensity was
ca. 1 pA/(100 sauare=nm) at 27 kV
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£.3 BESULIS
6

.3.1 DTA and DSC

Fia, 6.3 gives typical DTA traces, and results are
summarised in Tabhle 6.1, The specific heat was previously
auoted as 490 J/kg/K at 523 K (yuill 1953). Our Jlower value
appears to be more reasonable, Since the temperatures of
measurements are higher than the Debye temperature (see Section
6,6), the specific heat should approximate to the Dulong=Petit
value of 2x3k per molecule or 335 J/ka/K, Another point
concerns the critical temperatures given in the table. As
extrapolated onset values marked A and A' in Fig.6.3, they are
not necessarilly identical to the thermodynamic temperatures of
the phase transitions but are, according to Garn (1976), more

reproducible than the departure values B and B'.

Table 6.1 Calorimetric Values

Enthaipy change/(kJ/kg) Temp. /K Explanation

10.5 & 0.8 461 ¢ 2 Crystallographic
transformation

0.29 & 0.04 465 to 530 Specific heat

104 ¢ 2 581 £ 2

The melting point was given as 524 K (Hitch 1918) and this is

the value usually auoted in the literature. It is too low and
may have been measured on impure silver azide. Usina a
Gallenkamp melting=point apparatus and a Sample of four

crystals, we observed that at ca. 553 K the crystals stuck to
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one another and, at ca. 583 K, underwent a sharp transition
into the liquid state which seemed to bubbler until completely
decomposed (Fia. 6.4).

The Dsc trace obtained is reproduced in Fig, 6.5. It
shows that the slow pyrolysis developed into a fast decomposi=
tion before complete melting of the crystals. Previously, 1t
had been thought that the minimum explosion temperature was
620 K which is appreciably higher than the meiting point, To
explain initiations of explosion by drop weight and particle
impacts, the mechanism of localised adiabatic shear failure had
been proposed (see Chaudhri & Field 1977). The present
observation suggests that all that has to happen is for the
impact to create hot spots so fast that they lose little heat
to the bulk but which, however, need not somehow get hotter
than the melting point.

6.3.2 TG

From the stoichiometric equation of the pyrolysis of
silver azide, the molar fraction of decomposition , at time t,
in a sample is:

a = 149,9/(149,9=107,9) W(t)/W(0) (6.1),
where W(t) is the sample weiaht, and 149.9 and 107.9 are the
molecular weight of silver azide and the atomic weight of
<<m-

FIG, 6.,4(3) : Crystals melted in a test tube
[scale == tube outer diameter is 1.25 mml;

FIG, 6.4(b) : Molten silver azide which then
decomposed [ maanification: twice that in (a)]
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DSC trace of Silver Azide
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silver, respectively, As discussed in Section 4.1, to
determine the kinetics is to be able to express the molar reac=
tion velocity as

da/dt = R fi(1 = a) (6.2),
where R is a function of temperature. A FORTRAN program
(Appendix F) reads in the W(t) data and reduces them into af(t)
points. Cubic splines are then fitted to these pointss, so that
well=behaved da/dt values can be calculated alcebraically from
the knots fitted, Further ananlysis in the program is
according to the procedure proposed in Section 4.3.2.

In FigSs 6.6, 6.7 and 6,8 are shown the results for the
cases of T = 513 K (time taken for a to reach 0,5 was 441 min),
551 K (69,2 min), and 558 K (49,4 min), The other cases were T
= 520 K (227 min), 529 K (179 min), 539 K (113 min), 544 K
(97.7 min), and 554 K (56,3 min). 1In all the eight cases, the
reduced=time plots show that the a=-t curves are isomorphice
indicating a unijaue functional form for f(l=a). The plots of
loa[=1n(1 = a)] vs, loa(t), 0.15 < a < 0.5, are all found to be
roughly linear with a slope of ca. 1.1. This approximate value
of the slope suggests that the decomposition is unimolecular or
of the phase~boundary controlled type. The graphs of logl(a)
vs., 10g(1 = a) which were therefore next generated show that,
up to 52 0,95 ~tCL = &) = (1%=.3) with a correlation

coefficient in no case worse than 0,9, Within the experimental

range of temperatures and this range of a, therefore,
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da/dt 1

or, equivalently,

1=¢1 = a)* = (r/2) t

The L.H.S. of (6.4) has, las

reduced time, and in all case

obtained as illustrated by the

(6,4) does not fit the data

exist in this region among the

tent form of f(1 a) has be

cannot be distinauished from t

An analysis of

(6.4) is given later in Sectio
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thermobalance. The crystal in Fig. 6.11(a) was heated at 463 K
until a is 0.1, when its faces were completely covered with
these pebbles, It is obvious from (b), (c) & (d), which show
the same crystal after it was partially cleaved, that the
formation of pebbles is a surface phenomenon: the few formed on
the cleaved faces were caused by the electron beam of the
micrographa. That the distribution of pebbles which are biag
enough to be seen has little correlation with surface imperfec=
tion is confirmed by (e) and (g), in which 'bad' crystals have
been chosen as samples, There is a difference, however, 1in
that there seem to occur some break up of the parent crystal
into blocks which then decomposed. This can be deduced from
the presence of cavities in some of the pebbles (see (f) which
is an enlargement of (e)); the molar volume of silver fs a
third of that of silver azide.

During the pyrolysise the crystal usually developed
cracks on the surface as shown in Figs. 6.11(h), (i) & (j)
(furnace temperature 513, 443, 443 K, and a = 0.1, 0.12, 0.14,
respectively). The cracks were seen in crystals decomposed at
both above and below the crystallographic transformation
temperature, and generally belonaged to the zone [0017.

Figs, 6.11(k), and 6.10(a), 6.,11(1) & 6.11(u) which
<K==

FIG, 6.9 (a), (b) == top
FIG., 6.10(a), (b) == bottom

Number indicates width of micrograph in um;
for description see text
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show the same specimen, are micrographs of crystals completely
decomposed at 513 and 573 K respectively. A most striking fea=
ture of the pyrolysis of silver azide is that the end product
is in the form of 'pebbles' which, as apparent from preceeding
micrographs, project out from the surface of a decomposing
crystal, Diffraction studies confirmed that they are metallic
silver, probably in the form of single crystals (see below). A
majority of them have pronounced angular shapeS. Thits sis
unlike the silver particles produced in the pyrolysis of silver
acetate, which are spherical. Further, in the case of a 'good'
crystal decomposed at a temperature well below the melting
point, most of them are free from cavities, suggestina that
they are not formed by the partially decomposed crystal
breaking into small blocks which then decomposed completely,
Their surface density on a completely decomposed crystal is ca.
10E11 /square=m, They grow to a maximum sSize and then the
arowth stops, as indicated by the relative uniformity of their
sizes in all the micrographs (exceot (p) to (t) == see below),
The maximum diameter apparently increases with the temperature,
from ca, 7 um at 513 K to ca, 14 um at 573 K.

The pebbles have also been observed by McAuslan (1957)
in his study on the slow decomposition of silver azide. He
<<==
FIGS. 6,11 (a) to (x)

Number beneath each micrograph indicates its width in um;
for description see text
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decomposed single crystals on a hot stage placed inside a
scanning electron microscoper at temperatures unspecified but

probably just below 453 K. The pebbles in his case were cae.

200 um in diameter,

InecFigss 4:1100610) & Gu)d a small amount of melting has
occurredrs as indicated by the presence of a small patch of
white film surrounding the 'crystal' (see 4.11(0)s where it is

resolved into spherical specks). Most of the silver azide has
apparently melted before decomposing in (p) to (t) (furnace
temperature 578 K), and the 'pebbles' are some three times
biager in diameter, Pebbles formed at high temperatures may
contain cavities. More interestinaly, if formed from molten
silver azide they show distinctive faceting and their cubo=
octahedral shape suggests that the f.c.c. Silver has grown into
over=sized Wulff polyhedra (van Hardeveld & Hartog 1969).
Coalescence of pebbles is also apparent at high pyrolysis
temperatures.

Occasionally, there are reacions in a decomposed crystal
where many of the pebbles show signs of sintering and are
highly non=angular in shape. Fig. 6.11(v) is an example
(furnace temperature 518 K). The reasons for this phenomenon
has not been investigated, Likewise, in a specimen decomposed
at 418 K and shown in (w), the pebbles were found to be
different in appearance, their most remarkable property being

the possession of 'wiskers's Micrograph (x) jllustprates that
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sometimes the crystal bends while decomposing (there, at
548 K)o

Fig. 6.11(n) is a typical HVEM diffraction pattern of a
smal)l pebble; the particular pebble concerned is arrowed in
6.11(m) and was picked up from a crystal partially decomposed
at 443 K and shown in 6,10(b), MNote the presence of Kikuchi
lineSe. The diffractograms show that the pebbles, or at least
the smaller ones, are essentially monocrystalline; some extra
spots present may be due to twinnings double reflections or
diffraction from neiahbouring ones that the beam hit.

When the aperture of the beam was increased to examine
many pebbles, the pattern changed into a great number of spots
superimposed on rings. That little crystallographic order
exists among them is also indicated by the X=ray pictures taken
of decomposed crystals as a whole, which show no structure,
The displacement of the pebbles while being pressed against the
carbon film and the distortion of the crystal during mounting
on the aqoniometer have been minimiseds and could not be
responsible for the large degrees of randomness indicated. It
seems, therefore, that the product indeed retains little or no
orientation relationship to the parent crystal: the pyrolysis
is not topotaxical. This is in direct contrast to the cases of
thallium, lead and sodium azides (Spath 1977). Also, this
appears to contradict the observation by McAuslan (1957) thats

whereas copper and cold evaporated on the silver azide surface




KINETICS & MECHANISM
do not aagregate with preferred orientations, evaporated silver
tends to have its (110) plane parallel to the (010) growth face
of the azide substrate. 0On the other hand, Camp (1959) stated
that only in thin flakes exposed to an intence electron beam
was the produced silver found to be ordered with respect to the
original silver azide, and not so in crystals decomposed by a
low intensity beam or by exposure to practical sources of
alpha= or aamma=ray. The comment is in order, however, that as
far as dielectric breakdown is concerned the disputed question
of topotaxy should have no great significance,

Tt is of interest to compare our obServations with
those of Montagu=Pollock (1961, 1962) on the end products in
the pyrolysis of silver cyanamide crystals of um thickness.
They decompose to give metallic silver, also in the form of
pebble == or 'specks' as called there == which in his transmis=
sjion electron micrographs were seen to protrude out from the
crystal surface and to be angular in shape. Using electron
diffraction he showed that they are single crystals and usually
of random orientation relative to the parent crystal, One
difference between our and his case, however, is that the
cyanimide gives another solid products an amorphous material
which is probably either cyanoagen polymer or carbon.

Tt may also be of interest to mention that no hexagonal
close=packed structure was detected in the HVEM, This struc=

ture iss according to Quarrell (1937), the stable form of
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silver in very thin films.
£.4 IQBOCHEMISIRY

The TG results indicate that, in the temperature range
513-558 K and for a < 0.9, the pyrolysis of silver azide
follows (6.4). MNow, the crystals are much loncer in one direc=
tion than in the other two, so that as pyrolysis proceedss the
surface area of the undecomposed part of a crystal will vary
approximately as the square root of the volume of this part.
This kinetic law therefore suggests that at constant tempera=
ture a is proportional to the area, i.e., the phase boundary
contracts at a constant speed. We demonstrate here the
validity of this interpretation,

We have Said in Appendix A that among the needle=form
crystals we have grown the cross sections are in the shape of a
hexagon. Referrina to Fig. 6.12, we define a by A/D = 2=g.
This dimensionless parameter varies in different crystals, but
for those in our TG samples 0 < g<< 1. Taking that the
hexagonal shape is equiangular, we have B = (1=a),/3D. The
linear speeds at which the decomposing front moves into the
crystal along the a= and the b=axis are assumed equal, and will
be denoted by U. The scanning electron micrographs have shown
that the ratio of the two speeds cannot be very different from
unity. The volume of silver azide still undecomposed at time t

is then
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V(t) = ABC (1=s) (1 = s((B/A)*+(1=D/m)2] ">
=(1=s) (A=D)/28B) (6.5),
where s 3 2 U t/B, Therefore
1=a = NEs) ' A¥C0)
= V(t)/( ABC[1=(A=D)/2A] )
= (1=38) [ 1=3s5(1=g)/(3=g) ] (6.6),
The resulting aquadratic eguation in s is solved ands choosina
the sian such that a decreases when s increases, we obtain

[1=9/(3=2q)1s

or, to first order of
1-(1-2)'1% =
For example, if a = 0,

In previous
kinetic law found was
da/dt =

in the rances 464 to 573 K and

(Bartlett et al, 1958;

1966), In

(1958), the

acceleratory cubic expression followed by a decay

same type as (6.9).

validity of (6.9) for,
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surface or an interfacial mechanism, The second alternative is
more likely since, as arqued below, the reaction is
autocatalytic. Ea, (6.,4) will apply if and when a coherent
silver film is formed on silver azide, and before the pyrolysis
has become so advanced that the simple qeometry of Fig., 6.4 no
longer suffices, Decomposition may of course occur at point
defects and dislocations ( which are probably charged) within
the crystals, but the contributions of these ‘internal

surfaces' appear unimportant.

£.5 MECHANISYM

The decomposition of an ionic metal azide consists of

the generation of azide radicals which combine bimolecularly to

vield nitrogen gas, and the formation of the metal atoms. The
pyrolysis of silver azide follows this overall scheme, as has
been mentioned in Section 2.1. The detailed mechanism,

however, is still uncertain,
6.5.1 The Sugagested Mechanism

Here we propose a tentative mechanism for the regime
T>464 K (the lower limit of temperature in our experiments) and
8 > 045 ) i 4 is based on the proposal by Mott (1939) for the
pyrolysis of barium azide, a model which is an extension of the
Gurney=Mott (1938) theory of the photographic development of
latent images in silver halides. We assume that the rate=

limiting step is the thermal emission of electrons into silver
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which has already be formed, from adjacent azide ions. This
redox process at the interface may alternatively be viewed as
the emission of holes from the partially filled band of the
product into the valence band of the reactant, The rate of

decomposition is controlled by the generation of holes in the

azide. The negatively charged metallic nucleus attracts
interstitial silver ions and grows, The holes combine at a
nearby free surface where nitrogen qas can escape. The

combination results in a steady concentration cradient and thus
a net diffusive flux of holes from interface to surface. Since
they diffuse away before combining, there is no polarisation at
the interface hindering the discharge of interstitial silver
ions,

In this mechanism the electron transfer from anions to
cations takes place energetically via the fermi level of
silver. The elementary steps of [al interfacial activation,
[bl cation drift and discharaer [c] hole diffusion, and [d]

radical combination on the surface may be represented as

[a) Ny~ Aa, Ny Ag,

ibi A(‘; FRAGIEn =B EAGY

el ”3 -—> ”5 (surface)
(d] 2 N, FExlldys.

We now examine the plausibility of this model., The
rate=limiting step £\ will be elaborated upon in Section 6.5,

interstitial cation

been shown in Section 2.3 that the

It has
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is the dominant defect system in silver azide in thermodynamic
equilibrium, A steady=state concentration of mobile cations
should thus sustain [bl., Gas'maev et al, (1976) observed the
average rate of silver nuclear growth in single c¢rystals
decomposing at 433 K, and also measured the jonic conductivity
at that temperature., The growth rate was seen to be adequately
accounted for by the flux of silver ions towards the metallic
phase calculated according to Mott & Gurney (1948:pp.232=3),
No data at hicher temperatures are available. However, our
other investigations, discribed in Section 2.6.2, has suagested
that the activation energy of the hopping process [b] is
probably 0.5 eV. Concerning [c]ls, its mean free path has been
inferred to be ca. 1 um (Bowden et al. 1962) and the hole
mobility, discussed in Section 3.2, probably has an activation
enerqy of a few tenths of a eV at most. The combination step
[d] is exothermic by 9,5:0.5 eV, It probably occurs as an
inelastic scatterina of a hole by another localised at a trap
of the type which is electrically neutral when filled with an
electron (Section 7.1). Its activation eneray may be expected
to be relatijvely small: less than 0,2 eV according to Thomas &
Tompkins (1951).

In our picture then, as a silver azide crystal
decomposes surface films of silver are formed whichs when a
reaches a certain value < 0.1, cover the whole crystal. Cracks

open ups, but few or no silver nuclei are formed on the new free
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surfaces along the sides of these cracks, This may be
explained by the domination of interfacial growth of silver on
the uppermost faces, over the competing formation of fresh
silver film elsewhere, a process which is supposed to be
comparatively slow, In this connection we may mention that,
when silver azide is bombarded by alpha particles or recoiling

fission fraaments, silver appears not along their ionisation

tracks, which are ca. 10 um long, but on the original surface
of the crystal (Camp 1959). The reverse case is true in uranyl
oxalate (Young 1960). In a study on the decomposSitions, by
heavy charged particles, of alkali and alkaline earth azides

and of their perchlorates, Oblivantsev et al., (1966) showed
that the decomposition is due to hot spots generated along the
particles tracks,

The continuous production of the silver pebbles is
recarded as the secondary process of accretion of atoms in each
patch of film, a process in which they migrate over distances
of the order 10 um. The high diffusivity of silver atoms on
the surface of silver azide at room temperature and above has
already been mentioned in Section 3.3.2, Sharma & Spitz (1979)
have showed thats, on quartz substrater silver atoms in a
sputtered film aacglomerate when heated. They explain this
agolomeration by surface diffusions and by diffusion creep with
thermal compressive stress as the driving force. As have also

been araued in Section 3.3.2, the patches of silver films do
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not grow epitaxially, explaining the absence of topotaxy. Un
the other handr individual pebbles qrown within each
crystallographic domain of the film can be monocrystalline.
Granavist & Buhprman (1976) studied the sizes of metal
particles prepared by a variety of techniques, including the
arowth of islands on a substrate by single~atom transport, and
concluded that the 1loocarithm of the particle diameter has a
Gaussian distribution, Althouah the rances of diameter of the
particles studied were in the neighbourhood of 20 nm, and the
precise form of log=normal distripution will most probably not
be applicable to our much Jlarcer pebbles, nevertheless, by
general statistical considerations, we would have expected some
broad distribution of their diameters. That they in fact have
a fairly uniform size which increases with temperature is, we
suaggest, due to the higher surface diffusivity of silver atoms,
which increases the average distance these atoms migrate before
accretina, Similar phenomena have been ohserved only in the
decomposition of a few other substances. In a study on the
pyrolysis and the photolysis of silver oxalater
Boldyrev et al, (1968) found that in both cases surface nuclei
of silver were formed whose growth rate rapidly decreased after
reaching diameters of 2 to 5 um. Their other results suagested
that the rate=limiting sStep is the diffusion of interstitial
Ag+ ions through the oxalater, and they explained the

criticality of the nucleus size by the depletion of these ions
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around the nucleus. Again, in the pyrolysis of ammonium
perchorate, Herley et al. (1970) noted that there is a limiting
Size for the surface nucleir, but which they did not attempt to
explain,

In the evaporating of gold in 10E3 Pa argon, Hansson &
Tholen (1978) found that often long chains of particles were
formed which were of nearly the same size. However, this
phenomenon is probably not connected with the phenomena beinag
discussed,

6.5.2. Film Formatijon

Let us now consider how the silver film is formed on
the surface in the beginning. Although an induction period has
not generally been observed in the pyrolysis of silver azide,
Pai Verneker & Maycock (1968) claimed to have detected its
presence, They decomposed powders at moderate temperatures in

a mass spectrometer and found, in the very early stacesS, a rise

followed by a fall in the rate of nitrocen evolution not
attributed to gas desorption. After this peak the rate became
constant, The initial peak decreased if the size of the

crystallites was larger, and increased if they were so doped
that they contained more anion Vvacancies and less cation
vacancies., Unfortunately, no kinetic analysis of this part of
the decomposition curve was given,

Nevertheless, we may sugaest a probable mechanism of

film formation. A hole may be generated in Silver azide by the
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emission of a valence electron not only into the fermi level of
the metallic phaser when present, but also into jts own conduc=
tion band. The mobile electron or polaron (Young 1971) thus
arising can be localised at a trap, During the time interval
that the trap remains filled, an interstitjal silver ion may
diffuse to it, or diffuse nearby and then drift towards 1.t
under the influence of electrostatic interaction if it iS neca-
tively charged when filled. (Dependina on its nature, it may
be positively charged when empty, and neutral when filled.,) The
neutral atom so formedr if in the bulky should, unlike the ions
have very low mobhility, (The ionic and atomic contact radii of
silver are 0.126 and 0.16 nm respectively,) Alone, the atom
will release the electron after a while due to thermal excita=
tion. I1f the trap is on or sufficiently near the surfacer
however, the atom can diffuse awayr, and the trap is resetted.
Moreover, migratinag atoms may agaregate, and once their number
exceeds a certain limit (Mott 1939), the nucleus they form will
survive and itself act as an electron trap (and later as an
acceptor), In this wayrs the surface will be rapidly covered
with a coherent layer of silver atoms.
6.5.3 Alternative Mechanisms

Tn discussing the mechanism proposed by Mott for the
pyrolysis of barium azider, Young (1966,p.178) has pointed out
an apparent inconsistency that the silver nucleus would permijt

a positive hole to diffuse aways and vet be capable of
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attracting a positive ion, It seems, however, that there is no
real difficulty, The seauence of elementary steps is envisaqged
as ¢

L3225 dA op>pddee> LA umdea e €N =B=tblped> ()

after which another 4\ is possible. The nucleus in effect acts
as a cation=valence electron recombination centre and makes
possible a process of internal electrolysis.

Nevertheless, a possible modification of our proposed
mechanism is that instead of the holes diffusing away to a free
surface, they combine in the vicinity of the interfaces
resulting in an aaggrecation of F=centres. The nitrogen formed
is supposed to escape through fissures along the interface,
while the aggregate presumably will collapse subsequently to
form (colloidal) silver. Thomas & Tompkins (1951) and Prout &
Moore (1969) have proposed this different mechanism for the
pyrolysis of barium and strontium azidesr respectively, In
sodium azide, the existence of F=centres has been confirmed
(Bartram et al, 1973); and in silver halides, F=centpres are
known to be stable defects and to have considerable mobility
through interaction with a=centres (Mitchell 1949), In the
case of sjlver azide, however, this mechanism appears unlikely,
at least unless the decomposition 1is such that high local
concentrations of exited anions are maintained, as possibly in
decomposition by strongly absorbed radiation. Indeed, although

an F=hand has been tentatively identified in the absorption
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spectrum of crystals partially decomposed by ultra=violet light
(Section 232)% it has never been reported in thermally
decomposed crystals, Secondly, Sawkill (1955, 1957) in his
electron diffraction study detected no F=centre agaregates,
thouah it was shown later that this evidence related to
decomposition by the electron beam (Camp 1959, 1960). Thirdly,
metallic silver formed by the collapse of F=centres aagreaates
is likely to be hiahly orientated with the parent crystal, as
is the case in the photolvtic and electron beam decompositions
of silver halide sinale crystals at high temperatures (Sonoike
1956) . Iin any casey the formation of silver from F=centre
agaregate cannot explain the outward growth of the 'pebbles'.
Another different mechanism was previously used by Gray
& Waddinaton (1957), McLaren & Rogers (1957) and Bowden et al.
(196?2). In place of LA+ the rate=limitino Step is taken to be
the homoaeneous generation of electron=hole pairs in the bulk
of silver azide. The mobile electron (or polarons) are
localised at traps, which are re=set by interstitial cations,
Now, homogeneous mechanisms (as distinct from surface and
interfacial ones) are indeed found in solid=state reactions, an
example being that of the pyrolysis of alkali perchlorates
(Cordes & Ruven Smith 1968)., This is unlikely to be the case
for silver azide, however. The homogeneous mechanism accounts
for both the formation and the growth of silver nucleir so that

no induction should have been observed. Also, in the next sec=
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tion we shall argue that silver, once formeds, will provide an
energetically more favourable path for the generation of holes
than band=to=band transitions, Thirdly, a homogeneous
mechanism cannot easily explain the djfferent catalytic actions
of oxidess and of compounds containing the same metal (see
again the followina section). Finally, using homogeneous reac=
tion theory and with the assumptions that the trap density is
constant and that the holes have short life=times, Gray g
Waddington (1957) derived a reaction order of 2/3. The present
work has shown that the apparent reaction order is purely a
reflection of the interfacial geometry, and it changes to 1/2
when long crystals, instead of powders, are decomposSed.

The most radically different proposal is by Savel'ev
and co=workers (1966,1967), They found that cathodic polarisa=
tion at an external field of 0.23 or 0.6 MV/m accelerated the
pyrolysis of silver azide, while anodic polarisation retarded
its rate, Based on these observations and those of the
influences of additives they sugaested that the rate=limitina
step is in fact (d). Their araument was that the ljfetime of
azide radicals on the surface would be reduced by an electronic
space charge, and increased by a depletion region there. The
polarisation effects therefore apparently indicated that the
combination of radicals was the slowest elementary step.
However, the observations are also explicable by our suagested

according to which the rate=limiting step L\ occurs

mechanism,
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similarly at a covering interface and not in the bulk, The ac=

tions of dopants are discussed in Section 6.,5,2,

6.6 CORRELATION WITH ELECIRONIC SIRUCTIURE

6.6,1 Autocatalysis

A simple consideration suggests that the emission of
electrons into silver 1is less expensive energywise than that
into the azide conduction band. We assume correct the band
structure of silver azide given in Figs. 2.7. For silver, the
work functions for various crystollographic faces have been
listed in Table 3,1, We take that, as far as electronic energy
levels are concerneds the silver film may be treated as siver
with normal bulk properties, havina Wf' = 4.641£0.10 eV > Wf,
where Wf is the work function of silver azidee By the same
arquement alpready stated in Section J3.2, we may assign the
idealistic energy diagram of Fijag. 3.4 to characterise the
reactant=product contact. The energy step for an electron to
climb, in goina from the azide band to the lowest unfilled
level in silver, is 4MF = Eg = Wf' + X or (see Section 2.2)
1.120,3 eV. Here Egy the band gap of the high=temperature
allotrope, has, as a working hypothesis, been taken to be the
same as that of the low=temperature forme which valuey 4,120,2
eVs has an uncertainty of 10% anyway. (Tn this schemer ZAF has
in fact been equated with W[+) in Section 3.2.,) The thermal
promote an electron from the valence into

required to
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the conduction band of the azide is between 0.45 Eg to
0,60 Eaq (Section 2.2) or 1.8 to 2.5 eV, which is higher than
ZA\E by an amount sianificant even in view of the approximate
nature of our calculations.

Based on an estimation combining varjous theoretically
calculated and experimentally measured properties, Gray (1963)
has given the electron affinity (there mistakenly called the
work function) of silver azide as 4.9 eV. This would put the
conduction band edge below the fermi levels of silver and most
other metals. However, the value we adont here wasS reported as
an experimental result and should thus be more reliable.
Moreover, if Gray's value as well as the foregoing idealisation
of the azide=metal contact were both sufficiently valid, then
in electrical conduction the electrons in the cathode would
have only a small eneray barrier to surmount to flow into the
azide. (The barrier would exist purely because of the band
bending arisina from the injected charaes themselves.) A space
charge should then be maintained in the interfacial region by
the thermally injecting cathodes, a situation we can reiect as
argued in Section 3,2,

According to Youna (1964) 'colloidal' silver in silver

azide provides donor levels which are ca. 0.56 eV below the

conduction band edage (Section 2.2). These eneroy levels, if
they do exist (in single crystals), are much higher than the

fermi level of bulk silver. They should, therefores, have no
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direct effect on the rate=limiting step, which is the cenera=

tion of holes at the interface with the silver film,

6.6.2 Additives

Zakharov and co=workers (1964, 1966, 1968) studied the

catalytic effects of additives in polycrystalline silver azides

Their samples were in the form of either pressed tablet

powder, In the case of oxide additives, the samples were

prepared by mixing solutions of silver nitrate and sodium azide

in the presence of a finely dispersed suspension of micron=size

particles of the oxide concerned.

Denoting pre=exponential factors and activation

energies of pyrolysis and of electrical conductivity respec=

tively as Rx, E, 6%, and E[6], we may aroup their findinas as

below (the figure in brackets after each additive represent its

amount in mol%):

(1) R*, E+» and E[6]) are unaffected, but 6* is increased or
decreased, respectively, when Agzgqa (0.,1=5) or Pb(N3),
(0.15=6) is added;

(2) no significant chanaes in E and E[6), but R* is
increased: LU(N3b>(l), NiQO (30), Cd0 (10), and ZnO
(1=12);

(3) E is reduced : for Co,0; and Ni, 03, to ca. 1 eV; for

rojl%' to 0.8 eV: and for Cof0, to 0,5 eV (all 10),

According to Zakharov et al.r these results show that the rate=-

limiting step in the pyrolysis is (d). However, we can offer a
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aqualitative explanation of most of the findings by our proposed
mechanism, Tn Group 1, the dopants almost certainly exist in
the charge state fhg' and Pb++ (radius 0.13 nm) and in
substitutional positions. The concentration of interstitial
silver ions is increased and decreaseds, respectively, in
Ag(CO3)y (N3),,  and Aa, ,,Pb N3, so that 6% is changed but not
E(6]. There is no effect on either R* or E, because the
equilibrium constant in the rate=limiting step 4\ s not
coupled to the ionic concentration. In Group 3, the additives
may either form solid solutions or exist as distributed
heterophase impurities which, at the pyrolysis temperatures,
will be chemically inert. However, even if Solid solutions are
originally formed, they will precipitate out continuously when
the host substance decompoSeS. Jjows the reductions in the
activation eneray indicate chanaes in the mechanism,. By
measuring contact potentials under the experimental conditions
of pyrolysis, Zakharov et al. estimated the work functions of
Ni, 03¢ CoO and LQ}F“ to be 5.3, 5.55 and 5.65 eV respectively;
ie€0r all higher than that of silver, These additives
therefore are electron acceptors and electron transfers can be
eneraetically more favourable at their interfaces with silver
azides, explaining the lower E observed, Note that if addi=
tives of increasing work function are introduced, a stage will
be reached when some other elementary step 1in the reaction

scheme becomes rate=limiting instead.
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Consider now Group 2. Zakharov et al, auoted the work
function of Zn0 as 4,2 eV, and that of Cd0 as being smaller
stil, They should nots therefore, compete with the silver
product in catalysina Z\. The non=action of NiD is unexpected,
however, its work=function being given as 5,48 eV, Tf this
value is correct, the anomaly may be a result of effects such
as some chemical reaction on the interface between Ni0 and
silver azide (cf, Williams 1978) ., on the other hand, the
increases in R* in all thses cases are not explained, The
sjtuation is really more complex, Since the shape of the few
a=time curves published by Zakharov et al, is seen to be also
changed., TIn the case of cupric azide, an interstitial solid
solution is likely to be formed with copper in the charge state
Cutt+ (radijus 0.07 nm), as it is in copper=doped AgCl (Burnham &
Moser 1964). By hoppino to the silver=silver azide interface,
it will accept an electron by changing its oxidation state to
the cuprous ion Cut+ or to the neutral metal. This should
increase R*, since the concentration of the L.H.S5. in 4\ s
reduced but, the work function of metallic copper being less
than that of silver, E is not affected.

Rartlett (see Youna 1966, p.196) noted that the co=
precipitation of cadmium nitrate (cas 3%) with silver azide
areatly depressed the rate for a <ca. 0.05 but the remainder
of the pyrolysis was apparently unpaffected, whereas after

by exposure to hydrogen sulphide for a few seconds

blackening
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the initial rate was enhanced, The presence of Cd++, if
substitutional (its radius is 0,11 nm), leads to an excess of
cation vacancies in the bulk andrs likewise with the surface ac~-
tion of hydrogen sulphide, will influence the formation of the
silver film. After the rate~limitina step has become the
interfacial excitation the rate is no longer affected,

On the other hand, we can offer no obvious explanation
for the observation (Kurochkin et al, 1968) that certain
organic dyes increase the thermal reactivity of silver azide,
the trend being agreater reactivity with increased molecular
chain Jlenath and number of =N=N= groups. Neither is it clear
why the explosion temperature is lowered in silver azjde co=
precipitated with silver cyanamide solution (ca. 10 and 20% in
nitric acid; Gray R Waddinaton 1957). However, the explosion
temperature is only a rouagh indication of the rate of
pyrolysis, Moreover, it is uncertain whether CNN== ions were
incorporated in the lattice substitutionally, or the prepared
powder behaved simply as a physical mixture of azide and

cyanamide,

8.2 KINEIIC CONSIANIS

From Eas. (6.4) and (6.,8), the speed of advance of the
decomposition front is calculated as I = R B/4(1 = y), where B
and y are the averages of respective values of each of the two

crystals comprising the sample in hand. 1In Fig. 6,13, the
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common logarithm of U 1is plotted against the reciprocal of
temperature, The araph shows that, in m/s,

U = 10E3.1 exp(1.23 eV/ kT) (61005
The standard errors in these numerical values are estimated to
be much larger than are apparent from the residuals of the
ejaght experimental points, The fractional error in the
determination of R is reckoned as not appreciably larger than
2%s which is the expected inaccuracy of the thermobalance in
measuring weight. Lenath measurements under the microscope are
accurate to 5 um, so that the fractional error Z\U/U =ca. 13%.
In addition, there are non=uniformity in the crystal cross=sec=
tion, the ignored decomposition of the two ends of the crystal,
and the approximations in takina B and y simply as averages.
Their effects on the functional form in (6.4) are unclear, but
should be negligible within the straight=line section of the
plot from which R was measured. Reaardine Ts a theoretical
estimate was made of the discrepancy between the sample and the
furnace temperatures. In Chaudhri & Field (1975) an eauatijon
was derived for the temperature, assumed uniform, of a reacting
crystal placed in a gasous atmosphere where the flow is convec=
tives, We solved this equations numerically by the Newton=
Raphson method, using typical crystal dimensions and furnace
temperature, and the calculated values of kinetic constants of
the pyrolysis. The rise of crystal temperature is found to be

not more than 3 K. The rise would be smaller for smaller
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crystal dimensions, lower

larger Eo. If we take T'

In(U"/10') is ca, 2.30, the fractional
Ersall TRrB I InCUtZUL)ACTE=TY)
tion of that in the pre=exponential
Ux = 10E2,5 to 10E3,4 m/s,

A comparison with the values of E ohtained

works is displayed in Table 6,2,

Table 6.2 Activation

Authors

Audubert 1939 chemi=
luminescence

Audubert 1952 aas evolution

Haycock (Garner ditto
1955,p,.238)

Gray & ditto
Waddington 1957

Bartlett et al. ditto
1958

Zakharov 1964 weiaht

Zakharov 1966 weight

(a) particle size 3=9 um;

* Gray & waddington, Bartlett
specified that their samples were
and silver nitrate solutions,

**Bartlett et al. reported
temperature, E is roughly

Note that the two different choices of the

f(1 = a) in (6.4) and in

Wk,

Es

factor but not

is then

leasurement

that,
1.96 eV in

(6.9)

=197=

furnace temperature,

& A L

= 1.2320.2 eV,

Energy of

Sample
powder?
powder?

>

pellet*

powder*

powder (a)*
powder (b)*
1=10 um,

et al.,
prepared from

have not

error

16%

factor

affect

CHAPTER VI

smaller Ux or

which

calcula=

gives 80%., Thus

in previous

Temp. /K

500=560
511=558
483=-543
503=573
464=523
470=520

490=-530

et als

sodium azide

below the phase transition
463 K,

form of

pre=exponential

deduce the

e i et L i



CHAPTER VI -198=- DFCOMPOSITION:

values of U* from the log(R) vs, 1/T araphs sometimes given in
these previous works, The sizes of crystallites in a powder
usually have an approximate Gaussian distribution (Hitchinson
et al. 1973), It will be difficult to calculate Ux, ij.e. R*
normalised to per wunit arear even if the crystallites can be
assumed to be all cubic in shape; in any caser the exact
magnitude of the standard devijation in the distribution is
unknown,

We now examine the physical significance of the macro=
kinetic constants Ux and E. First, they are interpretated in
thermodynamic terms, so that the treatment is independent of
the reaction mechanism, The advancing speed of a planar reac=
tion interface is expected to be constant (Young 1966, pp.17=8)
and is, by the modified Polanyi=Wigner ecuation we have
discussed in Section 4.,2.2 :

U = d(kT/h)exp(4\S'/k) exp(=4AK'/kT) (6.11),
where d =ca. 0,15 nm is the thickness of a monolaver of silver
azide, and ZAS' and Z\H' are respectively the entropy and the
enthalpy of activation. If the rate=limiting step is
unimolecular, as £\ in our scheme is, the frequency factor kT/h
may more accurately be replaced by the mean frequency of
lattice vibration in silver azide, Now, the Debye temperature
I is related to the velocity of sound v by the relation

I = (hv/k) (A V/3)

where V is the molecular volume. For silver azide, v has been

e L L .
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measured to be in the range 2.1 = 2.9 km/s (Table 1.2, Chapter

1). The unit=cell dimensions of the high=temperature form are

unknown, but cannot be very aifferent from those of the
orthorhombic allotrope, so that v comes out to be
5 x 10E=29 cubic=m (Appendix A). Thus I g 240 K, At our
experimental temperatures, which are all higher than I, the
mean phonon freguency is therefore kI/h = 5 x 10E12 Hz. From
our experimental results, thereforers approximately
ZMH' = 1.23 eV and

ZAS'= k 1n(7.5 x 10E2 (m/s) /U*) =ca. 0
which is reasonable (Youna 1966, p.44) and expected for our
particular £\ which involves only the transfer of an electron,

Secondly, if our proposed mechanism is correct, the

molar reaction speed iS given by the rate of thermionic emis=
sion from silver azide into silver (Mott 1939). By modifyina
the Richardson=Dushman equation (Eq. (3.9), Chapter 3), the
electronic flux density is

Je = P' exp(=4\E/kT) (6.12),

% /(s.square=m)s in which g is the

where P' = 7.5(mx/m)10°" T
charge and m the mass of an electrons, and mx jts effective mass
in silver filmse. The weak T dependence will, of course, not
be experimentally sianificant. By taking an average value of T
as 530 Ko the pre=exponential factor comes out as

2.,1(mx/m) 10E30 /(s.square=m). Further, since LAE depends on

the band gap which usually varies linearly with T (Aschroft &
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Mermin 1976, p.566), LAE = ZLNE (1xrT), where r should be a few
parts per 10E4 K. We assume that r has the minus signs as was
done in the <case of barium azide (Mott 1939). 8y using the
same value of V as before, the value of U* can be converted
into 2.5 x 10F31 molecules/(s.square=m), This agrees with the
modified pre=exponential factor derived here,
P' explpr LNE /k)» where L\NE /k jSL con. 1.4x10E4 K, within

expected ranaes of the values of m* and r.

£.8 SUMMARY

The isothermal pyrolysis of single crystals of silver
azide has been investigated in the temperature range 513 to
558 K using a thermobalance, The kinetic eauation is
determined as

1 =(1 = a)' "= t 4(1=y)/B Ux exp(E/KT)
where a is the molar fraction of decompositions B the thickness
of the specimen, y << 1 is an aspect ratio, U* 10E2,5 to
10F3,4 m/s, and F 1,2320.20 eV, The reaction is topochemical,
The solid proguct (silver) has been examined with X=rays and
with scanning and high voltage transmission electron
microscopes, It is shown that silver agaregates in the form of
'pebbles' 7 to 14 um in diameter, which protrude out from the
decomposina surfacees are randomly orientated but are probably
monocrystalline. A mechanism based on Mott's mode | is
the reaction is autocatalytic. This as well

proposed, in which

b L i
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CHAPTER VIT MECHANISMS

Z.1 SUGGESTED MECHANISM OF ELECIRICAL DECOMPOSIIION

In the last chapter we have proposed a scheme of
elementary steps for the thermal decomposition of silver azide.
It seems reasonable to suppose that the elementary processes
responsible for the decompossition under a strong electric
field bear a close similarity to those for the thermal case.

We suggest a mechanism for electrical decomposition as
follows, linder the influence of a high field at the cathode,
electrons are injected into the conduction band of silver
azide; the process occurring in the early phase of thermal
decomposition is equivalent in effect except that they are
emitted from the valence band of the azide itself, The mobile
electrons, or polaronsy drift towards the anode. They
constitute a non=eauilibrium (surplus) concentration and So a
net number of them may be localised at electron traps, in the
interfacial regions (Section 3.2) as well as elsewhere in the
bulk, An interstitijal cation may then cet discharged at a
filled electron trape. (Cf. Section 6,5.2.) 0On the crystal
surface, a neutral atom can miarate with a considerable speed
and agglomerate, givino rise to a network of thin silver filme
and to ‘'pebbles' which are permanent formations (Fig. 3.7 &
3.9). At very late stages, macroscopic patches of thick film
are also formed (Fig. 3.9(g)). The non=uniform distribution of
'pebbles' in the form of 'trees'y in contrast to the thermal
in Fig. 6.11(3)), is consistent with the

as illustrated

case

R R

bttt bl 110
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observation by Camp (1959) that at very low rates of decomposi=
tions caused by the action of e.a., low intensity electron beams
or practical sources of alpha= or acamma=ray, silver is produced
perferentially on specific areas.

In the advanced phase of thermal decompositionys
electrons beoin to be injected under the action of phonons into
the fermi level of silver which has been produceds, this process
recuiring less energy than the interband transition: the
decomposition becomes autocatalytic. This does not happen in
electrical decompositions, occurrina as it is at room tempera=
ture. We do expect, howevers that any silver aagrecates
produced will become efficient electron traps, s$0-nthat new
silver will have a preference to form next to existinag silver.
This explains the continued growth of the old 'trees' after the
polarity of applied field was reversed between Figs. 3.7(f) and
(g), (h) & (i),

In thermal decompositions the emission or the thermal
injection of a valence electron leaves behind a hole, which
di ffuses away and combines with another on a free surface of
the crystal to produce nitrogen, In the electrical case, the
valence electrons are extracted into the anode, in the separate
process of field injection of holes. The holes drift from the
anode towards the cathode, some of them combining bimolecularly
on the way. A distinction, therefore, between the two cases is

that in the former, the holes are generated just beneath a
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surface film and they move by diffusion, while in the latter a
macroscopic field is present and they drift in the bulk of the
crystal, The appearance of internal factures and lines of
'dots' on the surface, found in the latter but not in the
former, probably refects this difference.

The molecular rate of nitrogen evolutijon is generally
about 0.3 of the initial rate of charce transport (Sec=
tion 3.4.2). The interpretation of this observation is
ambiquous, because the value 0.3 1S probably accurate to only
within a factor of 2, and we do not know what fraction of the
charge movement is made up by holes. Nevertheless, if this
fraction is constant, then an approximate proportionality of
decomposition rate to conduction current seems reasonable.
Consider the situation that there exist in the crystal a rela-
tively large number of efficient hole trap (Section 3.2) and
that most of the combinations take place between a localised
hole and another hole that drifts slowly by. Denoting by N the
trap densitys, presumed uniform, a, the trapping cross sections
Nx(x,t) the density of filled traps as a function of distance
from the anode and time, w the probability per unit time that a
trapped hole is thermally released, J(x) the hole flux, and c

the combination cross section, we write

DNx/Jt = a (N=N*x) J(x) = w Nx = ¢ N*x J(x) (2107
the last term representing the combination rate D(x), Hence,
in the steady state N* = aNJ/(aJ+tcJ+w) =ca. aN/(a + ¢c)y if w
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is small compared to (atc)J., This assumption isS conSistent
with the observation that the evolution rates of nitrogen after
] becomes zero is much smallep than that when the voltage is on
(Section 3.,4.1). 0On the other hand, since a steady rate of
decomposition is reached 1in a time on the order of a minute
(Figs. 3.14 8 15), w is probably not more than many seconds.
(Cf. Discussions on hole trappina in Section 3.2.) Now, in the
steady state N* does not change with t, so that

div J = = 2 D(x) (7.2)0
where the factor of 2 accounts for the fact that each combina=
tion event remove a hole in the flux as well as reset a trap.
In our one=dimensional situation, and since in the steady state
Nx has been shown to be not a function of x,

J(x) = J(0) exp(=2 ¢ Nx x) (7:3)s

The total decomposition rate is therefore

L b
D= A S D(x) dz = 2 A c Nx J(x) dx

o 0
= a/(a+c) A [1 = exp(=2chL)] J(0) (7.4),
where A is the cross sectional area and L the length of the

sample. From (7.4) we see that D is proportional to J(0) or,
if aJ(0)/1 does not vary with I, to the measured initial
current T, For samples whose A and L, and presumably N, are
not very different, similar values of the proportionality
factor are expected, explainina Fig. 3.16. In fact the product
so large that, for L. equal to a few mm, when the

cN be

may
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cathode is reached JL) = J(0) exp(=2cNL) is always nearly
Zero. This agrees with the indirect deduction (Section 3.3.2)
that the combination of holes mainly occurs near the anode.

The constancy of D/I may also be explained 1in the
situation where combinations occur mainly between mobile holes.
Without repeating the mathematics, one can See that D remains
proportional to J(anode)=J(cathode). Nevertheless, we suagest
that the combination most probably have to take place via a
trape. Tts activation energy is less than 1.2320.2 eV, because
it 1S not the rate controlling step in pyrolysis, but may still
be very Jlarge compared to kT at room temperature (Sec=
tion 6.5.1). On the other hand, the trap may be of the type
that when filled it is neutral, so that electrostatic reoulsion

between two holes is avoided. Moreover, the observation that

D/1 reatly decreases after prolong period (Section 3,4.2) can
be explained as an exhaustion of hole traps (silver formed are
efficient traps of electrons only) so that =2cNL becomes
alaebraically areater, Indeed, it will be very useful if a, ¢
and N can be estimated so that Fqg. (7.4) can be tested.
Unfortunately, the kinetics experiments on pyrolysis do not

yield information on these parameters, which are not involved

in the rate=limiting step there,
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Z.2 1y SUPPQORI OF SUGGESIED MECHANISM

7.2.1 Implausibility of Alternatjves

In an investigation on dielectric breakdown and
subsequent detonation of lead azide pellets, Sukhuskin et al,
(1970) sugaested that while in samples with densities not
bigger than 3xE3 ka/cubijc=m the breakdoewn occurred by
microdischarges in the pores, in those with densities close to
that of the sinale crystal (4,7xE3 ko/cubic=m, according to

Federoff et al, 1560), the detonation was initiated probably

not thermally, but due to the development of electron
avalanches whose products reacted directly and caused
decomposition, The 1idea was more precisely described in a
later publication Sukhushin et al. 1972), where some
experimental evidence was also presented showing that

decomposition takes place in silver, lead, and thallous azides
at fields below 'breakdown values'; we have referred to these
experiments in Section 3.3.2. They claimed that the decomposi=
tion was caused by impact ionisation (of electrons in Ag and
T1r of holes in Pb azides). The possible source of the ‘'hot'
carriers was thouaht to be electrode injection, injection from
space charae fields, or electrostatic ionisation. The local
hiah fields reauired were reckoned to be generated by Space
charge domains which were continually being swept across the

crystal,
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In this so=called avalanche=chemical model of Sukhushin
et al.s the fluctuating character of the current (Sections
2.5.2 & 3.2) will probably be attributed to the occurrence of
discrete avalanches of electrons. To the extent that injec=
tions of non=eauilibrium charge carriers are supposed to take
place, the model aarees with ours, Howevers, it will not easily
explain the fact, mentioned in Section 3.4.2, that initially
the decomposition rate does not increase greatly when the
current rises sharply at the onset of final breakdowna.
Furthermore, the existence of high=field domains depends on a
physical process which phenomenologically gives rise to a
voltage=controlled differential negative resistance (See e.Qg.
Sze 1969, Chapter 14), and mechanistically form thin slices of
the crystal extendina perpendicular to the current directions
which separate regions of low field and propagate along the
crystal at carrier drift velocity. A few mechanisms do this
but they are found 1in only a small number of semiconductors
such as TnP, CdTe and ZnSe. It seemsS unreasonable to
speculates that some such mechanism operate in the three
azidess in the absence of any support whether experimental or
theoretical. We shall see thaty in contrast, our proposed
explanation of dielectric breakdown envisages the formation,
due to decompositions, of high=current filaments running along
the field direction.

mechanism was suaggested by de Panafieu et al.

Another
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(1976) for the particular case of field=enhanced thermal
decomposition in potassium azide. As mentioned in Sec=
tion 3.3.2, it seems possible to us that the large effect they

observed experimentally was merely

Their suggestion 1is that the application of the field
greatly increases the surface field in the crystal, which in
turn faciliates the dissociation of azide ions and thus the
decomposition, Now, as pointed out by Lehovec (1953) and
Lifshits & Gequain (1965), an electtric double layer exists on
the surface of an ionic crystal whenever the enthalpies of
formation of the cation and the anion vacancies are unequal, a

condition which is generally

in their sizes etc.

dipole layer

width of the surface

It may become even more intense

applied, due to the ionic

blocking electrode. Then,
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suggested by de Panafieu et al, should exist, but this is only
a aualitative fact,

In silver azide, as in potassium azide at high tempera=
tures, we think that the effect is small and not responsible
for the obServed decomposition, The effect is basically an
electrostatic process, by which the proportionality of the
decomposition rate to the current (Section 3.4.2) is hard to
explain, Tndeed, we have shown in a qualitative but rather
dramatic experiment thate under a high field but with the
current limited to a very small value, little or no electrical
decomposition occurs, This is described below.

7+2.2 Corona Discharge Experiment

Two PTFF blocks were fixed on a perspex plate by
screws, the separation between them being 3.3 mm (Fia. 7.1(a)).
Fach rigidly held a brass cylinder which was connected through
a bolt to a wire. On the inside face of one was drilled a hole
about 1 mm deep. Silverdag was introduced into the holer and a
silver azide crystal was slowly pushed vertically into the
paint before it hardened. Fige 7.1(c) shows one of the
crystals used, whose free part is 1,35 mm long,. The white
arrow in (a) points to the crystal.

When a voltaace of either polarity but exceeding cae.
6 kV was applied across the two cylinders, corona discharge
<<m=

FIG. 7.1

For scales and descriptions see text
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occurred as manifested by a steady blue liaht sphere
surrounding the tip of the crystal (Fia. 7.1(d)), the radius of
the light sphere apparently increasing with the voltage.
Sometimes, glows were also found at a few spots on the surface
of the opposite pole piece. After sustaining the discharge for
a few minutes, the tip was observed to have turned dark (inset
in (d))., If the crystal was then put into a weak ammonia solu=
tion, an insoluble brownish=colour skin could be seen to float
off, the remaining crystal becoming transparent again. This
surface decomposition of the crystal tip was thought to be due
to heating by the corona discharge. Nows, taking the crystal as
a perfect insulator and ignoring edge effects, we treat the
system as simply two capacitors in seriesS and calculate the
field (uniform in our approximation) in the crystal as

F = VZ(L + el) (7.5),
where V is the voltage between the brass cylinders, L the
length of the crystal, e its dielectric constant (= 9,5), and
1 = 3,.3mm = | is the length of the ajr aqap. F comes out as
250 to 350 kV/m for the different crystals we have used. The
amount of decomposition obServed is much smaller than that of
electrical decomposition which, one expectsr, will be caused by
fields of these magnitudes (Section 3.,3,.1).

When the voltage was increased beyond ca, 7 kY, an arc
discharge was produced between the air gap separating the free

end of the crystal and the opposite electrode cylinder,
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resultina in the explosion of the crystal, Further experiments
were performed with the c¢rystal immersed in silicone o0ijl
(Edwards Vacuums, MS 705). When the o0il was clean enouah it
could be considered as a lossless dielectric with a static
relative permittivity of 2; a maximum field calculated with
this assumption to be 1 MV/m was attained in a Sample but no
fast decomposition was initiated., Parenthetically, we should
mention thaty, in the first experiment using oil, the oil was
made to <cover up to the top of the electrode cylinders only,
and at 13.5 kV an arc developed across the nuts holding wires
to the electrodes (Fiag, 7.1(b)). The cil level was increased,
but then the crystal came loose and 'danced' between the two
pole pieces, It was probably charged at each contact with the
electrodes and moved because of electrophoresis., Subseauent
samples were, after havina been inserted to the silverdag,
dried in an evacuated dessicator and this procedure appeared to
ensure a mechanically strong bondinge.

Lastlys, we note that the breakdown of lead azide has
been investigated under the condition that both electrodes are
insulated by mvliar sheets (Leopold 1973; Avramc et al. 1976),
The result obtained is similar to ours: both pressed pellets
and single crystals withstand a field up to four times the
value that leads to breakdown in contacted samples, for half an
decomposition,

hour without initiation of fast

any
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2.3 DIELECIRIC BREAKDOWN IHEORIES

Fundamental studies on solid insulator breakdown have
been going on for over a century and the subject is truly huge.
One finds copious literature which includes monoaraphs and
book=length reviews (Whitehead 1951, Franz 1956, Klein 1969a,
D'Dwyer 1973), dealing with a great and, sometimes, confusing
variety of processes. More often than not, available data on a
paticular breakdown process are still inadeqQuate to identify
its mechanism bevond reasonable doubt, Our purpose in this
section will be restricted to setting out the types of
mechanisms which have been proposed for the breakdown of
'thick', homogeneous ijonic crystals, so that the one we shall
suggest may be put in a perspective. (By 'thick' samples we
mean those whose breakdown is by a bulk mechanism, rather than
by an inter=electrode process such as tunnelling.)

On the basis of both experimental and theoretical
evidence, dielectric breakdown has been catalogued as either
thermal or 'purely electrical', Historically, the second
category has been sub=divided into intrinsic and avalanche
types. However, persistent attempts to measure a uniqQuer
ultimate breakdown strenath for a agiven material have not met
with succesSse. The trends, therefore, iS to draw no distinction
between the two typess which collectively may be designated
‘purely electrical' in a terminoloay due to 0'Dwyer (1973). In
breakdown is a simpler and quite unified

contrast, thermal
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concept and, below, it will be discussed first but priefly,
Furthermore, in addition to the two generally recognised
classeS, we Wish to propose the notion of a3 third oner which we
shall name 'secondary processes'. This category includes our
suagested mechanism for silver azide and will pe discussed
last,

We should note at the outset, even if it may be
obvious, that the actual mechanism wunderlyina a breakdown
depends not only on the substance in hand, but also on boundary
conditions like temperature and the manner of voltage applica=
tion. Thuss, at ambients higher than roughly 500 K, the

breakdown of alkali halides is thermal in general, but is

purely electrical below room temperature (Konorova & Sorokina
1965), At intermediate temperatures the situation is on the
whole uncertain (Hanscomb 1970). We shall sucgest a mechanism
for the breakdown of silver azide at room temperature. The

auestion of how generally applicable it is to silver azide
under different conditions == and to other compounds == will pe

taken up in the concluding chapter.

Z.4 IHERMAL BREAKQOWN

This type of breakdown, recoanised by Wagner as early
as in 1922, is treated as a continuation of the low field
situation: considerations based on pre=breakdown conditions are

assumed to apply without basic modjficatione. That iss no

AR
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processes other than Joule heating and thermal conduction
contribute to thermal balance in the dielectric. The equation
qoverning the temperature T(r, t) at an arbitrary 'point’' r in
it at time t is

C(IT/2t) = div (K grad T) = 6 F~ GZuE0
where C is its 'specific' heat per unit volume, K its thermal
and 6 its electrical conductivities, and F the local electric
fields As breakdown of the dielectric as a whole is associated
with its hottest party only Tx(t), the maximum value of T at
time ts needs to be looked at. The calculation of T#(t) will
involve a number of boundary conditions: the temperature and
thermal conductivities of the environment and of the
electrodes, the explicit form of

65=n6 (Tnnk) (7.6),
i.e.s the nature of the conduction processes (cf. Section 3.1),

and that of

E saFlniatd (7.2),
i.€.sr the sample aqeometry, electrode confiqurations and
waveform of applied voltage. K has been taken as constant,
which is usually true, at least in comparison to 6(7). It

turns out (e.g. U'Dwyer 1973) that under a very general condi=
tion, namely that 6 is an increasing function of T and hence
there is a positive feedback 1loops and in the case of a LC
voltage applied, the solutions of Tx(t) shows certain universal

characteristics. The most important feature is that at low
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fields Tx rises with time but at a steadily decreasina rate,

approachina asymtotically some finite values. However, a

threshold field Fx exists, corresponding to the asymtotic value

Tc

the

which often i1s a lower temperature than the melting point of

dielectric. Fx is such that for F > Fx, Tx increases at

first rapidly and then slows down, as for F < F*, but Tc is

reached in a finite time after which Tx rather suddenly 'takes

off's rising without limit, The time elapsed before the

current runaway happens decreases with increasing F, This time

as

well as the voltace=current characteristic has been

calculated by Altcheh & Klein (1973) for the cases of thin=film

and cylindrical samples and usina several possible forms of

(11

(2]

131

(7.6).

Some general observations on thermal breakdown are:
Tt is favoured at high temperatures, when 6 is greater and
K smaller normally. Its F* drops as the ambient tempera=
ture is raised.
F*x varies with the thermal properties of the surroundings
and the electrodes.
Also, Fx has a pronounced time dependence. In practice, it
takes milliseconds to seconds for a thermal breakdown to

occur,

3
¥
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Z.5 BURELY ELECIRICAL BREAKDOWN

For some materials below certain temperatures, current
instability happens at fields lower than the F* dictated by
precedina considerations, It is still commonly agreed (but see
the proposal of Budenstein described later) that the heating
effect of the current remains responsible for the wultimate
disruption. However, the abrupt current rise itself cannot be
of thermal oriain, The cenerally accepted explanation isS that
the current runaway is due to impact jonisation, by interband
transitions (an idea which was oriainally put forward by von
Hippel (1937) who made an analoay with gas discharge) or,
possibly, by ionisation from donor=like impurity levels. The
primary 'hot' electrons causing the ionisation may be injected
from the cathode by thermionic emission with Schottky lowering
of the barrier or by thermally assisted field emission, or they
may be generated by some mechanisms in the bulk (Sec=
tion J.l.1 (e)).

It should be emphasised that there does not appear to
be strong direct evidence that impact jonisation is in fact a
precursor of dielectric breakdowne. Inlike the case in
semiconductors, data on the field dependence of ionisation
coefficients in insulators are Sscarce. Nevertheless, the
multiplication of charge carriers by collision jonisation is
generally accepted as the central process in both cases

(0'Dwyeres peld -= put see end of this section). Nne
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difference, however, is that in semiconductors two=carrier
ionisation operates, but in insulators, whose band aqaps are
wider impact ionisation iS thought to be feasible by electrons
only, owina to the deep trapping in aqeneral of holes which
therefore have very low mobilities (in silver azide: Sec=
tion 3.2).

As we have mentioned in the introduction, some older
theories envisaged that for each material there is an wultimate
breakdown field. Tn these 'intrinsic' breakdowns, the free
electrons in the.bulk of the materials are accelerated by the
electric field but retarded through scattering by the crystal
lattice, The field exceeds the breakdown value when the
average energy gain becomes greater than the possiole energy
loss, so that a steady state can no longer be maintained. The
critical electron energy value 1is wusually taken as the
interband ionisation energy: Frohlich's (1937) high energy
criterion, Avaijlable theoretical predictions from this
physical picture have been calculated either by stayina at the
one=electron approximation level or, if the collective energy
distribution among carriers is taken into account, by (Frohlich
& Paranjape 1956) assuming that Maxwellian statistics apply,
with the 'hot' electrons assianed a temperature which is
areater than the Jlattice temperature. However, with the
accumulation of experimental data, the intrinsic theories

more and more unsatisfactory. No unique breakdown

appeared
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strength could be determined for any of the substance studied
in even the most carefully prepared samples: as reviewed in
(Cooper 1966) and (Klein 1969a). The breakdown criterion of
'the onset of Jjonisation' wasS also doubted, since copious
ionisation without breakdown occurrina can be obsServed in
semiconductors (the most common examples being Zener diodes
operatina in the avalanching ranage) or during the anodic growth
of aluminium oxide (van Geel et al. 1957),

'Intrinsic' theories picture the multiplication of the
carrier number a$ an abrupt change from the sSteady state, and
identify impact ionisation as the onset of breakdown. In
contradistinction, 'avalanche' breakdown theories view it as a
aradually building up process with increasing field strengths,
during which the collisjon jonisation is balanced by the
inverse process of recombination, until the Joule heating of
the current reaches the critical magnitude leading to melting
ore in exothermic substancesr, to decomposSition which is self=
sustained,

The basic concept that eauates the high temperature

resulting from the build up of electron avalanches to
dielectric breakdown is simple, but to devise a complete
mechanism is complicated and has been done in many wayS. In

the so=called forty=generation theory, Seitz (1949) considers
single electrons injected from the cathode. He shows by an

order=of=magnitude calculation that criticality is reached if

LA,
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on average there are 40 jonising collisjons along the length of
the crystal, Forlani & Minnaja (1964) include the origin of
the injected electrons into consideration by taking it to be

field emission (fcl in Section 3.1.2).

The above theories are based on many simplifying
assumptions, the most objectionable of which being probably the
nealect of space charages, With this assumption, a sharp value
of the threshold breakdown field is predicted, below which no
electrical failure takes place, but at which it will occur in a
few ns, the time required for the avalanche to reach the new
sizZe. However, space charges are bound to ariser, because the
holes aenerated in the pair productions are wusually immobile
relative to the electrons. The earliest theory which allows
for the non=uniformity of the field due to space charges is due
to 0'Dwyer (1967) and has been further developed by the same
author (1969a, b)., In it, the positive charces enhance the
cathode field and thus the electron injection, but this posi=
tive feedback action is opposed by the drifting away of the
posSitive chargeSe. A balance is no longer possible when the
applied field exceeds a threshold value, the cathode field
rises sharply, and current instability results. DiStefano R
Shatzkes (1974) and Klein & Solomon (1976) have recently
treated the case in which the feedback is opposed by electron=
hole recombinationa. This situation applies when all the holes

deep that their drift can totally be ignored.

are trapped So
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The basic assumption in all the above theories and
models 1s that the formation of electron avalanches is the
prime agent of non=thermal breakdowns. Its validity, although
commonly accepted (the case is particularly strona in thin
films: Forlani & Minnaja 1969), has not been unchallenged.
From their work on Al=Sifl=Al capacitors, Budenstein & Hayes
(1967) proposed that the breakdown occurs due to the breakina
of chemical bonds by high local fields which polarised the ions
in Sile A similar mechanism was sugocested by Harari (1977) for

the breakdown of .thermally grown Sinl films, maintainina that

no trappinag of holes was observed in his samples,
Shousha et al. (1972) proposed a model of ‘avalanche=
thermal' breakdown where the thermal runaway follows a

nondestructive electronic avalanche, which raises the tempera=
ture of the filamentary channel and thus its conductivity. In
this model, the time to breakdown is expected to be on the
order of seconds and the breakdown field will be lower than
that required to cause either thermal or purely electrical
breakdown, The model may serve as an interpretation of the
experimental results of Budenstein & Hays (1969) whor
contradictina Klein (1969b, & Gafni 1966, & Burstein 1967, &
Levanon 1967), argued that the thermal breakdown of thin=film
capacitors is localised rather than over their whole area.

The most novel idea has been advanced by Budenstein and
Lloyd & Budenstein 1977)., Accordina

students (Budenstein 1973,
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to them, when the density of excess charge in a local reaion of
a dielectric exceeds a critical value, chemical bonds are
broken. This produces a gaseous plasma containing excited
atoms, ions, and free electrons. Tf the process is self=
sustained, the plasma crows to a gaseous channel bridgina the
electrodes, (We note that chemical decomposition caused by
energetic electrons injiected or extracted from an electrode and
culminating in the formation of a hollow discharge channel has
recently been used to explain long induction time breakdown in
polymers: Tanaka & Greenwood 1977,) The distinguishing features
of this model is that the source of the excess charge may be a
number of means and not necessarily impact ionisation, and that
the gaseous channel orows prior to the attainment of the high
conductance characteristic of breakdown. (In both thermal and
avalanche theories, the discharge channel which constitutes the
structural and compositional disruption is considered to form
after the breakdown event, arisinag as it is out of the Joule
heatina of the high current density supported.) Experimental
evidence which Budenstein has cited in support of his model
includes:

[1] Cooper & Flljott (1966) were able to detect light emission
20 ns before voltaae collapse in KBr:

[2] in a continuation of their investigation of pre=hreakdown
light emission, Cooper & Elliott (1968) showed that the

channel is in the direction of current instability,

discharge
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which is not necessarily in the direction of applied field: and
03028 F i Si0y s the chemical composition of the products from a
breakdown channel is not explicable in terms of thermal decom=
positions but is so if the material is broken down into its
separate atoms which subseauently react (Ridley 1975).
Another empirical result we have noticed and which also
contradicts the occurrence of avalanches is that, in borons
Klein (1968) found for the concentration of carriers an
increase only by a factor of 10 at the onset of breakdown,

Mone of’ the models alternative to the avalanche

theories is well=developeds remaining essentially speculative,

2.6 'SECONDARY PROCESSES' BREAKDOWN

With the exception of the novel models of Shousha et
al., Klein and Rudenstein, the purely electrical theories

described in the last section share two common characteristics.

Their breakdowns have no time dependence down to a microsecond
op' less), In fact, an experimental opbservation on a given
substance under certain conditions that the breakdown field

stenath is not a function of the voltage waveform from DC to
single=shot impulses with milliseconds rise times will be taken
as stronaly pointing to an avalanche mechanism. Secondly, for
homogeneous materials of widely different structures and
compositions the same orders of maanitude are predicted for the

field at room temperaturer, namely 100 and 1000 MV/m,

breakdown
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The main reason is that the electron ionisation coefficient is
generally smal) until a field of these macnitudes is
approached. Although in Budenstein's model there 1iS no

auantitative prediction of the breakdown field, we think that

there will predictably be a larae spread above an absolute
lower limits the time to breakdown decreasing with an
increasing field in that ranae. This feature is explicitly

stated by Klein for his model,

In this section we consider mechanisms by which long
times to breakdown can be explained and the fields necessitated
in some of which are much less than 100 MV/m, All of them
involve the operation of certain processes in addition to

conduction, Joule heating and sometimes electron avalanching,

hence our proposed terminology of 'secondary processes'
breakdowns. The processes are not, however, chemical degrada=
tion or other ageing effects under the action of thermal or
other evironmental factorse. These effects have been studied

extensively in polymers; strictly speakinges they are not
breakdown phenomena. The mechanisms we have in mind depend
primarily on the action of an electric field only and are found
in crystalline insulators. Moreover, only the action of the
field on the insulator proper is considered relevant: thus
excluded is 'tracking' (Whitehead 1951, pp. 223 = 233), or a
discharge in the ambient gas but along the insulator surface

conductance or local enhancement of the

surface

of

because

SRR
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counter electrode beina the silicon bulk, the dielectric
strength was ca. 1000MV/m, and no breakdown occurred if the
applied field was slightly lower. Wwhen the metal electrode was
positive, however, lower fields still caused breakdowns but

with Jlonger delays, g. 30 s at 600 MV/m. The authors

identified this time dependence with that of the formatijon of a
positive space charge at the silicon=silicon dioxide interface.
The space charge arose from the presence of impurity ions such
as Na+, and it enhanced the local field until the 'breakdown
strength' was exceeded. In his work on the same system, Ridley
(1975) put forward a more specific model for the breakdowns
after arguing that the introduction of some unobservable
electronic process like impact ionisation was entirely
unnecessary. In this model, field emission at the cathode led
to filamentary current and Joule heating; an additional process
was postulated that resulted in a positive feedback loop,
namely, the activation of impurity ions like Nat and Ht which
drifted towards the cathode and enhanced the field there. The
processes of bi=polar injection, filamentary current because of
inhomogeneities in the material, the positive feedback action
due to trappings of holes at the cathode and electrons at the
anode, and finally thermal runaway have also been suagested as
responsible for the breakdown of silicon (Barnett & Milnes
1966), but instability by such a mechanism has not been

verified in other semiconductors nor in any insulator.
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In alkalij halides, it is stil)l uncertain whether the
enhancement of the cathodic field by an ionic Space charge can
be important. At temperatures less than ca. 800 K these
substances conduct by ionic transport. Alger & von Hippel

(1949) suggested ionic polarisation as a plausible explanation

of the sharp decrease in breakdown strength which they found
for KBr above 473 K. Recent work by Cooper & Pulfrey (1971)
claimed, however, that jonic drift plays no siagnificant role in
the breakdown of KBr between 223 and 300 K, and that field

enhancement arose only from the accumulation of positive space
charae generated by electron impact ionisatione. Jn the other
hands Watson & Heyes (1970) observed that, in NaCl at 573 K and
at 623 K, the time to breakdown varies between <1 to 150 us and
inversely proportional to the field. This observation they
interpretated in terms of the time dependent accumulation of

cations in front of the cathode.

Finally, we come to breakdowns which can have induction
times as lonag as an hour and more, The proposal of Thoma
(1975, 1976) has already been discussed in Section 2.5.2:? he

attributed the breakdown very generally to the growth of
conduction filaments due to the dislocation structure of the
insulator. Very recently (December 1978), larayan et al.
reported that breakdown in sinale crystals of Mg0D at 1300 K
occurred under an applied field of 100 kv/m after over 100
during the induction time ('incuba=

hours., They sugaested that
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tion period') the properties of the material in the vicinity of
dislocations and small=angle arain boundaries changed. The
changes increased the conductance alona these pathways: leadinag
to current filaments, Jlocal heatina, and thus jielectric
breakdown, They stated that no evidence was found for metal=
precipitate formation either of impurities or of Ma, but that
small interstitial clusters were observed indicating some
contribution of interstitial conductivity to the breakdown
process, They did not specify the nature of the structural and
electrical changes any further, nor their mechanisms,

Below we shall, after discussing the experimental
observations, put forward a mechanistic model for the breakdown
of silver azide. The sugaested mechanism belonas to what we
have called the 'secondary processes' type ande in fact, shares

some common features with all the models described above.

Z.Z QBSERVED CHARACIERISIICS OF
DIELECIRIC BREAKDOWN OF SILVER AZIDE

Our model is put forward by consideration of the known
facts about the breakdown of silver azide,
1 It occurs whenever the field F is strong enough to cause
electrical decomposition, althouah the induction time t* may be
many hours (Section 3.3.1). Fig. 7.2 summarises our measure=
ments on samples with silverdaa painted electrodes: cases

have been arbitrarily excluded. F has been

where tx > 2 min
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calculated as applied voltage v divided by inter=electrode
distance Ls and their values are given in Fia, 7.3. wWe did not
notice any apparent correlation between | and tx, (The longest

sample we have used had L=25.1 mm, V=3 kV, t*=250 s, and explo=

Sion wWas jnitjiated at the anode,)

r21 The probability of breakdown under an AC field rapidly
decreases with the frequency (Bowden & MclLaren 1958)., We have
repeated the experiment and found that at 50 Hz under fields of

0.,6x0.,1 MV/m peak=~to=peak, t* are 105 s» while at 2 kHz no

breakdown occurs even up to 30 min at 1.2 MV/m, An AC field
aives rise to little or no ionic polarisations (Appendix B),
and any electrical decomposition 1is areatly reduced (Sec=

tion 3.3.1). Further, no breakdown can be brought about if the
field is applied throuah one insulated electrode (Section 7,2),
when aaain no electrical decomposition can take place.

31 During the induction time, an appreciable current flows
that gradually increases. The existence of a large current
precursor hefore the final breakdowns the fact that t* can be
vastly in excess of a microsecond, and the moderate values of
the breakdown field combine to rule out all purely electrical
mechanisms.

4] In particulars, our observation (see Section 7.7 below)
concerning the location of subseauent explosion initiations are
against the Seitz (1949) and the O'Dwyer (1967) models, in

impact=generated carriers is at the

the eneray of

which most of

el MG AL L s bkl
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exit electrode, as well as the DiStefano & Shatzkes and the
Klein & Solomon (1976) models, in which it is at the injecting
electrode,

51 The unusually lonao tx points to either a thermal breakdown
or a process involving the build up of space charges. However,
it may be seen that the initail value of the current when the
field is first applied corresponds to a power density which,
however non=uniform, is insufficient to cause the aradual
increase of the current by local temperature rise; c¢f. the
solutions of Ea. (7.5) . for a planar geometry by Ridley (1973),
and for a cylindrical aeometry by Down et al, (1975) using

Green's function. The relaxation time of ionic space charges

is 10E3 s or shorter (Section 2.5.2), and by itself not lona

enouah to explain t* which can be up to hours,

[61 Using a transient digitiser to record the current, we
found that the final stace of the breakdown is completed in ca.
1 us, after which the low resistance path between the
electrodes is maintained for some tens of us by the detonatinag
crystal and resulting plasma. Just before this final breakdown
the currentss which till then vary slowly enouah to be read on
a galvanometer, are 50125 uA in all samples tested and appear
auite uncorrelated with their cross sectional areas. Zakharov
et al. (1964) measured the 'pre=breakdown current' in pellets
of 8 mm diameter, and obtained approximately the same value of

at the different temperatures of 353 and 378 K, We have

70 uA
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also made the measurement at 273.2 K for three crystals, and
found the value of 40110 uA.

[71 The subseauent initiation of fast decomposition is
thermal; this will be discussed in Section 7.9,

We have shown that when a moderate field is applied to
silver azide throuah conducting electrodes, decomposition takes
place prior to the eventual breakdown, To explain the
breakdown, we regard it unnecessary to postulate new processes,
in particular the avalanchina of electrons which many
mechanisms such as that of Klein (1972) require, nor to make
use of any novel speculative model, like that due to Budenstein
(1973). Moreover, these theories cannot easily be made consis=
tent with the thermal nature of explosion initiation. It seems
entirely adeauate to accept electrical decomposition as the
only aroup of secondary processes that is involved in the
breakdown., Rowden & McLaren (1958) observed in single crystals
an increase in breakdown strength as the temperature was
lowered, and the results on pellets aiven in (Zakharov et al.

1964) and (Zakharov % Savel'ev 1966) show the same correlation.

We exploded three crystals at 273.2 K, and obtained
Fx=0.6%0.1 MV/m at t*=20%5 s. Our hypothesis is consistent
with this empirical evidencey since at lower temperature

smaller ijonic space charaes will be formed at the electrodes,
so that hiaher fields need to be applied to get the same charge
On the

rates and thus the same decomposition rate.

injection




MECHANISMS =-234= CHAPTER VI1T

other hand, the near constancy of the current at the onset of
the final breakdowne independent of the sample area ands
approximately, also of the temperaturers suggests that the
immediate cause of the breakdown is localised thermal runaway
at certain structures formed ing or one the crystal (or
crystallites) whose individual dimensions are thereby unrelated
to the bulk aeometry and whose conductivity is quite tempera=

ture independent.

Z.8 PROBOSED BREAKDOWN MECHANISHM

In the mechanism we envisager the electrical decomposi=
tion gives rise to a filament=like patches of thin silver film
on the crystal surfacer, as in pyrolysis. The arowth of these
patches in number and in size leads to paths of increasing
conductance between the electrodes. The fraction of the
current aoina through these paths and, more importantly, the

total current, both become greater. At sufficiently high local

current density, ot spots’' are formed where thermal
decomposition ocecurs, The thermal decomposition usually
results in the discontinuity of the particular conduction fila=
ment concerned, because of the removal of material, on the
surface., 1If the filament is thick enough, however, the thermal
decomposition is sustaineds the current rises without limit,
until fast decomposition iS initiated at the hot spot,

The sharp bursts of nitrogen evolution which were

ISR
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observed superimposed on the continuous electrical decomposi=
tion are interpreted in our model as manifestations of the
thermal decomposition, which is Jlocalised both in space and
time. Their increases in maanitude and frequency reflect the
arowth of conduction filaments, The onset of the final
breakdown should be accompained by the largest evolution of
nitrogen but, for reasons already stated in Section 3.4.2, its
observation is thwarted by considerable experimental
difficulties, and has not yet been made.

Nn the other hand, the gradual puild=up of the current
during the induction time should not be correlated with a
proportional increase of the electrical decomposition, as the
additional current is not injected but is conducted by metallic
filaments. This rationalises the following observation, which
appeared at first very surprisina. We have mentioned in Sec=
tion 2.5.2 the pre=breakdown ‘memory effect', Fig. 7.4
illustrates this phenomenon, namely, that a repeated applica=
tion of the field aives the same initial current but whose rate
of rise is faster, The investjaation was carried out in the
time=of=flight spectrometer (Section 3.4.2). The apparent
paradox was obServed that the evolution of nitroagen increased
initially at the same rate as befores and therefore 1lagged
behind the change in the current.

In our proposal, the network of this silver films is

not permanent owing to the diffusion and accretion of silver
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atoms ande less importantly in the present case, their oxida=
tion ana gas absorption (cf. Meiksin 1975), The diffusion and
accretion result in 'pebbles' and coherent thick films, which
are stabler but the former are zero=dimensional structures and
do not constitute a continuous conduction paths, while the
latter cannot form till very late stages. The current rise is
therefore reversible, The memory effect iS explained as caused
by the presence of silver atoms which have not yet agaregateds
so that the growth of conduction filaments is faster. This
suagestion predicted that the 'activation enercy' of the memory
effect is related to that of the surface diffusivity of silver.

We have not attempted to develop our phenomenoloaical
model into a aquantitative theory, because many of the
parameters involved remain completely wunknown, in particular
those pertaining to the silver filaments whose growth
represents the first stage. This is wunfortunater, since the
general theories of conduction by ultra thin quasi=continuous
metal films have been worked out in considerable detail (Hill
1969; Campbell & Morley 1971 == a review not the most recent
but one of the best and incidentally also covering dielectric
and cermet films), At least, howevers it has been shown
(Coutts ® Hopewell 1971, wusina computer simulation) that a
randomly aqrowing metallic network does conduct a current which
on the whole rises at increasing rates. Empirically, we have

by mass spectrometry that the total amount of silver

estimated
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atoms produced before the final breakdown was nearly reached,
in a fresh crystal, was ca. 0,05 monolayer averaged over the
whole of its surface. This result has been obtained from only
one sample and should therefore be regarded as tentative; the
induction time lasted 82 s and 250 kV/m was applied.

During the Jlast microsecond or so constituting the
final breakdown (see [6)» Section 7.7), electrical decomposi=
tion should be unimportant. e visualise the development of a
quantitative model for this late stages, in which the calcula=
tion will artificially but conveniently be split into two
parts, Heat balance eauation (7.5) is solved for the conduc=
tion filament; when a chosen temperature of an appropriate
maanitude is reachedr its right=hand side representina Joule
heatina is replaced by the exothermicity due to thermal
decomposition, and its solution souaht. The theoretical
results may then be compared with experimental observations
such as the statistical variation of t* with Fr, and the
current=time behaviour including the current waveform within a
few microseconds before explosion initiation., TIncidentally, a
patent (Schulz 1974) has been taken out on a form of silver
azide which explodes under the application of extremely low
fields. The composition, prepared by the reduction of silver
nitrate dissolved in an aqueous suspensions is an intimate mix=
ture of finely divided silver and the azide. This product

corresponds to silver azide permanently conditioned, accordina
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to our model, at the final stage of the decomposition=induced

breakdown.

Z.9 INITIAIION OF EASI DECOMPOSITION

Tn the paper which initiated the study eof electric
field induced explosion in silver azide, Bowden & MclLaren
(1958) have speculated on the cause of the explosion. They
believed that the azide conducted by electrons derived form
impurities, The immobile positive charges left behind enhanced
the field at the cathoder leading to the injection of
electrons, impact ionisation and decomposition. The heat of
decomposition at the local points of contact between the
crystal and the cathodes, when high enough, gave rise to self=
heatina. The process is similar to that visualised by Bowden
and Yoffe (1958) for initiation of silver azide by a high
intensity light flash,

This model has considerable difficulties. The conduc=
tion mechanism presumed is untenabler and there is no evidence
that the cathode is 'exclusive' (Parrott 1974) while the anode
is 'extracting' to electrons: they are more likely to be field=
injiecting. These points are less importants Since a Space
charge may still be formed: by ionic polarisation as we have
arqued. More crucially, it is improbable that the interfacial
field remains intense enouah over a sufficiently long distance
impact ionisation, Moreover, thouah the

to induce

as
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decomposition is hiaghly exothermic, its rate appears not to be
high enough to initiate an explosion at the cathode even if it
indeed occurs; in our own model, the injection of holes at the
anode is not supposed to do this either. This proposition has
both deductive and inductive supports. The bi=molecular
combination of two azide radicals generates a 'thermal spike's

«Car a region to which an overall temperature hiagher than the

ambient may be assigned. TIts minimum diameter is something

like 30 lattice spacinas (Thompson 1969, pp. 246=7) so that,

with the energy released being 9.510.5 eV, the averaged
temperature rise is of the order 10 K» too low to be
responsible for the self=heating at room temperature. We can
ignore cooperative heatina; the probability of a second

combination occurring in the same region within a few lattice
vibrational periods may easily be seen to be negligible given a
reasonable value of the current density., Further support comes
from the empirical observation that the site at which explosion
is set off is found to be fairly random and not necessarily at
either the cathode or the anode.

Before discussing initiation locality, for completeness
we mention here the mechanisms which have been suggested for
breakdown induced initiation of detonation in other azides.
Zakharov & Sukhushin (1970) mentioned, for the case of thallous
and cupric azides, that shock waves aenerated by the current

discharge channel may be responsible. Fair et al, (1973)
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aroued that in explosives electronically excited states can
have different decomposition activation enercies. In their
conception, sufficiently intense electronic excitations lead to
a very small or 2zero activation enerays when normal atomic
vibrations will at once cause explosion initiation (cf. the
model of Budenstein described in Section 7.5).

To lend empirical basis for this novel idear Fair et
al., carried out some photo=electric initiation experiments on
lead azide sinale crystals. Initiation was achieved at a field
of approximately half the 'dark' breakdown strength, when the
crystal was irradiated by light (400 nm) of intensity some 10E6
times smaller than that reaquired for initiation by light alone.
They estimated that the thermal energy density caused by the
dearadation of absorbed light into heat, and the Joule heating
of the photocurrent, were unlikely to be sufficient to give
rise to initiation,

However, the mechanism we have suggested can explain
this reduction of breakdown field as due to the generations by
ligcht, of mobile electrons (from impurities perhaps) which
drift towards the cathodes The resulting electronic Space
charges at the cathode (accumulation) and the anode (depletion)
enhancina the ionic polarisations, so that a areater rate of
injection is achieved for the same applied fields Furthermore,
in our case at least all these alternative ideas appear to be

inconsistent with the thermal nature of the initiation of post=




Fig.7.5

Relation between

”min , the minimum spark energy
necessary for detonation initia-
tion under a particular set of
experimental conditions (error=15%)
and

T , ambient temperature

(after Mel'nikov et al. 1970)
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breakdown explosion. Firstly, we have mentioned in Sec=
tion 3.3.1 that if the crystal is in series with a large
resistance then on breakdown 1t can conduct a large current
without explodinag, when the voltage drop across it and thus the
heating effect of the current diminish automatically.

Secondly, Mel'nikov et al. (1970) applied pulses of rise time

ca. 5 us and 4,5 kV to 0 mm=thick pellets of silver and
thallous azides. By monitoring the voltace and current
waveforms, and the exact instant of explosion, they showed that
for it to initiate the energy dissipated had to exceed a
threshold value, which decreased linearly as the temperature
was increased (Fig. 7.5). wWith the use of a voltage cut=off
circuit, they claimed to be able to estimate the size of the
discharge channel, From its calculated mass and the reported
value of the critical energy for initiation at room tempera=
ture, we can work out its average temperature to be ca. 640 K,
a hiahly plausible figure,

We now come back to our evidence relating to the
locality of explosion initiation. It has been established in
the followina series of experiments, Firstly, we took single

shot photographs of crystals mounted on microscope slides in

the following way. A current ii fferentiator circuit of
conventional desian was connected 1in series with the sample
under investigation, so that an output pulse of suitable shape

resistance

and maanitude was obtained when the sample
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collapsed, The pulse triggered a Beckman & Whitley Model 501
delay unit which in turn fired a Model 5401 point licht sourcers
of rise time 100 ns nominal and duration 150 ns. The experi=
ments were made in the dark, with an open shutter polaroid
camera mounted in line with the sample and the lieht source.
Transmission photoaraphs, an example of which will be shown in
Fia, 8.1(b), wWere obtained Showing the earliest stage of the
detonation in most cases, the delay beinag set at 0.5 us.

During the course of these experiments we discovered a
more convenient, certain and informative method of decidina on
the initiation sites, namely, by inspection of the residue left
on the slide after the explosion, Fige 7.6 (a), where the
electrodes are of carbon=daa, and (b)s, where they are of
silverdag (as are in following micrographs), illustrate the
'bulae' and the chance of 'flow lines' at locations which the
correspondina hiah speed photoaraph have shown to be the
initiation centres. The second feature is more reliable, as
shown in (c) to (f), Tn (e), the initiation was from the
cathode, This was also true in (f), but in this case it
occurred also at another sites and there first, as deduced from
the Jlonger distance over which the detonation front from there
travelled before meeting that from the cathode site. We have
<<=

FIGS. 7.6 (a) to (k)

Number on or near micrograph indicates its width in mm:
arrows show directions of explosion propacation
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confirmed the correspondence of the 'flow lines' pattern with
propagation direction by two sets of tests. In oner a crystal
was covered by two 200 um slits cae. 4 mm apart. A G=switched
Ruby laser beam (1J 20ns) then simultaneously irradiated the
crystal throuagh these slits, The intensity of the beam was
high enough to cause initiation at both sites, In the other
set of experiments the initiation was achieved by placing a
fine wire on the crystal, and high current pulsed along the
wire to heat it,

Our results are gfivens stnecEigevZe7e The samples
totalled 58, among which 8 had two initiation sites and 2 had
three: the numbers in the diagram represent the deduced order
in time. ITnitiation seems to take place usually on the anode
side first. In the single site cases, there 18 an apparent
preference for locations very near the middle, at the anode, or
at the cathode. These results are from samples with silverdaa
electrodes, Those with carbon=dag electrodes behaved in a
similar way: initiation near the middle 4 cases, at the anode
3, near the cathode 1, and no multiple initiations were found.
Our proposed mechanism is not yet detailed enough to explain
these characteristicss, though the fact that in the middle of
the crystal heat conductance to the metallic electrodes s

levertheless, a distribution

minimum may be of sianificanc
of initiation locality is not inconsistent with our model.

Multiple initiations may simply be explained by the
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multiplicity of hot spots,

Tn one of the 'hot wire test' runs, we deduced that the
crystal apparently melted and twisted peforee exploding
(Fige 7.6(a): arrows indicate position of wire), This aarees
Wwith the statement by Bowden & Yoffe (1958, p.142: cf. Fig, 79
there). Another incidental observation is that if, and only
if, the explosion is confined by just a piece of paper covering
the crystal, cracks are found afterwards on the glass slide
((h)), Scanning electron micrographs of the residues are shown
in (i) and (j)s and these condensations have been confirmed to
be silver by energy dispersive X=ray analysis,

We have taken three crystals and jecomposed a small
section of each throuch a fine slit (S in Fig. 7.6(k)) under a
Hg lamp. The time taken for the current in each to rise to
5 uA under 022 MV/m (170, 100, and 110 s respectively) was
unchanaed before and (1 day) after the photolysis., The initia=
tion site was subseauently found to be not Situated at the
decomposed region, In the previous samples we have also
noticed that the site was not necessarily where the crystal was
narrowest in cross section. A broad silver film leads to small
Joule heating and the width of a filament bears no direct rela=
tion to the dimensions of the 'host', so both observations are

explicable on our model,
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Tt appears that considerable mechanical stress is set
up in a silver azide subjected to a strona electric field,
because occasionally cracks are observed. Fige. 8.1(a) shows a
crystal 8.75 mm long. It exploded 45 s after 2.4 kV were
applied to it, and (b) is the single shot photograph obtained
in the way described in Section 7.9. Tt is seen to have broken
near the middle where there was originally an abrupt change in
the crystal cross section. As shown by the trace left on the

the mechanical disruption occurred before the

glass slide,
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original initiation of explosion (marked S in (b)) but at this
fracture point a second initiation also took place. This judg=
ment Vs consistent with the observation illustrated in

Fige 8.2, The sample in (a) was 0.740 mm in length, and (b)
shows it 5§ min after the application of 110 V, The voltage was
subsequently changed to B85 V, and it did not explode until Cae
30 min afterwards. Similar transverse fractures were Seen in
two other samples, and in all cases they tended to be on the
cathode side, Six other crystals examined did not crack in
this fashion, however (see Figs. 3.7 & 9).

Flectrochemical breakdowns have been proposed for soft

compressible polymer sheets: by Stark & Garton (1955) for
irradiated polyethylene, and by Lawson (1966) and Blok &
LeGrand (1968) for polythene. Such mechanisms, by which

mechanical collapse is caused by the electrostatic effect of
the field, are unlikely in our case because of the form of
samples used, Nevertheless, considerina its crystal structure
we do expect silver azide to deform when in an electric field
(the reverse piezoelectric effect). Various processes can then
conceivably lead to breakdown, When the elastic Timit is
exceededr plastic deformation occurs, and in many alkali
halides 1] the conductivity increases owing to the generation
of excess electrons or interstitial ions or owning to the drift
<<m=

FIGS. 8.1 & 2
For scales and descriptions see text.
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of charged dislocations (see the review of Whitworth 1975), or
2] hiah local fields may be produced by the motion of ionic
vacancies (Kornfeld 1979), [31 The last possibility may also
be realised when the conditions are such that fpractures appear
(Kornfeld 1978),

Two preliminary measurements have been carrjed out to
gauge the sianificancer if any, of electromechanical effects to
the breakdown, In the first, three samples were in turn
subjected to known small compressive forces alonag their b=axes,
and the differential charaes produced on the two surfaces
monitored, Fige 8,3 shows the apparatus wused, in which the
downward force on the crystals was controlled by the currents
supplied by P through the electromagnets E attracting the two
arms A of the balance. The net charge produced was measured
through cables (c) by a Keithley 616 acting as a coulombmeter
(K). The values obtained of the piezoelectric constant defined
as (charge density / stress) are 1.5 & 1 10E=14 C/N. 1In the
second experiment, a very low field was applied to a crystal
placed under the indentor of a Leitz microindentation hardness
testing apparatus, The indentor was of the Vickers diamond
(pyramid shaped) type. Four samples have been testeds, and the
loadina was 12 g. When the indentor was pressed down and left
there, the current was seen to rise rapidly at first and then
f311 back to a constant level which was a few tens of percents
(Fracture may also

the value before indentation.

than

higher
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be induced, resulting sometimes in open circuit,) If the
indentor was then raised, the current decayed to a level which
was perhaps still slichtly Jlarger than this original value.
Recause of the uncertainty of the underlying mechanism and the
complication of any calculation (cf, Whitworth 1975), no
attempt has been made to derive quantitative results.

The piezoelectric constant obtained is not for the
c=axis and the degree of anisotropy of silver azide is unknown,
Moreover, the mechanical properties of the substance are also
largely unknown, so that we cannot predict its mechanical
response when Subjected to an electric fields The second
experiment shows that plastic deformation and/or the creation
of defects cause electrical variation, and therefore there may
be positive feedback effects. However, although our results
are not conclusive, it does seem that a model in which they are
responsible entirely for the dielectric breakdown will be far
stretched., MNevertheless, they may have modifyina influences on
the electrical initiation of explosion == and indeed possibly
also on mechanical initiation by impact or shock waves. The
experimental investiagation on electrochemical properties may

therefore merit further efforts,
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DISCUSSION

Let us first summarise the results given in the
previous chapters, The breakdown of single crystals of heavy
metal azides has been investigated. A variety of experiments
were made and a new model for the dielectric breakdown of one
of the heavy=metal azides has been proposed.

In silver azider the low=fijeld conduction iS by mobile
interstitial cations and their enthalpies of formation and
hoppina have been determined from the Arrhenius plot of the
conductivity., Based on AC conductivity measurements and the
observed time dependence of the current, it is shown that ionic

polarisation occurs at the electrode interfaces. With fields

NN
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hiaher than 15 kV/m (for silver or carbon electrodes) bipolar
field injection is thought to take place. These fields can
lead to dielectric breakdown, although the incubation period
may last up to several days = but less than a second if the
field is 0.4 MV/m or higher. Evolution of nitrogen has been
measured by mass spectrometry under this condition, Based on a
comparison with the thermal decomposition of silver azider the
following mechanism is proposed for the 'electrical decomposi=
tion'. Holes injected from the anode combine bi=molecularly
via traps and produce nitrogen gas. Some of the electrons from
the cathode are localised at impurity centres or defects, The
discharge of mobile Agt at the electron traps results in silver
atoms which if formed on the surface, may migrate as well as
agaregate because of their hiah diffusivity even at room
temperature, By optical and electron microscopy silver nuclei
have been detected on the surface of a crystal to which a
strong field is applied throuah conducting contacts. It has
also been observed that post=breakdown disruption in the form
of an explosion occurs. The breakdown is explained as due to
the formation on the crystal surface of filamentlike silver
films, and the initiation of deflagration and subseauent
detonations to the appearance along the metallic conduction
path of 'hot spots' arising from Joule heating and leading to
thermal decomposition and self=heating. This explanation is

supported by evidence such as initiation localitye.
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In the comprehensive study on the thermal decomposition
of silver azide, new methods have also been suggested for the
analysis of kinetic data, both isothermal and dynamic, from
solid state reactions.

Tt is obvious that more work is needed to elucidate the
details of the model, in particular the stage concerning the
arowth of the silver films., Further experiments are required
to establish the mechamisms more firmiy, Subseauently, the
range of temperature over which they remain valid will have to
be investiacated,

Variables such as the strength and the rise=time of the
applied field may also be sianificant, 1Tn our model, impact
jonisation by injected electrons is not responsible for the
dielectric breakdown,. Whether this still holds when fast
rising fields of the order of 10 MV/m or more are applied
remains to be Seen. However, an affirmative answer is not
contradicted by an observation of Chaudhri (1973), who
subjected sinale crystals (0,6 to 1.2 mm in lenath and
submerged in transformer 0il) to 10 kv pulses of rise times
less than 0.5 us. By hioh=speed photoaraphy he showed that the
explosion following the breakdown, which took place within a
fraction of 1 us, initiated at points which could be away from
the electrodes. Although in so short a time any diffusion of
surface silver atoms is likely to be ineffective, our breakdown

model may still applys if the number of them produced is so
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areat that conduction filaments are still formed. Chaudhri
noted that on occasions the voltage pulse was applied many
times before fast decomposition was initiated; this we may
explain as their proagressive accumulation on the surface.

Under intense fields and in an ambient of air, the
crystals would probably explode by a different mechanism: most
likely by the heating effect of 'trackina' or ‘'surface'
('creeping') sparks, i.e., gaseous discharges alona the azide=~
air interface (Section 7.6).

Besides the 'in=depth' development of the proposed

model, a very fruitful work will be to explore its 'breadth'

that iS, to See whether mechanisms which are similar to areater
or lesser extents operate in other substances of interest.

We have carried out some experiments on single=crystals
of thallous and lead azidesS. The results may be briefly
mentioned here. The field strengths at which dielectric
breakdown and explosion initiation occur nearly instantaneously

(N.,B, The dielectric

in them have been listed in Table 1
strength of lead azide powder pressed to a porosity of 0.4 was
given in (Stenaach 1975) as ca. 20 MV/m, which is considerably
hioher than our sinale crystal value,) We have established
thats under lower fieldss the events still occur but the times
to breakdown are much laraer, Al1sor their T=V characteristics
are ohmic initially and then (for F > 400 and 800 kV/m in

lead azides respectively) become supralinear, in

thallous and
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which regimes the 'memory effect' is apparent. A crystal of
the lead compound was put into the guadrupole mass spectrometer
and evolution of nitrogen detected when a mogerate field was
applied, In thallous azide, an explosion initiated does not
propagate to all parts unless the sample is confineds e.g. in
0il. Fia. 9.1 is a photographic sequence of one in air; the
voltage was removed by a relay triagered when the voltage
across the sample collapsed. Frames 5 & 6 show initiations at
a number of sites along the crystal, none of which propagated
very far, and all of which were away from the electrodes. The
'"lumps' at these sites 'collapsed' in frames 7 & 8, but a jet
of aas or particles remained visible at a spot on the upper
end. Post=breakdown examination revealed droplets of thallium
metal deposited on the underneath of the crystal surface at the
sites. In all, these preliminary results sugaoest that the
other two heavy metal azides have breakdown ana explosion
initiation mechanisms simjlar to silver azide.

More ambitiously, we regard it a distinct possibility
that dielectric breakdown of lona incubation periods can be
brought about by analoaous 'electrical decomposition' processes
in some metal halides, oxidess hydrideSy alkali azides and
other ionic metal compounds, although in substances which are
<K==

FIG, 9.1
Rreakdown=induced fast decomposition of a thallous azide

crystal (diameter 210 um); frames run from top to bottom
and then from left to right; inter=frame time is 15.6 ms
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not highly exothermic no explosion will follow the breakdown.
Tf true, this will open up a vast new field of research on a
general and important phenomenon which has hitherto received
scant attention, We have looked at one crystal of sodium azide
and found that, for F < 200 kV/m, the current was very nearly
proportional to the voltage but decreased slowly with time, At
higher fields, the current fluctuated, and after a prolonged
periods parts of the crystal turned into an amorphous mass,
suagesting decomposition (the experiment was in laboratory
air). It looks promising to pursue the investigation on these
and other insuylating metal compounds., The best approach should
ber if our experience with silver azide may Serve as a guidesr
to study Jlow=field processes and to find out if chemical
reactivity is in action leading to the formation of the metal
phase, The work on Mg0 by Narayan et al. (1978), already
mentioned in Section 7.6, is interesting, althouah they claimed
that no metallic precipitation was observed.

We said in Section 1.3 that ironically, the ionicity of
the heavy metal azides makes them less sensitive in many ways
(Section 2.1) but less stable electrically, they having Jlower
breakdown field strenaths than the covalent azideS. 0Our model
explains this remarkable fact, since the injection of non=
ionising charge carriers into a covalent aZide should not cause
decomposition, for no mobile ions are present. Moreovers even

i - it decomposes only the metal nitride is produced (Sec=
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tion 2.1) which remains a bad conductor, So that the mechanism
of breakdown by metallic filaments cannot operate. In cupric
azide, the dielectric strenath increases with temperatures
contrary to its behaviour in thallous azide (Zakharov 3
Sukhushin 1970), which is the same as that in silver azide and
which is the expected behaviour in our model (Section 7.7).

To conclude, it appears not impossible that the
dielectric breakdown of ionic azides has, for the first time,
been aiven an explanation which is correct in broad outline.
(Wwe may perhaps add that their opticals photochemical and
thermochemical properties have 1in fact been first elucidated
also by previous members in the same 'Cambridge School' of

Bowden and Yoffe.) Schematically, the mechanisms proposed are:=

(ionic polarisation of electrodes) => injection => 'electrical
decomposition' => metallic films => DIFLECTRIC BREAKDOWN:
[in exothermic substance?] => hot spots => thermal

decomposition => EXPLOSION INITIATION,

Lol e
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APPENDIX A

PREPARATTION & CHARACTERISATION OF SILVER AZIDE

In all the experiments on silver azide described in
this thesis, needle=shape single crystals were used. We have
prepared stoichiometric silver azide by mixing filtered
equimolar solutions of silver nitrate (analytical reagent
grade) and sodium azide (laboratory reagent arade). The sogium
azide used had not been recrystallised from water, Since
impurities soluble in water would co=crystallise with the azide
and therefore not be removed: the hydrolytic decompostion of
the azide might even introduce addjtijonal impurities. The
precipitate was washed free of jons, dissolved in ammonium
hydroxide solution and filtered. All operations were performed
under subdued light which was stronaly attenuated below 500 nm
by a Kodak wratten '00' glass plate.

The growth solution was in the approximate proportions
of 1 g silver azide to 15 ml of 0,35 ammonia plus 40 ml of de=
ionised water: the strength of the solutijon influenced the
habit of the crystals grown. Slow re=crystallisation in the
dark proceeded in a stainless steel bowl which had been cleaned
with concentrated nitric acid and then rinsed with distilled
water, The bowl was placed inside a qlass container, which
had a restricted outlet to the atmosphere and rested on a

platforme A lioht=tight cabin was spe=

vibration=absorbina




cially built to house the aglass containers, where they were
separated fom one another by welded steel plates, to reduce the
danger of spontaneous explosionsSe. To collect the crystals
grown after a few days, a drop of 0,35 ammonia was added to the
bowl before the olass cover was removed, This was done to pre=
vent any trace of silver azide stil] in the solution from
crystallisina non=unjiformly onto the crystals surfaces, as the
remaininhg ammonia eScaped. [he crystals were then filtered
off in a funnel, washed with enthanol, drieds and then stored
in evacuated desicators housed in the liaht=tjight cabin,

In this way, crystals were obtained which were of

needle shape, 50 to 200 um in thickness and up to 10 mm in
length, They were used as the samples in nearly all our
experiments, and their typical micrographs are shown in Fiaos.

ACa), (b)) & (c). 1f the glass container had been surrounded by
watertice, the crystals arown could then be as long as 5 ¢cm

(see photograph (d)). A few of our experiments had used them,

in our cases a 'desicator'

On the other hand, if a container =
with the cock left open == was emploved, plateS were obtained
after about two weeks: see Figs. Ale) & (g).

The major metallic impurity was determined by atomic
absorption to be iron (70%20 ppm). By explodine a smal
crystal in a continously pumped ultrahigh vacuum system and
operating the attached gquadrupole mass spectrometer in a fast

scanning moder we did not detect in the residue gas (nitrogen
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at a peak pressure of 10E=4 torp) any impurities (ammonia for
example) within the mass ranage of 1 to 250 a.m.u. at a partial
pressure sensitivity of 10E=7 torr, thouah there might have
been some water at a lower partial pressure,

Photo=microscope examinations showed that the cross=
sections of both needle types of crystals were in the form of a
hexagon, two sides of which were usually slightly wider than
the other four (Figs. A(i) & 6,12). The crystals appeared to
be monocrystalline when viewed under a polarising microscope.
This was confirmed by X=ray oscillation patterns (Fig. ACj)),
which further showed that the longer diagonal in the cross=sec=
tion is the a=axis; normal to it is the b=axis, while the
c=axis 1is alona the length of the crystal. The 'inclined’
faces are identified as the {190} planes. (The crystallo=
araphic stpucture can be found in Pfeiffer 1948 and Morv 8

<<==
FIG, A (number near each frame indicates its width in mm)
(3a) crystal cleaved along (100) under cross polarised liaht,
showina that all parts have the Ssame exinction angle:?
(b) interferometric (Na line) micrograph of a crystal face
showina growth steps;
(c) crystal showing another and rarer type of surface steps
- its face on the under side may be Seen
to have arowth steps of the type in (b);
(d) long crystals arown from solution maintained at 273 K;
(e) plate=type crystal;
(f) surface details of crystal in (e);
(g) another plate, under cross polarised light;
(h) surface details of (g);
(i) end of a needle=type crystal in reflected light;
(j) X=ray diffractogram of a needle: oscillation
40° about c=axis, wavelength 0,07093 nm (Mo & Kig),
camera radius 28,65 mm;
scanning electron micrograph of growth steps




Stanford 1962; one unit cell contains 4 molecules and the size

is 0.56 x 0,59 x 0.60 nma.) The crystal surfaces have growth
steps (Figs. A(b) ® (k)) but are otherwise perfect,

Silver azide underacoes a phase transition at 46112 K
(Section 6.,3.1). The exact structure of the high=temperature
allotrope has not been determined,

The plate=type crystals were found to be poly=
crystalline under the polarising microscope and have not been
usede This was unfortunate, Since their geometry and dimen=
sions would have faciliated many measurements,

Lastly but not least importantly, we should mention the
safety aspects in the handling of silver azide. Its explosion

hazard is severe when iniation agents (Section 1.5) are

present, We have tested that an exploding needle crystal,

confined between two microscope slides, could send glass frag=

ments up to a meter awayr althouah little or no fracture of the

slide occurred if the other side was open aif. A less commonly

recoanised danaer is the fact that, in common with othepr siver

compounds, it can lead to the absorption of silver through the

skin or, on explosion in 1ts particular caser throuah inhala=~

tione. Long=term health problems will then result, such as the

condition called 'argyria' or a greyish pigmentation of the

skine With care and scientific common sense, however: we have

accident.

had no




APPENDIX B

AC CONDUCTIVITY OF IUNIC CRYSTALS

Consider a capacitor comprisina a slab of dielectric of
relative permittivity (or dielectric constant) e and thickness
ds between two metal plates of area A, Its reactance at an
angular freauency w of the applied voltage is 1/jw(eC). Here
C is the geometrical (vacuum) capacitance of the conductinag
plates alone and 1{is given by CzexA/d, in which ex is the
permittivity of free space.

To include into consideratjon the jnevitable loss in
the ‘insulating' slab, one can for convenience write
analogously that

impedance = 1/jw(eC) (B.1),
if e is now a complex quantity representing e'=je". Under the
applied voltage V sin(wt), the dielectric carries a current

I = jwle'=je") C V sin(t) (B.2).

The imaginary part of 1 is the usual displacement current in

the capacitor. The real part, whose peak=to=peak value is
we"CV, 1is in=phase with the voltage and represents the
dielectric loss, This dissipation corresponds to an AC

conductivity of
6 = (we"CV/A) / (V/d) = w e" ex (B+3)a
When the dielectric is an ionic solids several

contribute to its AC conduvtivity. One is the

processes

can




drift of mobile ionic conduction., Other

ions, as happens in DC
scattering or 'frictional' processes, with different relaxation
times, may also be important. They give rise to resonancess

Vo the dielectric loss peaks at frequency bands

corresponding to inverses of the relaxation times. The more
important of these processes are usually the re-orientation of
dipoles formed by ion=vacancy complexes and, at VHF
frequencies, that of permanent dipoles of molecules (in silver
azide: see Section 2.1).

Tonic conduction can also introduce freauency=
dependence into 6 throuah the mechanism of interfacial
electrical polarisation, The ions may not be able to discharge
at an electrode or to enter the crystal from the electrode as
fast as they can drift in the bulk of the crystal. An  iJonic
accumulation in front of the electrode repels approaching
carriers of the same sign or retards departing carriers of the
opposite sign; a depletion reaion behaves as a space charae of
the inverse polarity. The result is a decrease of the apparent
conductivity. This effects, one may expectr, decreases with an
increase in the frequency of the applied voltage. Although no
microscopic theory yet exists for the current transport at an
interface between a metal and a solid electrolyte,
phenomenological models are available which can predict the
form of the frequency dependence. Outlined below is a treat=

to Friauf (1954), which we have adapted for the spe=

ment due




cial case of silver azide,

As shown in Section 2,3, in the case of silver azide
the conduction is wunipolar: only the cations are mobile, by
hoppinag between interstitial sites. In our calculation, these
ionic defects are reduced to point charges in a continuous
medium with Static dielectric constant e. The Einstein rela=
tion u/D = q/kT between mobility and diffusjon coefficient is
assumed valid., We shall also neglect the generation of mobile
cations and their recombination with cation vacancies, i.e.r
the cations have infinite lifetime in the bulk. The cation
vacancy density N is therefore constant and, furthermore, will
be taken as uniform, The concentration P of mobile cations, as
a function of time t and distance x along the crystal, is then
determined by their drift under the local electric field F(tsx)
and by their diffusion due to concentration aradient:

QPO = =u APFI/Ix + D Sp/ax* (B.4a)
supplemented by Poisson's equation
“DF/Ix = =q(P=N)/ele*) (B.4b)
Considerinag that the nonlinear dependence of P on the applied
voltage is insignificant, we seek a solution of the form

P(t,x) = P*(x)+p sin(wt), where p = p(x)a. It will be further

taken that the static space charge Jlayer next to the

electrodes, when no voltage 1is applieds can be iagnored in

comparison with the polarisation layer arising from the

alternating voltaae; this congition is a strona assumptions

AL b S b AL S il . i



but without this the mathematics is intractable, Then
Px(x) = Np I%x(x) = 0, and Fr(x) =40 for .al) X o The Tinears
homoaeneous equations which result can now be solved
analytically:

jwp = =uN dF/dx + D Jln/nxZ (B.5a)

where dF/dx = qp/e(ex) (B.5b)
The variable F is normalised by the condition

1 12
-—— F(x)dx = 1 (Ba5c)

Vitd=L
where the origin has been placed at

assiagned Jlength 2L. The boundary

in the form;
ICt,2L) = £ r(aD/l)o

in which the dimensionless constant

the middle of the sample of

conditions are chosen to be
sin(wt) (B.5d).

r parametrises the degree

of blocking at either of the electrodes. In the case of
complete blockina, r = 0, and (8.5d) becomes

ICtezl) = 0 (B.6),
while if completely free passaae of the cations s allowedr
r ==> o0, and

pltstl) = 0 B2y
The degrees of blocking at the anode and at the cathode have
been assumed eaual. Silver ions have to leave the anode and
dissolve in the crystal or, in the case of a chemically inert
anode, azide ions have to be discharaged (i.eer hole injection).

At the cathodes, the interstitial

cations

in the crystal have to
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APPENDIX C

RELATIONS BETWEEN HEATING RATE & PEAK QUANTTTIES

Consider a solid state reaction which is allowed to
proceed under a number of heatina rates H = dT7/dt. The cases
studied will be those in which the temperature T rises linearly
with the time t, i.e.s in each individual case H is a constant.
We wish to predict how the value of a at peak reaction rate,
ax, varies with H; it will be seen, alsor that our calcula=
tions may be easily adapted to give the variation of T*, Here
a4 i a(t) is the molecular fraction of conversion of the

reactant, and the superscript * denotes 'peak' auantities, as

in Chapter 5. At a = ax: from (5.4),

Rx T
o g e dT exp(=E/kT)
a) H J1co)
= Flax, Hy Tx) =0 (C.1),
and from the fact that d a/dt = 0

E H exp(E/kTx)

f'(1 = 3a%) = = ecere wcescce=e=
kT R*
s Glaxy, Hs Tx) =20 GCe2) s
Solving the simultaneous equation dF = 0 and dG = 0, we fingd
dax NF DG DF DG DF DG DF D6

(Ca3),

(mm= === = a=e

= (== mmm = mm ==)

/
dH PH DT DTx DH DT* Da* Da*x DT*

where D denotes partial differentiation, Defining the dimen=

sionless quantities P = E/kT*, U = H/R*T*, and




da/f(1 = a), we have the followings:

0

af 1

e D mmemme———,

dax f(l = ax)

dF Rx Tx ICax)

- = - dT exp(=P) = =====,

dH H CJTE0) H

dF 1

aTx* 0 exp(P) Tx

dG

== = =f"(1 = a%x),

dax

a6 PQ

= = ==== exp(P),

dH H

dc Pa(2 + P)

=e= T =e==eec== exp(P)

aTx T*

da* P S(2 + P)T(ax) = 1
ThUS === = = = —mccoscesa=m=== = b cememecemnna—- dc 40
dH H SP(2 + PY/f(1 = ax) = f"(1 = a%x)/§
where S 3 Q exp(P), dTx/dH can be derived in a similar way,
The only case we find reported in the literature, in

which ax is apparently independent of H, is the primary
recrystallisation of pre=compressed copper (Lucci & Tamanini
1957), where a* = 0.5. TIn all other casess experiments give
chanaing a*. We have mace a rouah check on (C.4) by takina the

case of the pyrolysis of the explosive RDX (Rogers & Smith




1970), for which the Roger and Morris method gives E = 2,10 eV
and Rx = 10E18.,4/s. The reaction is complex, but these
representative values are chosen because they correspond to an
assumed kinetic equatjon in which f(1 = 3) = 1. We thus have
very simply ICa*) = a* and f"(1 = a*) = 0. For H = 0,167 K/s,
ax is qiven as 0.62 and Tx as 512 K; our calculation shows
da*/dH  =ca. =0.1 s/K» a value which compares well with the

experimental indication that Zla*/Z\H = (0,00 = 0.62)/(0.333 =

0,167) s/Ks
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APPENDIX G

DYNAMIC TG DATA FROM THE PYROLYSTS OF SILVER AZIDE

Dynamic thermogravimetric measurements were carried out
using basically the same system as descriped in Section 6.2.

The programmer incorporated in the Stanten Redcroft

thermobalance wWas set so that the furnace temperature 7' rose

linearly with time to A1l experimental runs have been

performed at the same (nominal) heating rate dr'/dt e

calibration tests were carried out to compare

Several




the jisplayed temperature T' with that indicated by a fine
thermocouple junction attached to an empty pans T, which was
taken to be the temperature of the sample when it was in the
pan. During the tests, it was ensured that the downward force
on the pan by the thermocouple remained positive and within the
scale of the the balancer so that the pan should stay in
virtually the same position., Between 490 and 600 K and for the

particular length of the sample pan suspension wire used, Sha

following numerical relation was found valid:
T/T' = 0,9120,03, where T and T' were in deg.C. The sample
heatina rate dT/dt = H was thus determined to be
1.2£0,3 K/minute.

Separate empty=pan runs showed that an apparent
decrease of sample weicht accompanied the rise of Tts Correc=

tion for this effect, which was probably due to increasing

convection, was established for our instrument to be adequately

given by +15 ug/(100 K),

The TG data obtained were analysed by the approach

5

suagested in Section 5.4. The weiaht readinas recorded on tape

at regular intervals were converted into a ('alpha') values,

the molar fractions of decompositions, and da/dt calculated by

numerical differentiation of a smoothed al(T) curve. By

plotting against (10E3)/T the logarithm of (da/dT)/f(1 = a),

we should then be able to obtain gE/k(10E3) from the slope and

Rx/H from the y=intercepnt. These analyses have been done by




the computer program listed overleaf. In it, four forms of
. 2/3
f(1 - a) were tried: (1 —a)/ G = a)lh: 1 (ifsiets a = R(T) ¢t

or one-dimensional growth of nuclei)r, and a—y@ Gi.e.
a”5 = R(T) t or three=-dimensional growth): accordina to Sec-
tion 6.3.2 the first form is the correct one. However, the two
sets of typical results shown in the graphs following the
computer Jlisting illustrate the situation encountered in all
the results, that no straight 1lines were generated 1in the
Arrhenius plots with any form of f(1 = a) used.

The advantages and disadvantages of the dynamic method
in studying reaction kinetics have been mentioned in Section
5 the special difficulty arisina out of temperature
aradients is discussed in Section 5.2. In the present case we
tentatively conclude that, the pyrolysis of silver azide being
strongly exothermice the arrangement in our thermobalance is

inadequate to maintain a sufficiently wuniform temperature in

the larae single crystals used as samples. This explains the

failure to obtain F and Rx from the dynamic data.
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