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Chapter I Introduction

1-1 Introduction

The recent increasing demand for electric power has promoted the
tendency to use ultra-high voltage (UHV) power transmission systems.
This situation requires use of higher voltage and, at the same time,
the miniaturization of the related electrical apparatuses along with
an improvement of reliability and life. Also in the field of electro-
nic engineering, the electric field intensity applied to the componénts
such as MOS devices and thin film elements becomes extremely high as
their miniaturization develops, though the voltage applied is relative-
ly low. Therefore, both in electric power and in electronic engineer-
ings, various problems have been introduced on electrical_insulation
at high fields. This means that the high electric field design be-
comes one of the most urgent problems to be solved nowadays in the
field of electrical insulation.

With regard to insulating materials, a variety of organic polymers
have been used because of their excellent mechanical and electrical
properties. However, the rapid development of electrical and elect-
ronic devices in recent years has necessitated dielectric materials
to operate under severe conditions of temperature, high energy radiat-
ion, and electric stress. This requires further elevation of elect-
rical insulation properties, such as high resistivity, high dielectric
strength, and low dielectric loss, as well as that of mechanical
properties, such as high tensile strength.

The electrical insulation has been developed from two standpoints,
i.e. materials and their manufacturing techniques. The actual pro-
cedures to realize this development so far have been much dependent on
experiences based on trials. It is almost impossible, however, to

fulfill the complex, high graded and severe demands only by such
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empirical approaches. The material science has been trving to
interpret the properties of materials based on the knoweldges of
their constituent atoms and/or the molecules and of their atomic
structure. In recent years, the progress of material science is so
remarkable that it can greatly contribute to the molecular design of
insulators : and to the synthesis of new materials instead of old
empirical approaches. At present, however, it is still difficult to
understand perfectly the properties of various dielectrics such as
polymers on the basis of the material science owing to their complex
structure and/or to the difficulty in their purification. Therefore,
practical situations, in many cases, still rely upon the empirical
way. Thus, the material science approach should be taken positively
for a more rapid advancement of the electrical insulation engineering.

In 1935 von Hippel[l] first interpreted the electrical breakdown
in solid dielectrics on the basis of quantum mechanical solid state
physics. He considered the situation in a pure crystalline material
at low temperatures, and suggested that the electrons in the solids
play an important role in the breakdown process. This promoted

Fr6hlich[2] and Seitz[3]

to develop the breakdown theory for solids
from the standpoint of solid state physics. These theories were
successful in explaining the breakdown characteristics of ionic cry-
stals qualitatively in the low temperature region. The order of
magnitude = of the electric strength could be calculated but many
features of the breakdown process remain unexplained as discussed in
Chapter II. Nevertheless, these theories should be evaluated in a
sense that they give an indication to the increase in so-called
intrinsic electric strength from the standpoint of solid state physics:
The electric strength is expected to be raised with increasing the

ionization energy of the material and with decreasing the drift

mobility and mean free path of the electron.



.In this thesis, fundamental electrical breakdown characteristics
of several kinds of polymeric insulating materials are investigated,
focussing attention to the high temperature region which is very
important in practical application of insulators. In spite of many
studies on the breakdown at high temperatures, any reasonable theories
seem to have never been established so far owing to many complexies
present in polymers. An approach is attempted throughout this thesis
to consider the experimental results on dielectric breakdown from the
thermal breakdown process.

This choice of consideration is mainly due to following two
_reasons: ‘The first reason is that the electronic breakdown process

[4]

in high temperature region presented by Frdhlich has a problem in
the development of the theory, which will be mentioned later in
Chapter II. The second reason is that the breakdown in practical
insulators is recognized as a structure destruction by temperature and
conductivity increases, resulting in the evaporation or the melting

of the material. Various problems are also left in a simple thermal
breakdown theory, mainly concerning local heating in weak spots and
space charge formation during voltage application. As a first approx-
imation, however, an attempt is made, in the thesis, to interpret the
obtained breakdown results in terms of the thermal breakdown theory as
far as possible, assuming the sample is uniform. In other words, the

large part of the thesis is devoted to make clear to what extent the

obtained results are understood by the thermal breakdown theory.

1-2 Survey of the Thesis

The main aim of this thesis is to advance the understanding of the
electrical breakdown process especially in a high temperature region
for various polymers. The experimental results are attempted to be

interpreted mainly in terms of the thermal breakdown process. From

-3-



the results, indications of designing a reasonable insulation for the
electrical apparatuses and informations on synthesizing of new poly-
meric insulators are given. The outline of each chapter is as
follows.

Chapter II summarizes the theories of electrical breakdown process,
which are described to the extent to be required on discussion in each
chapter.

Chapter III deals with the dielectric breakdown of polyimide in a
high temperature region, which is the most -representative high temper-
ature polymer. Heat and hydrolytic treatment effects on dielectric
breakdown strength are also discussed.

In Chapter IV, the dielectric breakdown of poly(vinylidene-
-fluoride) is studied. An attémpt is made to apply the impulse
thermal breakdown theory to the data obtained above 50°C. with the
aid of computation, an estimation of the conduction parameters is made.
Furfher, the influence of the crystalline phase of the polymer on the
breakdown characteristics is discussed.

Chapter V deals with theoretical analysis of approximation
required for numerical calculation of impulse thermal breakdown. The
fundamental equation of thermal breakdown is solved numerically under
the boundary conditions imposed by Newton’s cooling law for various
values 6f heat transfer coefficient A from the dielectric surface to.
the surroundings. The influence of A on breakdown characteristics is
discussed.

Chapter VI deals with the dielectric breakdown of plasma polymer-
ized styrene thin films (PPS) by taking advantage of self-healing.

The breakdown mechanism of PPS is also discussed.

Chapter VII deals with a new simple thermal breakdown model,

which discards the space charge and bulk processes, in order to

explain the experimental results of PPS. Further, a steady state



avalanche is considered as a possible bulk conduction.

Chapter VIII deals with the dielectric breakdown of polyethylene.
The discussion centers on the relation between morphology and the
breakdown characteristics.

Chapter IX gives the conclusion drawn from the results presented
in the thesis. The engineering significance of these results is also

pointed out.
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Chapter II Electrical Breakdown in Solids

2-1 Introduction

As mentioned in the previous chapter, it is very significant in
a practical use of insulators to understand the dielectric breakdown
phenomena and to realize a molecular design of insulators. So far
many studies on the breakdown phenomena of solid dielectrics have been
done. Parallel to the experiments, many breakdown theories on solids
have been proposed between 1930 and 1950, most of which were based on
quantum mechanical solid state physics: It was von Hippel[l] who
first interpreted the electric breakdown in alkali halide single

crystal by electronic process, similar to the avalanche breakdown in

[2] [3]

gases. After his research, Frohlich , and Frohlich and Paranjape
modified the theory presented by von Hippel. Frohlich presented the
theories of breakdown of ionic crystal from the standpoint of solid

[(2,4,5]

state physics This was successful in explaining the ex-

perimental results for an alkali halide single crystal quantitatively[GL
These so-called intrinsic breakdown theories treat the energy balance
of the conduction electrons differing from each other in the view of
energy transfer process from the conduction electrons to the lattice,
and assumption on the energy distribution of the conduction electrons.
There are, however,‘many uncertainties in these theories, which will
be described later. Moreover, in many materials except alkali
halides, the quantitative agreement between the theory and experiment-
al result has been scarcely obtained. Nevertheless, the distinguish-
ed idea of interpreting the breakdown phenomena from a viewpoint of
the modern material science should be extremely admirable. This
concept stimulated the development of new dielectric breakdown
theories. A typical example is a single avalanche breakdown theory

(71

presented by Seitz He considered the situation in which a



single electron starting from the cathode causes an avalanche of
electrons sufficient to destroy the solid dielectric.

On the other hand, at high temperatures, where electric strengths
of most of the dielectrics fall with increasing temperature, various
kinds of theoretical explanations have been given.

(8l considered the heat balance between production

In 1922, Wagner
of heat due to ionic conduction and heat dissipation due to heat
conduction, deducing the thermal breakdown voltage from the condition
in which the heat balance is broken. This concept has been supported
by experiments after a little modification. However, the thermal
breakdown theory is unable to expléin experimental observations, for
instance, time lag of breakdown and directional path of breakdown.

In 1947, Fréhlich[s] presented a new theory for breakdown at high
temperatures on the basis of collective breakdown model. He recogni-
zed that, in crystals containing many impurities or in amorphous
solids, the combined number of electrons in localized excited states
and in conduction band will be relatively high, so that electron-
-electron scattering must predominate over electron-lattice inter-
‘action. This theory could give an qualitative interpretation to
various experimental results at high temperatures. However, there
still remain serious problems in Frdhlich’s amorphous theory on the
assumptions, such as a strong electron-electron interaction etc., as

discussed in subsection 2-3-1-C. Later,Stark and Garton[gl

proposed
the electromechanical breakdown theory in which a mechanical deform-
ation caused by Maxwell stress due to the applied field is considered.
They recognized this behavior in polyethylene, but till now almost no
experimental results have been reported except on polyethylene.
Another breakdown theory relevant to polymers is the free volume
breakdown theory presented by Artbauer[lol. This was proposed to

explain the breakdown phenomena of polymers around the glass transition



temperature region.

2-2 C(Classification of Electrical Breakdown

The term " electrical breakdown " is defined in two ways: One is
associated with structure destruction by a large current increase,
taking a form of evaporation or melting and consequently resulting in
a short circuit of insulating part. For this case, the cirtical field
strength refers to the field when the’melting or evaporation occurs.
The other case refers to an appearance of negative resistance region
in current vs. voltage characteristics.

There are various ways to classify the electrical breakdown
mechanisms. Among them, three major categories of classification are
listed below:

1. the way to seperate them roughly into electronic and thermal

[11,12,13]

breakdowns The former can be further divided

into two, i.e. intrinsic breakdown and electron avalanche

breakdown[14].

2. the way'to classify the breakdown mechanisms as a combination
of a current multiplication and a éossitive feedback process-
es[15,16].

3. the way to classify them iﬁto two conditions for electrical
breakdown. One is a condition in which a balance of physic-
al parameters is broken and other is one in which a certain
physical parameter reaches a critical value, which is
summarized in Table 2.1[17].

In the next subsection, the principal features of the breakdown

mechanisms, which will be used later for interpretation of experiment-

al results, are discussed briefly, following the first of the class-

ification. A summary of the breakdown mechanisms is given in Table
2.2012),



Table 2.1. Condition for electrical breakdown

I.Losing of balance of physical quantities

Pysical parameter_ Type of breakdown

Electron energy Intrinsic breakdown
(single electron approximation)

Electron temperature Intrinsic breakdown
(Collective breakdown theories)

Lattice temperature Steady state thermal breakdown

Thickness Electromechanical breakdown

II.Establishment of critical physical quantities

Pysical parameter Type of breakdown
Energy Avalanche breakdown
Lattice temperature Impulse thermal breakdown

2-3 Theories of Electrical Breakdown in Solid Dielectrics

2-3-1 Electronic Breakdown Process

[A] Intrinsic Breakdown Process
The intrinsic breakdown theory treats the energy balance of
electrons. In an electric field F causing a current flow of density

j, the rate of energy gain from the field is

A = jF. (2.1)

Let the rate of energy transfer to the lattice by conduction electrons

be denoted by B, then the condition for energy balance in the field is

A = B. (2.2)



_OT_

Table 2.2. Dielectric Breakdown theories of SoHdsUz]

I. Electronic breakdown process
Intrinsic breakdown Theories based on the single
(. {(3Fp/0a =0) electron approximation
d:sample thickness (BFB/BTGQO)
Collective critical field theories

Single avalanche model

Electron avalanche breakdown {
Collective avalanche model

(BFB/ad < 0)
(aFB/a‘IE);O)
Field emission breakdown
(BFB/Bd = 0)
(3FR/9Tq= 0)
Free volume breakdown
(3Fp/3T,< 0)

II. Thermal breakdown process
Steady state thermal breakdown (3rp/3Ty< 0)

{Impulse thermal breakdown

III. Mechanical breakdown process
Electromechanical breakdown - (9Fp/3T< 0)

{

{

High energy criterion

Low energy criterion

Single crystal (9Fg/9Ty>0)
Amorphous materials (3Fp/3T,<0)



By considering different mechanisms of the energy transfer and
different assumptions on energy distribution of the conduction elect-
rons, intrinsic breakdown theories are classified further as shown in
Table 2.2. It can be said that intrinsic critical field strength in
each case corresponds to failure of some specific process to stabilize
the conduction electron situation. Some criticisms were given about

[14] and Inuishi[lG].

the electronic breakdown process by O’Dwyer
The intrinsic critical field strength in all cases refers to an

infinite homogeneous medium and thus is not able to account for many

features of the actual breakdown process. At first, electron

emission from the cathode, which is either field induced or thermionic,

is considered to take place. This will lead to the non-uniformity in

electron density distribution due to trapping which introduces a

[14]. Secondly, it is

disturbance of the uniform field distribution
also pointed out that another mechanism may take over the role of
stabilizing the conduction electron system, even after the failure of
some specified mechanism to stabilize it. For example, in a single
electron approximation, only electron-lattice interaction is consider-
ed as energy loss mechanism. In this case, however, electron-
-electron collisions eventually prevent the consequences of failure of

[14]. A more detailed discussion of intrinsic break-

a steady state
down is given below.

The first theory of electronic breakdown presented by bon Hippel
i1 considered the situation in a pure, crystalline material at low
temperatures. Under an applied electric field, the energy A
transferred to one conduction electron per unit time, is written in

the form

*
A =eFv = uyu_. eF = e” T(E) F2/m , (2.3)

-11-



where Ve and Un are respectively the drift velocity and mobility of
*

the electron, e the electronic charge, m the effective mass of

electron and T (E) the mean time between collisions. On the other

hand, the energy B which the electron loses by collisions with lattice

atoms per unit time is
B = hv/T(E), (2.4)

where hv is the energy of optical phonon. Figure 2.1 illustrates a
typical example of energy gain and loss of an electron as a function
of the electron energy. von Hippel considered the critical field
(FBH) when the energy gain of every conduction electron exceeds the

maxumum energy loss (E = hv), assuming that the electron interacts

only with lattice vibrations. This corresponds to the condition in

. . . >
which the curves A and B in Fig.2.l. touch each other (A = B). The
condition is also referred to as low energy criterion. This critical

situation followed by accelerating the electron to ionization energy
Ei leads to breakdown, unless recombination of all types could be

balanced with ionization.
AocF2

A(Fg

]
|
) A(Fpg)
! A(Fgy)
!

Rate of change of energy

[}
B !

hwv E
Electron energy

Fig.2.1. Graphical illustration of conditions for electronic breakdown.

i
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[14]

O’Dwyer claimed that there is a possibility of a étate in
which the number of conduction electrons is steady even though the
energy loss through electron-lattice interaction can no longer cope
with the energy gain of electrons from the power source. For
example, collision ionization may increase the number of conduction
electrons but it may be balanced by radiative recombination.
Consequently, some of the energy gain from field is lost in light
emission, keeping the number of conduction electrons steady[l4].

In such s case, to calculate steady state electron distribution func-
tion, both ionization and recombination processes should be included,
as well as the effects of the applied field and electron-lattice

collision[lsl.

[16]

The critical field strength F is given as

BH

Fggy = C hv/e Ae’ (2.5)

where c and Ae are a constant ( =1 ) and the meén free path of
electron by collisions with phonons, respectively.

(2]

Frohlich insisted that condition for breakdown is to be

>
A = B for a small number of electrons with energy little below the

ionization energy. The electric field FB shown in Fig.2.1 is the

[1le]

F
critical field strength, given by

FBF = FBH( h\)/Ei ). (2.6)

This is also referred to as Frohlich high energy critical field.
The critical situation is the failure of collision recombinations and
collision ionizations to balance in such a way as to produce a steady
state.

With respect to this theory, two types of criticism are

[14]

presented The first criticism is whether these collision

-13-



processes could ever yield a steady state in the time available in an
actual breakdown experiment for fields lower than the critical. The
second is almost the same as the criticism levelled against the von

(14] . For

Hippel low energy critical field, as mentioned earlier
example, the light emission was observed at the strong field well be-
low breakdown. In this case, a steady state including radiative re-
combination as well as electron-lattice interaction must be considered.
If the raté of change of energy of an electron due to inter-
electronic collisions exceeds that due to electron-phonon collisions,
the energy distribution function in the steady statewill be Maxwellian
with an electron temperature Te in excess of lattice temperature T.
The electron temperature is determined by the energy balance.

[3]

Frohlich and Paranjape considered that the critical condition
occurs when the energy gain from the power source is greater than the
energy loss for all electron temperature and the electron system is
unstable.

The principal point of discussion for this theory exists in the
possiblity of the existence of the high conduction electron densities
in order that electron-electron collisions may be predominanp.

[14]

O’ Dwyer appoximately estimated the energy gain of the electrons
below breakdown to be the order of a few hundred electron volts per
ion volume per second by using a typical values for all the alkali
halides. This energy must be transferred to the lattice and is suf-
ficient to destroy it. Since this contradicts the assumption of a
field below breakdown, the electron density assumed by the theory
simply could not exist.

These three theories succeeded in explaining qualitatively and
partly quantitatively the breakdown characteristics for alkali halides,

and have the following common features:

i) An increase in temperature causes an increase in the scattering

-14-



of electron due to lattice vibrations, leading to a rise in
electric strength.

ii) The electric strength is independent of sample thickness, elect-
rode metal or form of applied voltage.

iii) An introduction of impurities or mechanical stress disturbs the
periodicity 'of lattice, leading to an increase in electron

scattering with a consequent increase in electric strength.

[B] Electron Avalanche Theory

7 . :
(71 considered that some electrons can overcome energy loss

Seitz
B due to existence of fluctuation of electron distribution and can be
accelerated to reach ionization energy (see Fig.2.1). The ionization

coefficient ae was calculated[7] as

1

0, = —exp ( -hv/er F ). (2.7)

Ae

An initial electron which starts from the cathode grows to an avalanche
containing exp(aed) electrons before it reaches the anode apart from
the cathode with a distance d. The avalanche also diffuses to the
transverse direction and thus determines its volume. The breakdown
occurs when the total energy of the avalanche exceeds the energy re-
quried for the destruction of the lattice in this small volume. From

this consideration the following equation was obtained:

a, @ = 40. (2.8)
This is also referred to as forty generation theory. The critical
{14,16,18]

field is calculated as

Fog = H/ 1In( 4/ Fog u(Eav) r(Eav) i), (2.9)

-15-



where i is the number of events of collision ionization and

E.
1 i dE
H = (m/2)Y/? —-—X - (2.10)
e E E T (E)
av

However, questions concerning the above discussion have been

[14,16,19] [16}

pointed out Inuishi pointed out that a free electron

may disappear by the process of capture recombination within short

9

time ( 1077 to 10-6 sec ) in solids or logquids. Consequently, in

these dielectrics, o = n in place of ag should be used, where

Yefr T %
N is the recombination coefficient.

O'Dwyer discussed the problem occuring in deducing eq.(2.9) as
follows: If conduction electron density becomes sufficiently high,
electron~electron collisions will prevent electrons from attaining
ionization energy, and avalanche multiplication will not continue.
This situation may take place especially for long breakdown path

lengths. A more sophisticated treatment of the Frohlich-Paranjape

collective theory is required.

Forlani and Minnaja[19] questioned the assumptions made in the
Seitz’s model. One question is whether avalanche starts when an
electron energy is equal to the ionization energy. Another one is

on dealing with T as independent of the electron energy.

[C] Frohlich’s Amorphous Theory

Frohlich o)

presented the electronic thermal breakdown theory to
explain the negative temperature dependence qf electric strength at
high temperatures. His calculations were based on the hypothesis of
the energy level scheme illustrated in Fig.2.2, where conduction ele-
ctrons are derived from impurity levelg lying deep in the forbidden
zone. There is also a set of shallow traps spread below the

conduction band edge ( V_ >> Avt >> kT ). The outline of the theory

t

-16-



// /////////////A Conduction band

Shallow traps

i Donor impurities

ANADARANNN NN NN\t

Fig.2.2. Model energy-level scheme for an amorphous solid.

is as follows:

i) It is assumed that the interaction between the conduction elect-
rons and electrons in localized exited states is so strong that their
electron temperature is equal each other. It means electron-electron
scattering predominates over electron-lattice scattering, as in the
case of the collective breakdown theory.

ii) When an electric field is applied, the energy supplied from the
power source is transferred through the conduction electron with a

large mobility to the electron system at a rate A

2
A = N0 exp ( -Vt/kTe ) e Hg F, (2.11)

where NO’ \Y and k are the effective density of states in the

£’
conduction band,the depth from the bottom of the conduction band to
the Fermi level, and the Boltzmann constant, respectively. This
energy is directly transferred to the electrons in localized states,
raising them to the exited localized states.

iii) The principal mode of energy transfer to the lattice is the

emission of phonons by the exited electrons. According to Frdhlich,

the rate of energy transfer, B to the lattice is
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Fig.2.3. Energy transfer curves for increasing applied fields.

B =N (hv/T) [exp(h/kT,) - 117! [exp (hv/k) (1/T - /1) - 11,

(2.12)

where T is the mean time between collisions of localized electrons
with phonons and hv 1is the quantum of the phonon due to the lattice
vibration.

iv) When the inequality A 2 B holds, the critical situation occurs in
which a stable electron temperature is impossible. The critical
field strength F is determined as a field at which the curves A and B
touch each other as shown in Fig.2.3. Consequently, F. is written in
the form

F, = C exp ( AVt/ZkT ), (2.13)

where C is nearly constant with a weak dependence of temperature.

The main feature expected for this type of breakdown is that time

8

lag is very short, of the order of 10 = to 1072 sec, because of the
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[20]

small electron heat capacity. Simpson calculated the time lag to

be of the order of 10_10 to lO_12 sec, which is considered as the time
required for electron in impurity level to go up to the conduction
band from the deep trap under the influence of high electric field.

[16] insisted that there is a problem in this theory on

Inuishi
neglecting the interaction between the conduction electron and the
lattice, and the energy transfer from the applied field to the hopping
[21]

electron. Inuishi also presented a modified theory which con-
siders the balance between the rate of the energy transferred to the
hopping electron from the applied field and that to the lattice
vibrations from the hopping electron.

This Frohlich’s theory has been criticized by O'Dwyer on two
points. One is the possiblility of strong field emission from the
shallow traps. The other is excessive idealization of the electronic

structure, which may be hard to maintain to represent the electronic

structure of dielectric polymers.

[D] Field Emission Type of Breakdown

The electric strength determined by the electron avalanche theory
mentioned in subsection 2-3-1-C is inversely proportional to the mean
free path of the electron and increases with decreasing sample thick-
ness. Thus, in such a maﬁerial with a small mean free path as in
amorphous solid or liquid, or in a thin sample such as semiconductor
p-n junction, a large number of electrons are emitted from the
electrode metal or the valence band to the conduction band by tunnell-
ing effect under the influence of the high field. The former and the

[22] and Zener effect[23],

latter processes are called as field emission
respectively. When the lattice temperature is raised up to a critic-
al temperature by the input energy due to the tunnelling electrons,

the dielectric is melt or evaporated, leading to a breakdown. In

-19-



this type of breakdown, the electric strength is scarcely influenced

by temperature or sample thickness.

2-3-2 Thermal Breakdown Process

In many solid dielectrics there is a region in which the electric
strength falls with increasing temperature. In this region,
Wagner[S] introduced the idea that the breakdown can be treated as a
problem of a balance between heat generation due to ionic conduction
and heat conduction. This was the first approach to the thermal
breakdown theory. In general, thermal breakdown is classified into
the following two types; temperature increase in the lattice temperat-
ure due to an ionic conduction or due to electron conduction, and
increase in electron temperature due to localized electrons in an
amorphous solid (Frohlich’s electronic thermal breakdown)[IG].
Through the thesis, only the first term of thermal breakdown process
will be referred. An outline of thermal breakdown process is given
below[l4].

In the thermal breakdown, as in the case of the electronic break-

down process, the rate of energy transfer to the lattice due to an

applied field can be written
A =0F", (2.14)

where 0 is the electrical conductivity. This is always true for
ionic conductivity since the charge carriers are material particles.
For electronic conductivity, however, there must always be a quasi-
-steady state, namely the variation of the applied field with time
must be sufficiently slow so that the electron distribution is, at all
times, a function only of the field strength and not of its time

derivatives. 1In this case, the energy transfer to the lattice is also
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accord with eq. (2.14). The lattice temperature then increases to an
extent depending on energy loss processes. If heat conduction is
considered as the only significant loss process, the lattice energy
balance equation, also called as the heat balance equation, is ex-

pressed by the following:

c, (ar/at ) - div (xgrad T) =0 F, (2.15)
where C_, is the specific heat per unit volume, « is the thermal con-
ductivity, dT/dt is the time derivative, and grad T is the space
gradient of the temperature.

Thermal breakdown occurs in two forms; one is destructive break-
down obtained by raising the temperature to a critical valué and the
other is thermal instability at which the heat input cannot be balanc-
ed by heat loss from the sample, depending on the time of application
of the field. The former criterion for breakdown is adopted in im-
pulse thermal breakdown, which is one of paticular case of eq.(2.15),
when the heat conduction term is ignored. Thus, the heat balance

equation becomes

c, (ar/at ) = o F°. (2.16)

The other case is used when the electric field is increased slowly so
that the temperature rise of the lattice remains steady state. The

time dependent term of eq.(2.15) becomes
- div ( Kk grad T ) = 0o F . (2.17)

This limiting case is called the steady state thermal breakdown, and
gives the minimum thermal critical field appropriate to the case in

which the field is applied for a very long time.
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The main features of thermal breakdown are as follows:

i) Thermal breakdown is observed for pulse durations from 10_6 sec
into dc range.

ii) Electric strength decreases with increasing sample thickness (for
steady state thermal breakdown), pulse duration, temperature and
dielectric losses.

iii) Electric strength increases with increasing the resistivity and

thermal conductance of the sample.

2-3-3 Electromechanical Breakdown Process

The attraction of the charges on opposite electrodes causes
mechanical stress by mutual Coulombic force as the voltage V is impos-
ed. This stress can cause a considerable decrease in thickness of
the dielectric from an original magnitude dg in the vicinity of break-
down fields. At equilibrium, the electrical attractive force causing
compression is balanced by the elastic restoring force, as expressed
by the equation

S g€, (V@)% = ¥in (ay/a), (2.18)
where €9 and €. are the permittivity of empty space and the relative
dielectric constant, respectively, and Y is Young’s modulus.

The quantity d2 in ( do/d ) has a maximum for d/d0 = exp (-1/2) =0.6.
No actual value of V can produce a stable situation for values of d/do
less than 0.6. When the electronic or thermal breakdown voltage is
larger than this maximum voltage Vem’ the dielectric collapses. Thus,
the critical electric strength Faom is

- _ 1/2
Fon = Ven/dp = (¥/e egge 07775, (2.19)

where e is the base of the natural logarithm. This process is
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denoted as electromechanical breakdown. Electric strength determined
by the electromechanical breakdown theory decreases with increasing

temperature since Y decreases with increasing temperature.

2-3-4 Other Electrical Breakdown Mechanisms by Multi-step Processes

In the previous subsections, the méin breakdown mechanisms were
summarized. However, it is usually difficult to interpret the break-
down phenomena in solid dielectrics, especially polymers, by a single
breakdown mechanism. The multi-step processes of breakdown have
therefore been presented in which injection process from the elect-
rode, bulk conduction and various secondary effects are taken into
consideration. For convenience, these theories are roughly classi-
fied into three categories; electronic impact ionization model, ion-
-induced model and electro-chemical breakdown model. These models

are described briefly below.

[A] Electronic Impact Ionization Model

The general concept of electronic impact ionization model is as
follows[24]. It is assumed that the ionizing carriers are electrons
only. At first, electrons are injected from the cathode by tunnell-
ing emission or Schottky emission and traverse the insulator rapidly.
They can produce electron-hole pairs by impact ionization. Holes
produced may be deeply trapped to form the positive space charge be-
cause of the relatively small mobility of holes. These trapped holes
enhance the field near the cathode, and hence the current injection
and impact ionization. This whole sequence of events acts as
.positive feedback situation with a consequent current runaway above a
certain critical field Fr‘ Two types of opposing effects against the

regenerative processes are considered. One is hole removal by drift

and the other is hole-electron recombination.
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[25,26]

O’ Dwyer , and Kashat and Klein[27]

considered the case in
which impact ionization is opposed by drift. The theory of the case

in which the effect of impact ionization is opposed by recombination

was treated by DiStefano and Shatzkes[28’29'30]

[31]

and by Klein and
Solomon
Here the model proposed by O'Dwyer will be mentioned more ex-
plicitly since it is used for the discussion of breakdown phenomena of
plasma polymerized styrene thin films in Chapter VII. He presented
calculations for the high-field conduction characteristics with plane
electrode geometry. The following assumptions are made:
i) Continuum electromagnetic theory can be applied. This means the
electron and hole densities can be considered as continuous functions
of position.
ii) The cathode emits electrons following a Fowler-Nordheim law, and
the anode blocks the emission of holes.
iii) The electrons have a much larger mobility than the holes, and are
capable of causing collision ionization.
iv) The steady state conduction characteristics are treated.
v) The current density and electric field are functions only of
position within the dielectric.
vi) Recombination, displacement current and diffusion of both types
of carriers are neglected.
The basic equations in one-dimensional form are given as follows:
The total current density j is

RN (2.20)

neunF + peupF. (2.21)

Poisson’s equation is
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dE/9x = e ( p-n )/eoer. (2.22)

Taking into accuont the empirical result of collision ionization, the

continuity equations are

)

0/t = noa_ exp (-H/F ) + —— (au_ F), (2.23)
3p/3t = na_ exp ( -H/F ) + _% (P uy, F). (2.24)

Here n and p are the electron and hole densities, and uy and up the

respective mobilities, and t is the time. o and H are a constant
ionization coefficient and a constant field strength, respectively,
being characteristic of the dielectric material. The dielectric
between infinite plane parallel electrodes with the anode at x=0 and
the cathode at x=L is assumed. Elimination of the electron and hole
densities n and p leads to the following pair of differential equat-

ions for jn and F,

djn/dx = - (an/un) jn exp ( -H/F )/F, (2.25)
df/dx = [3j -3, (1- up/un )/ ( eoer“p F ),
= (3 =3/ Eoerup F ). (2.26)

Equations (2.25) and (2.26) correspond to egs.(7.8) and (7.9) given
in Chapter VII, respectively. These equations can be numerically

solved with the following boundary conditions.

at x=o, iy = 3 (2.27)

. 2
Jp = BpyF exp ( -BFN/F), ' (2.28)

Il

at x=L,
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which is the Fowler-Nordheim tunnelling emission current density.

Further, taking the interelectrode potential to be

L
vV = j F dx, (2.29)
0

the current density for a given voltage can be determined.

Klein presented succession of avalanche model[32]

by taking into
account the effect of fluctuations. In this model, most of the
avalanches produced by electrons injected into the insulator are not
effective in causing breakdown. Breakdown can arise only in the
stochastic event when a sufficiently rapid succession of avalanches
occurs at one place in the insulator.

[33]

Forlani and Minnaja assumed avalanche of electrons as the
cause of breakdown, but considered also the electrons to initiate the
process. They considered the tunnelling injection of electrons from
the cathode and the electron-accoustic phonon scattering process in
the bulk. The breakdown field could be determined by calculating
Joule’s heat which causes irreversible changes in the dielectric.

They derived the theoretical thickness dependence of electric strength
1/2 1/4

F.; F_o<d

. -
B’ B for thick sample, and FBO<d for thin sample. -

[B] Ion-induced Breakdown Process

Redley[34]

presented the model of breakdown mechanism for SiO2
films. Electrons injected from a cathodic protuberance 10 to 100 i
in diameter by Fowler-Nordheim tunnelling emission cause filamentary
Joule’s heating path due to current densities of .the order of 105 to
108 A/cmz. It follows that the temperature is raised locally by
hundreds of degrees Celsius. The positive ions produceg move towards
the protrusion and enhance the field and the current injection; this
positive feedback effect causes current runaway above a critical

field. Although no explicit relations were derived for the critical
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field, it seems that in this model electric strength decreases with
increasing ambient temperature and depends strongly on the electrode
metal.

Another purely ion-induced mechanism was proposed by Gundlach and

(351 to explain the breakdown in aluminum oxide films less than

Schnupp
100 A thick. In this model, ionic transport of the anode metal to
the cathode and formation of metallic protrusions at the cathode are
postulated. The increasing field enhancement at a protrusion accel-

erates its growth by cations, and positive feedback effect leads to

runaway in the growth and to local breakdown.

[C] Electro-Chemical Breakdown Process

[36]

Budenstein claimed that the dielectric breakdown in solids

can not be explained by avalanche theories when the experimental re-

[37] and chemical effects,

sults on light emission, damage morphology
which were observed in a practical breakdown test, were taken into
account. He presented a new breakdown model assuming that a com-
plete breakdown occurs only when a gaseous channel extends through

the dielectric from one electrode to the other. The whole break-
down sequences consist of the following five stages.

(1) = Breakdown starts when critical charge density is reached. This
is a basic assumption in this model. The source of the excess charge
may be field emission, collision ionization, injection electrons from
an external accelerator or electrons by ionization process by laser
light.

(2) Bond disruption takes place, and the products include exited
atoms and ions of several eV, and free electrons.

(3) The next step is chain reaction. Free electrons produced break

other bonds, and release atoms, ions and additional electrons.

A gaseous plasma is formed, and electrons striking the wall cause
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further dissociation, and produce an additional electron.

(4) Establishment of a gaseous channel is the forth step. A gas-
eous cavity is formed after the chain reaction. High pressure inside
gas cavity leads to cracks formation.

(5) The final stage of the model is completion of the channel.
Gaseous channels produced in the previous steps bridge the electrodes,
and then breakdown channel is produced. Joule's heat generated en-

larges the conducting channel, resulting in a completion of break-

down.
The main results expected from this model are as follows:

i) Lower limit for the time to breakdown is 10_ll sec from
Uncertainty Principle. Upper limit is of the order of lo_gsec,

taking into accout heat conduction at the walls of the cavity.
ii) Electric strength in a brittle medium is lower because of easier
crack propagation.
iii) The material with a high dielectric permittivity has a lower

electric strength because of larger local charge densities.
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Chapter III Electrical Breakdown of Polyimide

3-1 Introduction

In general, high temperature polymers possess not only excellent

electrical properties — high resistivity, high dielectric strength
and low loss, but also outstanding mechanical properties —— high
tensile strength and an ease of manufacturing. Among them, polyimide

has been accepted as superior electrical insulating materials to be

applied at very high temperatures because of its excellent thermal

[1’2]. The mechanical and chemical properties of polyimide

(PI) have been investigated by many authors[3—7]. Electrical insula-

properties

ting materials are used generally in two ways: as insulation and
capacitor dielectric. The dielectric properties, important in the

latter category, i.e. the dielectric constant and the dissipation

[8,9]

factor, have been extensively studied by many authors On the

other hand, many parts about the electrical insulaing properties re-

main unknown, which are important in the former categoryls’lo'll'lzl.

Especially, there are a few reports concerning the dielectric breakdown
[10,11,12]

[12]

Nagao reported that the electric strength of PI above room

of PI

temperature decreased with rising temperature, and that the dielectric
breakdown mechanism of PI in high temperature region was considered to
be thermal breakdown due to ionic conduction. This result implies
that if ionic conductivity is decreased, the breakdown characteristics
at high temperatures are possibly improved.

It was suggested that during the course of manufacturing of PI
film, imidization does not proceed to completion, and polyamic acid is

[13,14]

left as a result It was also suggested that there is a

[14] [15]

possibility of further imidization with heating Sacher sug-

gested that the charge carrier is protonic and supplied from residual
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non-reacted polamic acid. These results indicate that the electric
strength of PI at high temperatures is improved by heat treatment.
On the basis of the results on the breakdown mechanism and of the

[12]

above suggestions, Nagao investigated heat treatment effect on the
electric strength, and concluded that the heat treatment of PI results
in a decrease in electrical conductivity and an increase in electric
strength at high temperatures.

In this chapter, the dielectric breakdown of PI and the effect of
heating on the electric strength of PI is summarized firstly. In
order to elucidate further the relation between polyamic acid in PI
and the dielectric breakdown, the effects of hydrolysis, which in-
creases the concentration of polyamic acid with a process opposite to

the imidization, and water absorption on the breakdown characteristics

are studied.

3-2 Polyimide Polymer

Polyimide film (KAPTON-H Du pont) resulting from the condensation
reaction between pyromellitic dianhydride and an aromatic diamine has

the most excellent thermal endurance among existing commercial poly-

[16,17,18]

mers The condensation reaction of PI is shown in Fig.3.1

[3]. It has outstanding mechanical properties and excellent elect-
rical properties over the temperatue range from liquid helium temp-
erature to 500°C, usable in class H (180°C) conditions. It does not
undergo glass transition up to 500°C and does not char up to 800°C.
This polymer has no known solvent and is also infusible. It has also
a high degree of radiation resistance (no changes after 109 r. dosage

81,

of gamma rays The unique stability of this organic polymer is

attributed to its cyclic structure, possessing both aromatic and

heterocyclic rings[zl.
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Fig.3.3. Test circuit for breakdown measurement.

3-3 Experimental Procedure

Measurements were made on polyimide films of thickness about 26

Hm. Sample were sandwiched with the sphere-plane electrodes, as
shown in Fig.3.2., and immersed in silicone oil (KF-965, 100cs, Shin-
etsu Chemical Industry Co. Ltd.) which was kept at a given temperature
or in liq.Nz. The test circuit for the breakdown measurement is il-
lustrated in Fig.3.3. After the sample was immersed for about 5 min,
a linearly rising voltage was applied to the sample until a breakdown

occurred,
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3-4 Summary of Breakdown Characteristics of as-received Polyimide

Film[lzl

The temperature dependence of electric strength FB of as-received
26um-thick PI film at a rising rate of electric field of about 0.2
MV/cm.sec was measured. In low temperature region from -196°C to

room temperature ( Region I ), F, scarcely varied with temperature.

B

On the contrary, F, decreased with temperature from room temperature

B
to 200°C ( Region II ), more sharply especially above about 200°C (

Region III ). The breakdown characteristics obtained are given
again in Table 3.1. After discussing the breakdown mechanism on the

[12]: In Region I,

basis of the results, it was concluded as follows
the electronic breakdown process is dominant because of the small
variation of FB with temperature; and in the Regions II and III, the
thermal breakdown process is considered as a possible mechanism.
Especially it was shown that the impulse thermal breakdown is dominant

in Region III.

3-5 Summary of Effect of Heat Treatment on Breakdown Characteristics

The effects of heat treatment on variation of F_ with temperature,

B

field rising rate and thickness were examined. Below 200°C, the

Table 3.1. Feature of breakdown characteristics of as-received polyimide.

Room Temp.,———— 200°C
BFB/aTO =0 BFB/BTO <0 aFB/aTO < 0
aFB/Bd <0 BFB/Bd = 0
OF /00, =0 BFB/aa >0 BFB/Ba >0
Fp: electric strength, Tp: temperature,

o : field rising rate, and d : thickness.

-34-



breakdown strength of PI scarcely varied with the heat treatment,
while above 200°C it was raised with the heat treatment. The temper-
ature range above room temperature corresponds to Regions II and III
in which the thermal breakdown is dominant. The increase of FB
above 200°C, therefore, could be consistent with an expected lowering
of electrical conductivity due to the heat treatment.

The variation of FB with time of the heat treatment at 300°C was
measured. At the measuring temperature of 150°C, Fp was almost
independent of the time of heat treatment. At 200 and 300°C, FB in-
creased with increasing time of the heat treatment. Especially at
300°c, FB increased sharply with time of heat treatment up to one day.

The electrical conductivity 0 of PI as a function of time obtain-
ed by applying a step voltage of 1200V to a 26 um thick sample was
also observed. The electrical conductivity 0 at measuring tempera-
ture of 150°C changed only slightly with the heat treatment in air at
300°C for 7 days, but was appreciably reduced at measuring temperature
of 200°C with the heat treatment. From these results, Nagao con-
cluded that the elevation of FB with the heat treatment can be qualit-

atively understood by the lowering of ¢ , being consistent with the

thermal breakdown.

3-6 Effect of Hydrolytic Treatment on Breakdown Characteristics

The electrical conduction of PI at high temperatures is consider-

[19'20’211. It is also suggested that mobile ions are

likely supplied from residual polyamic acid[lg]. Further, it is in-

ed to be ionic

dicated that the residual polyamic acid can be reduced with heating
through imidization process[l4]. With resbect to this suggestion,
infra-red spectrum of PI film was measured in order to elucidate con-
version of polyamic acid with the heat treatment. No direct evidence

for further imidization, however, could be obtained with infra-red
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spectroscopy, as the concentration of polyamic acid might be very
small. Therefore, the effect of hydrolysis, which increases the
concentration of polyamic acid through a reverse process against imid-
ization, was studied.

Hydrolytic reaction of Pi is shown in Fig.3.4[22]. The
hydrolytic treatment was done at room temperature by the following
process: as-received PI film was immersed in about 2N KOH solution for
12 or 18 hr., resulting in ring-opening of imide bond with consequent
generation of potassium salt of polyamic acid. After drying in
vacuum for a given period, the sample was immersed in about 1N HC1l
solution for 6 hr.,, which resulted in replacement of K by H, and wash-
ed by water to remove the adhering HCl, and followed by drying in
vacuum for 2 weeks.

Breakdown measurements on hydrolyzed samples were made. The
variation of FB of 18 hr, hydrolyzed PI followed by drying in vacuum
for about 2 weeks with time of the heat treatment in silicone o0il kept
at 200°C is shown in Fig.3.5. It can be seen that Fy decreases with
hydrolytic treatment, leading to a lower value than that of an as-
~-received sample. However, it increases with increasing immersion
time in silicone oil, which corresponds to heat treatment time at 200
°C, and approaches gradually the value for as-received one.

Figure 3.6 shows infra-red spectrum of as-received (a), 18 hr,
hydrolyzed sample followed by heat treatment in silicone oil at 200°C
for 5 min. (;) and 30 min. (d), respectively. Base line of each
infra-red spectrum is shifted for convenience of comparison. Here,
an attention is focussed on imide bands at 1780, 1360, and 720 cm-l,
especially the one at 720 cm“l which is not disturbed by other absorpt
ion bands and is the clearest. It can be considered that imide bonds
in polyimide undergo‘hydrolytic scission, resulting in production of

polyamic acid. Then, it turns to the original polyimide through
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Fig.3.6. Effect of heat treatment in silicone oil (200°C) on IR
spectrum of 18 hr hydrolyzed PI.

re-imidization process with heat treatment in silicone o0il kept at
200°cC.

Next, the temperature dependence of F, for PI samples hydrolyzed

B
for 12 hr. with KOH is shown in Fig.3.7. Immersion time in silicone
oil at each temperature was 5 min.. In this figure unfilled and
filled triangles represent electric strength for the sample dried in
vacuum for 24 and 48 hr., respectively, after the hydrolytic treatment.

The electric strength F_, for as-received film ( unfilled circle ) is

B
also shown to make a direct comparison. It is seen that FB for the
sample followed by 24 hr. drying in vacuum is lower than that for as-
received one below 200°C. But above 200°C, it closely agrees with
that for the as-received one and decreases with increasing temperature.
Seeing carefully below 200°C, FB for the hydrolyzed sample decreases

with increasing temperature between room temperature and 100°C, but it

increases with temperature between 100 and 200°C.
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Fig.3.7. Temperature dependence of electric strength of hydrolyzed PI.
Unfilled circle represents Fg of as-received film, and unfilled and filled
triangle represent FB of 12 hr hydrolyzed film followed by drying in
vacuum for 24 hr and 48 hr, respectively.

The variation of infra-red spectrum intensity of imide bonds,
with hydrolyric treatment and succeeding heat treatment at various
temperatures before breakdown test, was investigated. Firstly, as an

-1 of c=c bond in benzene

internal standard, the absorption at 1600 cm
ring was taken, which is considered to scarcely change with the hydro-
litic treatment. Secondly, the relative value of the absorption
intensity of each imide bond was calculated by the base line method.
Non-breakdown part in the sample after the breakdown test was used for
the measurement of infra-red (IR) spectrum. It was difficult, as can
be seen from the shape of IR spectrum in Fig.3.6, to obtain the ab-
sorption intensity at 1780 cm_l because of the sample thickness.
Therefore, the results for.the absorption band at 1360 and 720 cm_l
only are given in Table 3.2. The figures in the table show the re-
lative values with absorption intensity of imide bonds for as-received

sample taken as 100%, with compensation by the absorption at 1600 cm_l.
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Table 3.2. IR spectrum intensity ( % ) of imide bands of hydrolyzed
PI after heat treatment in silicone oil for about 5 min..

wave number (cm 1) 1360 720
as-received 100 (%) 100 (%)
hydrolyzed
heat treatment temperature
Ty = 25°C 89 74
50 89 63
100 89 74
150 92 81
200 96 77
300 103 103

The data in the table suggest that imide bonds in PI film reduce
firstly with the hydrolytic treatment, and the degree of re-imidizat-
ion is nearly constant with temperature below 100°C. Re-imidization
process starts above 100°C, but is not complete during 5 min. of heat
treatment. Further heat treatment at 300°C would cause complete
imidization, leading to a conversion of the hydrolyzed PI film to the
as-received one. An increase in imide bonds is considered to be in-
versely related to an increase in polyamic acid and vice versa. By
comparing the above result with that in Fig.3.7, it is implied, there-
fore, that an increase in polyamic acid contributes to the lowering of
FB.
It was observed that absorbed water also results in lowering of

F This can be seen from results in Fig.3.7 where filled triangle

B*

represents F_ for the sample dried in vacuum for 48 hr. after the

B
hydrolytic treatment for 12 hr.. This value is higher than that for
the sample dried in vacuum for 24 hr. after the hydrolytic treatment,
which is represented by unfilled triangle. This indicates that the

treatment for the hydrolysis includes the water absorption process.
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Therefore, the influence of water absorption on F_ for PI film was

B
examined in order to seperate the contribution of the generation of
polyamic acids and the contribution of water absorption to the lower-

ing of Fp- This result is given in the next section.

3-7 Effect of Water Absorption on Breakdown Characteristics

Breakdown measurements were made with the samples immersed in
distilled boling water at 100°C for 5 days followed by drying in air
for a day or in vacuum for 14 days. FB measured at 100°C for the
sample obtained after the above procedure is shown in Fig.3.8. This
figure also shows the result with the hydrolytic treatment which will
be described later and the result of the as-received sample dried in
vacuum for 4 days. The reason why the measuring temperature for
breakdown test was selected to be 100°C is to overcome re-imidization

before voltage application as far as possible. It can be seen that

Fy ( MV/cm )
W
|
Ot
e

: 1

a = 0,2 MV/cm.sec

0

Fig.3.8. Effects of absorbed water on FB of PI. Filled square represents
FB of non-treatment sample with drying in vacuum for 96 hr, unfilled and
filled circle : aquous treatment in boiling water for 5 days followed by
drying in air (24 hr) and in vacuum ( 14 days ), respectively. Unfilled

and filled triangle represent FB of 12 hr hydrolyzed sample followed by

drying in vacuum for 24 hr and about 3 weeks, respectively.
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the electric strength FB is lowered with the aqueous treatment at 100
°C, as indicated by unfilled circle. But it is also almost recovered
to the value for the as-received sample provided the water content is
fully removed from the sample by drying it in vacuum. The lowering
of Fy is considered to be caused by a decrease in dissociation energy
of ion due to water absorption, leading to an increase in mobile ions.
However, further investigations are necessary to verify this consider-
ation.

Next, the influence of water absorption during hydrolytic treat-
ment on the electric strength for the hYdrolyzed film is described.
Unfilled and filled triangles in Fig.3.8 represent Fo for the samples
dried in.vacuum for 1 day and 3 weeks, respectively, after the
hydrolytic treatment for 12 hr.. The period of vacuum drying for the
latter was made longer by a week than that for the case of filled
circle. The electric strength FB for the hydrolyzed sample followed
by sufficient vacuum drying is still considerably lower than that for
the as-received one. This difference may be concerned with the con-
tribution of the hydrolysis of polyimide to the lowering of Fo. Thus,
it is confirmed that the presence of polyamic acid which is the

residual non-reacted material affects the breakdown characteristics of

PI film.

3-8 Conclusion

It was reported that the dielectric breakdown mechanism of poly-
imide in high temperature region was considered to be thermal breakdown,
and an increase in the electric strength was attained with heat treat-
ment, No direct evidence for further imidization, however, could be
obtained with infra-red spectroscopy.

In this chapter, therefore, the effect of hydrolysis, which in-

creases the concentration of polyamic acid with a process opposite to
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the imidization, was studied. The treatment for the hydrolysis in-
cludes the water absorption process. In addition, a re-imidization
process starts above 100°C. Therefore, it may be included in the
breakdown measurement procedure for high temperatrues. After the
influence of these processes was examined, it was indicated that a
presence of polyamic acid affects the breakdown characteristics.

Thus, the further imidization is possibly one of the factors which
contribute to the improvement of the high temperature electric streng-
th with the heat treatment. However, it is required in a practical
application to examine a variation of chemical and mechanical pro-

perties with the heat treatment and to establish the best condition of

the treatment.
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Chapter IV Electrical Breakdown of Poly(vinylidene-fluoride)

4-1 Introduction

Poly(vinylidene-fluoride) (PVDF) is expected to have many intere-

[1,2]

sting practical applications, owing to its piezoelectric and

[3,4,5] properties. Recently, PVDF was also proposed as

(6]

pyroelectric
a dielectric material for high energy density capacitors because of
its high dielectric constant as compared with the other polymeric
materials.

[1,2]

, piezoelectricity , and pyro-

[71

The dielectric properties

(3,4,5] have been extensively studied by many authors.

electricity
However, much remains unknown about the electrical insulating pro-
perties which are necessary for its application as an insulator.
Especially, the dielectric breakdown of PVDF has not been understood
sufficiently.
In this chapter, the dielectric breakdown of PVDF is studied
over the temperature range from room temperature to 150°C. The break-
down mechanism is discussed in detail in the high temperature region
above 50°C. In addition, the theoretical impulse thermal breakdown
strength is calculated, assuming ionic conduction. An estimation of
the conduction parameters is made by fitting the calculated theoretic-
"al values of breakdown strength to the experimental characteristics.
Next, the influence of ionic conduction parameters on the elect-
ric strength of PVDF at high temperatrues is investigated including
Poole-Frenkel effect in dissociation process of ionic charge.
Lastly, the relation between its crystalline phase and the breakdown

characteristics is discussed.

4-2 Experimental Details

PVDF is a polar and highly crystallized polymer, with chemical
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structure of ( —CHZ—CFz-)n. It has two representative stable
crystalline phases; a-phase and B-phaselg]. The B-phase is mainly
obtained by uniaxial stretching, and electrets manufactured from the

[9]. The B-phase

film involving B-phase show strong piezoelectricity
has a planer zigzag type conformation with large dipole moment of CF
perpendicular to the main chain. Its lattice constants are reported
to be as follows: a=8.58 i, b=4.91 i, and c=2.56 i. On the other
hand, the a-phase with helical conformation is non-polar, since di-
poles are cancelled out in a unit cell, and its lattice constants are
such that a=4.96 i, b=9.64 i, and c=4.,62 i.

Specimen for breakdown measurements is a biaxially stretched PVDF
film (KF polymer, Kureha Chemical Industry Co. Ltd. ) of 12 to 25 um
in thickness, whose crystallinity is about 50%. Samples sandwiched
with sphere-plain electrodes were immersed in silicone oil (KF-965,
100 cs, Shin-etsu Chemical Industry Co. Ltd. ) which is kept at a
given temperature T0 between room temperatrue and 150°C. After the
sample was immersed for about 5 min., a linearly rising voltage was

applied to the sample at various rates from 100 V/sec to 1 kV/sec

until a breakdown occurred.

4-3 Fundamental Breakdown Characteristics

The temperatrue dependence of the electric strength FB of 12 um
thick PVDF film at field rising rate of about 0.2 MV/cm-sec is shown
in Fig.4.1. Each point an corresponding bars represent an average of
about 14 tests and standard deviation, respectively. As can be seen

in Fig.4.1, F_ at room temperature is more than 8 MV/cm, but falls

B
rapidly with increasing temperature T0 above 50°C.

Figure 4.2 shows relation between the electric strength and the
rate of rise of the applied electric field in a 12 um thick film at

various temperatures. At room temperature, FB is almost independent
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of the field rising rate within the experimental limit, but increases
with the field rising rate above 50°C.

The thickness dependence of F, at field rising rate of about 0.2
MV/cm.sec at various temperatures was measured using 12 and 25 um
thick films. The results are shown in Fig.4.3. At room temperature,
FB decreases with increasing sample thickness. In contrast, above

50°C, Fg is almost independent of the thickness.

4-4 Discussion

4-4-1 Breakdown mechanism

The breakdown characteristics obtained -above are summarized in

Table 4.1. According to the temperature dependence of F the temp-

BI
erature range can be divided into two regions, I (room temperature to
50°C ) and II (50 to 150°C ). Little variation of FB with tempera-

ture in Region I (BFB/BT0 = 0 ) indicates that the breakdown is

-—
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Fig.4.3. Thickness dependence of electric strength.
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Table 4.1. Breakdown characteristics of PVDF.

Region I Region II

25°C ~m—me—e 50°C ===m—=——- 150°C
BFB/BT0 = 0 3FB/3T0 < 0
3FB/8a = 0 3FB/3a > 0
BFB/ad < 0 BFB/ad =z 0

[10]

4

possibly due to an electronic process but further details will
not be discussed here, as attention is focussed on high temperature
region. There are three possible mechanisms to explain the decrease
in Fy with increasing temperature in Region II; the thermal breakdown,
and the electronic breakdown in

[10]

.

the electromechanical breakdown,

amorphous materials presented by Frdhlich Thermal breakdown can

be considered as a probable mechanism in Region II from the following

1[11]’

considerations. From the electromechanical deformation mode

the theoretical value of electric strength is estimated as 15 to 30
MvV/cm for the mechanical instability taking Young’s modulus to be 0.8

to 1.9 x 10-9 N/mz and the dielectric constant as 9.4 to 13.8 in the
temperature range from 20 to 100°C ( H.Kakutani, private communication).
These estimated values are about three times as large as the experi-

mental values of 8.6 to 6.2 MV/cm. Frohlich’s amorphous theory also

cannot explain the observed dependence of F, on the rising rate of

B
applied electric field in Region II, as shown in Fig.4.2, because each

7 10—8

stress duration is much longer than 10~ sec which is accepted

as the upper limit of the time lag to breakdown in Frohlich’s theory[lzl.

The thermal breakdown is treated according to the equation

C

v ( aT/3t )

- div ( Kk grad T ) j F, (4.1)
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where CV is the specific heat at constant volume, t the time, k the
thermal conductivity, j the conduction current density and T the
temperature during the breakdown process. The initial or ambient
temperature is disignated To to avoid confusion. Since the heat

conduction term can be neglected, eqg.(4.1) becomes
Cv (dr/at ) = 3j F, (4.2)

for the impulse thermal breakdown. Therefore, the impulse thermal
critical field strength is obviously independent of the sample thick-
ness. The present experimental results in Region II are consistent

with this expectation[l3].

4-4-2 Estimation of Ionic Conduction Parameters from Breakdown

Characteristics

i) Case I: Neglecting Poole-Frenkel Effect
The electrical conduction is assumed to be ionic in nature be-
cause of the high temperature. The ionic current density j can be

expréssed as
j = 2q n,; vO(ZAi) exp (-U/kT) sinh(inF/kT), (4.3)

where g is the ionic charge, n, the density of ions, 2ki the ionic
jump distance, k the Boltzmann constant, Vo the vibration frequency of
ions, and U the potential barrier.

Neglecting the influence of the electric field, the density of

ions is given by

1/2

n;, = A, N, exp ( -W/2kT ), (4.4)

1 1

where A; is a constant, N, is the density of source of thermally dis-

sociated ions and W is the dissociation energy. Equation (4.3)
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therefore becomes as follows:

j = 3y exp ( =0/KT ) sinh ( gA;F/KT ), (4.5)

|

172 (2Ai) and ¢ = U + W/2. When the electric

where j0 =2 q Ai Ni v

0
field rises linearly with time, i.e. F = at, where a is the rising

rate of the applied electric field, eq.(4.2) can be transformed to

dT/dF = j F/Ca. {(4.6)

3[14]. Equation (4.6) can be solved

For PVDF, CV is 2.43 xlO6 J/K-m
for constant o numerically by using eq.(4.5), if the ionic conduction
parameters jo, ¢ and ZAi are given. The temperature and current
density of the specimen as a function of the electic field were com-
puted by the Runge-Kutta-Gill methodllS].

A typical example of numerically calculated values of T and j for
different values of j0 is shown in Fig.4.4 when ¢ =0.85 eV and 2Ai=9 i.
As can be seen from the figure, initially the temperature of the
specimen rises slowly with the electric field, and then very steeply.
This sudden rise of specimen temperature strongly depends on ¢,

For a large value of ¢, therefore, the electric strength can be well
determined without defining exactly the critical temperature required
for breakdown. In this numerical calculation, the critical tempera-
ture Tm required for breakdown was taken as 180°C, the melting point
for PVDF, for convenience, and the electric field at which the speci-
men temperature reaches Tm was regarded as the theoretical electric
strength. )

The conduction parameters are evaluated by fitting the theoreti-
cal results to the experimental ones. The theoretical relation be-
tween Fy and a at 100°C was calculated for different values of 2Ai,

keeping ¢ constant and varying j0 so that F, ( a = 0.2 MV/cm.sec at

B
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Fig.4.4. Examples of numerically calculated values of T and j for
different values of jo.

100°C ) obtained by the calculation coincides with that obtained ex-
perimentally for each value of 2Ai. This calculation was carried out
for some different values of ¢. Figure 4.5 shows one typical exaﬁple
of the results for ¢ = 0.9 eV, which gives the best fit to the break-
down data. The experimental results are indicated by filled circles

in Fig.4.5. The dependence of F_ on the initial temperature of the

B
sample T0 was calculafed for different values of ¢, keeping Zli con-
stant and varying jo as a parameter in the same way as mentioned above.
Figure 4.6 shows the results when 2Ai =9 i. It can be seen from
Figs.4.5 and 4.6 that the best fit of the experimental plot to the

theoretical curve is attained when 2Ai =9 i, ¢ = 0.9 ev, and j0 =
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1.2 x 107 A/mz.

The conduction current measurements were made by applying a step
voltage. However, the current decayed over a long period and showed
a considerable spread of results from sample to sample. Due to these
uncertainties, the estimation of the parameters j0,<band 2Xx; from the
conduction data on polymers usually presents various practical dif-
ficulties. Theoretically, 2Ai can be obtained from the j-F curve by
using eq. (4.5), and j0 can be evaluated from an'extrapolation of the
1n j-1/T curve, knowing ZAi. However, the calculated value of j0
varies by many orders of magnitude with a small change in slope of the
1In j-1/T curve, from which ¢ can be obtained. Therefore, the ionic
conduction parameters estimated from the breakdown data will be com-
pared with the experimental conduction data in the magnitude of the
current density at a given temperature and electric field. The the-
oretical current density at 100°C and 1 MV/cm was calculated to be

1.7 x 107°

A/m2 from the values quoted above for ZAi, ¢, and j,. On
the other hand, the measured current density at 100°C and 1 MV/cm was
about 2 x 10_4 A/m2 10 min. after a step voltage was applied. This
time of 10 min. exceeds any of the times to breakdown. Nevertheless,
the calculated value is lower by an order of magnitude than the measur-
ed value. This is probably due to a residual absorption current
which may mask the ionic conduction current at low fields. The field
dependence of the former current component is smaller than that of the

latter. Thus, ionic conduction current must predominate over such a

weak field-dependent component in the breakdown field region.

ii) Case II: Including Poole-Frenkel Effect
In the previous treétment, the effect of the electric field upon
the density of ions was not considered. Hereafter, the case of in-

cluding Poole-Frenkel effect in a dissociation process of ionic
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charges will be discussed. The density of the thermally dissociated
ions at thermal equilibrium is given in place of eq. (4.4) by the

following equation:

1/2 - 1/2
n = AiNi/ exp ( - Ll Bpr F ), (4.7)
2kT
_ 3 1/2 . s
where BPF = (g7/m SO Er ) r €y 18 the permittivity of the free

space, € the relative permittivity of the material, and g is assumed
to correspond to a monovalent ion. The current density then is writ-

ten in the form

1/2
j = jgexp [ - L= (BPE/2) FPT y ginp (grA /kT).  (4.8)
K T

Using eqg.(4.8), eq.(4.6) is solved numerically in almost the same way
as mentioned in the previous subsection.

In general, the high frequency limiting value of the relative
permittivity is used for €, appearing in the expression for BPF'
However, if the dissociation is accompanied with hopping over a large
number of potential barriers, the influence of orientation polariza-
tion of dipoles can not be ignored. Therefore, different values of
€ which contain different type of dipole polarizations were consid-
ered for the calculation. At low temperature,sr of PVDF was about
3.0 at 1 kHz, Above -25°C, which is identified with the glass tran-
sition temperature, its value is about 10, since the contribution of
the orientation polarization of dipoles in the amorphous region is
added. Above 80°C, the contribution from the crystalline region is
also included, leading to further increase of €, to about 14. Using

5 5 1/2

the values of BPF = 2,03 x 1077, 2.40 x lO_5 and 4.38 x 107 evm/°/

Vl/2

which correspond to 14, 10, and 3 for € s respectively, the
numerical calculation was carried out.

Figures 4.7 and 4.8 show typical examples of the theoretical
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relation between FB and a, and the temperature dependence of FB for

e, = 14, respectively. By fitting the calculated values to the ex-
perimental ones indicated by filled circles, the parameters were
estimated as follows: 2Xi =4 X, $ = 0.9 ev, and ig = 6.5 x 10° A/mz.
Almost the same values of the parameters ZXi, ¢, and jo were obtained
for Er = 14 and 10. However, when Er =.3, the estimation led to the
result that 2Xi< 1 i, which would be unreasonable physically from a
view of the solid structure. Therefore, it is not allowed to use the
value of BPF evaluated from Er = 3. It seems appropriate, therefore,
that the value of €. involving the contribution of dipole polarization
for the purpose of the evaluation of BPF should be selected.

Then, whether relaxation of dipole orientation can occur within
the time during which ions are dissociated or not were examined.
When the Poole-Frenkel effect is considered, the distance from a

neutral state of ion to a maximum potential barrier, r , is given by

max

r o= la/tanee F) 112 (4.9)

€
max r

[16]

which varies with the applied electric field For the case when

Er = 14, the values of roax for different values of F are given in
Table 4.2. At high fields near the breakdown field, roax is the

same order of magnitude as previous estimated value of ZAi.

Next, the vibrating frequency of ions v, can be expressed in

terms of the theory of rate process[l7] as follows:
*
v, = (kT/h) exp ( -AF /kT ), (4.10)
) * * *
where AF = AH - T AS , (4.11)

* *
h is Planck’s constant, AF the free energy of the activation, AH the

*
activation enthalpy, and AS the activation entropy. vy is also
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Table 4.2. Values of Fmax:

F ( MV/cm ) 0.01 0.1 1 6 (e = 14 )
S r
roax (a) 101 32 10 4.1
. *
Table 4.3. Relation between AS and Vie
*
AS (cal/mol-K) 0 10.3 19.5 60 300
vi (1/sec) 5.42 10° 10° 7.54x10%5  2.81x10°°
U= 0.9 ev, T0 = 373 K
connected to eq.(4.3) by the relationship
v, = v_exp ( -U/KT ). (4.12)

i 0

Comparing egs. (4.10), (4.11) and (4.12), the following relations are

obtained:

V. = (KkT/h) exp ( 88 /k ),

* (4.13)

Since ¢ generally contains W, the value of U is unknown, but provided
¢ = U, it may give a minimum estimation to the term of exp (-~U/kT).
Table 4.3 shows the relation between AS* and vi, for U = 0.9 eV and

TO = 373 K. Now, as a rough approximation, ions are assumed to reach
the top of potential barrier for dissociation after they hop many
times over potential mountains, which are 2Ai apart from each other.
Therefore, the time taken for ions to be dissociated is obviously
rmax/zxivi’ and is required to be longer than at least the relaxation

time of dipole orientation. In the vicinity of the breakdown field,

the jump distance becomes almost eqaul to r , meaning that the

max
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number of hopping of ion requied for dissociation is less than one
time, so that it is difficult to ;pply the above consideration. The
concept mentioned above, however, may be applied at a little lower
fields than the breakdown field.

Relaxation time of dipole orientation decreases with increasing
temperature. Suppose the relaxation time of the order of milli-
second corresponding to the value at the frequency of 1 kHz, as an
estimation of the limiting value in the longest time region. In
this case, in order that the time required for dissociation ( rmax/
2Aivi ) is larger than that for dipole orientation, AS* must be 10.3
cal/mol-K as shown in Table 4.3. It is quite difficult at present
to understand the physical meaning of this value of AS*. For in-
stance, the value of AS* for the dipole relaxation of ice has been
reported to be 17.6 cal/mol-K, with which the above estimated value of
AS* appears to be comparable.

As shown above, the estimated values of jump distance are 4 and
9 £ for the two cases with and without Poole-Frenkel effect, respec-
tively, by taking er in the range 10 to 14. An explicit decision as
to which is appropriate as the jump distance, 4 or 9 g, cannot be made,
even though these values are compared with the lattice constants for
PVDF. By using the estimated conduction parameters including Poole-
~-Frenkel effect, the current density at 100°C and 1 MV/cm was calcula-

6 A/mz, which is smaller than that without Poole-

ted as 7.1 x 10~
-Frenkel effect, and also lower by about two orders than the experi-
mental result. For the case which includes Poole-Frenkel effect, it
is not certain whether the dielectric breakdown proceeds keeping an
equilibrium of dissociation according to eq.(4.7), in addition to the
problem at high fields near the breakdown field mentioned earlier.

From the above consideration, the influence of the electric field on

the thermal dissociation in a real breakdown process cannot be
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expressed in such a simple form as eq.(4.7). Thus, at present, it
seems to be very difficult to conclude which analysis, including or
neglecting Poole-Frenkel effect, is valid, so in the following sub-
section the discussion placing the two cases in parallel will be pro-

ceeded.

4-4-3 1Influence of Ionic Conduction Parameters on Electric Strength

Impulse thermal breakdown was found to be the dominant mechanism
of dielectric breakdown of PVDF at high temperatures as discussed in
subsection 4-4-1. On the basis of this result, the condcution para-
meters were estimated by comparing the theoretical characteristics of
the dielectric breakdown with the experimental ones. In this sub-
section, the influence of these parametefs on the electric strength is
examined.

Firstly, consider the case in which the density of ions is in-
dependent of the electr;c field. The parameter j0 is separated into
two components, i.e. the density of ions and the jump distance.
Substituting eq. (4.5) into eq.(4.6), the following equation is ob-

tained.
ar/dF = ( Jy/C, ) 2X, exp ( -¢/kT ) sinh(q),F/kT), (4.14)
. _ 1/2
where Jl = 30/2kiu = 2q A, Ni vo/a.

Fy was numerically calculated from the above equation by varying one
of three parameters ¢, ZXi, and J, at a time and using the fixed
values: ¢ = 0.9 ev, 2\, = 9 A, and J, = 6.7 x 10° A-sec/V.m’ (a=
0.2 MV/cm.sec ), which were obtained in the previous subsection.
Figure 4.9 shows the variation of FB with the ionic conduction

parameters, neglecting Poole-Frenkel effect at 373 K. The parameter

varied is shown in bracket along with each curve. Filled circle
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Fig.4.9. Variation of electric strength with the ionic conduction
parameters J], 2A1 and ¢ without Poole-Frenkel effect. Unfilled
circle represents the experimental value of FB.

indicates the experimental value of Fy- It is seen that Fp at high
temperatures isbexpected to be improved provided J1 and 2Ai can be re-

duced and ¢ can be raised. Table 4.4 shows the changes A¢, AZAi and

AJl required in ionic conduction parameters for increasing Fo by 1

MV/cm at 323 and 373 K

Next, the calculated results after taking into account Poole-
-Frenkel effect are given in Table 4.5, where B . = 2.03 x 1072

eV-ml/z/Vl/z, ¢ = 0.9 ev, 2Ai = 4 i, and Jl = 8.1 x 107 A-sec/V-m2

which have been already obtained by fitting the theoretical values to

the experiments. The same result is obtained for both cases that

Poole-Frenkel effect is taken into consideration or not, as shown in
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Table 4.4. The changes A¢, A2A1 and AJ] in ionic conduction parameters
required for increasing FB by 1 MV/cm without Poole-Frenkel effect.

A¢ A2X 4 (J1+AJ1)/J1
323 K 0.05 ev -1 A 0.15
373 K 0.05 ev -1.5A 0.15

Table 4.5. The changes A¢, A2x1 and AJ] in ionic conduction parameters
required for increasing FB by 1 MV/cm with Poole-Frenkel effect.

Ad A2A (3,403, /3]
323 K 0.05ev  -1A 0.15

5 (er = 14)
373 K 0.05 ev -1.2 A 0.15

Tables 4.4 and 4.5. It is found that the density of supplying source
of thermal dissociated ions is required to be decreased by about two
orders of magnitude for improving Fg by 1 MV/cm, since Jq is propor-
tional to Nil/2 witﬁ constant o , as shown in eq. (4.14). It is also
found that an equivalent increase in Fy is obtained for either de-
creasing ZAi by 1 to 1.5 i or increasing ¢ by 0.05 eV.

It is generally suggested that removal of impurities and stabili-
zation of material containing thermal dissociated ions are the power-
ful means for a reduction of the density of ions, which would result
in the improvement of FB in high temperature region. However, be-
sides these ways, the change of the solid structure, which would lead
to a change in ZAi and ¢, is expected to give a great contribution to
the improvement of Fg for PVDF at high temperatures. In order to
realize such improvement, it is strongly required that the micro-
scopic physical meaning of the parameters 2Ai and ¢, which are closely

related to the solid structure, should be elucidated. The relation
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between solid structure and breakdown characteristics of PVDF is

discussed in the next subsection.

4-4-4 Solid Structure and Breakdown Characteristics

As has been mentioned, PVDF has two different types of crystal-
line phases, i.e. o-phase and B-phase. It has also been suggested
that the breakdown characteristics are expected to be altered by any
change in the conduction parameters connected with solid structure,
provided the thermal breakdown due to ionic conduction is operative.
In this subsection, the relation between the solid structure and
breakdown characteristics for PVDF with different types of crystal—'
line structure is discussed.

Specimen with almost same degree of crystallinity but different
ratio of a-phase and B-phase were used for breakdown measurements.
Physical properties of these specimen are given in Table 4.6 along
with those of a biaxially stretched film. The ratio of the two types
of crystalline phases was decided from Da/DB which is the ratio of the
absorption at 530 cmml at which the specific peak for a-phase in the
low frequency region appears, to that at 510 cm_1 which is the speci-
fic peak for B-phase ( D is the magnitude of absorption ). Measure-

ments for breakdown were made in the same manner as in Section 4-1.

Table 4.6. Physical parameters of the specimen.

sample type infra-red obsorption ratio.Du/DB thickness
unstretched - 35 um
biaxially stretched 1.5 12
uniaxially stretched A 1.1 15
uniaxially stretched B <0.05 15
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The temperature dependence of the electric strength for various
types of films listed in Table 4.6 was investigated at a field rising
rate of 0.2 MV/cm-sec in the temperature range, room temperature to
150°cC. The result is shown in Fig.4.10, In Section 4-2, it was

shown that F_ for biaxially stretched film above 50°C was independent

B
of the sample thickness between 25 and 50 um. Sample thickness for
various PVDF films investigated here was not equal to each other as
shown in Table 4.6. Nevertheless, if the assumption is made that FB
is independent of the sample thickness in all cases, it is inferred

B is lowered,

except for an uniaxially stretched film B in the temperature range

from Fig.4.10 that as the ratio of a-phase increases, F

above 100°C. Fg for the uniaxially stretched film steeply decreases
above 100°C, which could be possibly due to larger residual internal
strain compared to the other films as this film was made by low tem-
perature étretching.

Next, FB for various types of films was obtained at 100°C by
varying ¢ from 0.03 to 0.8 NV/cm-sec. The typical result for un-
stretched film is shown with filled circles in Fig.4.11l. It was

found that in each type of film, F_, increases with increasing a.

B
From the above results as well as the negative temperature dependence

of F the thermal breakdown is considered to be dominant for both

B’
uniaxially stretched and unstretched films above room temperature by
followiﬁg the same arguments as for the biaxially stretched film.
Therefore, assuming possible breakdown mechanism to be the impulse
thermal breakdown, the same analysis as the biaxially stretched film
was made with using the numerical calculation. The typical results
for unstretched film are shown in Fig.4.11 and 4.12. The ionic con-
duction parameters were obtained by fitting the theoretical curves to

the experimental data. These estimated parameters are summarized in

Table 4.7. It is found that both, the jump distance and the
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Fig.4.10. Temperature dependence of FB for various types of PVDF .

Unfilled square: unstretched, unfilled traiangle: biaxially stretched,

unfilled and filled circle: uniaxially stretched A and uniaxially
stretched B, respectively.
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Fig.4.11. Examples of calculated values of FB as a function of o with
a parameter of in for unstretched film.
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Fig.4.12. Examples of calculated values of FB as a function of T0 with
a parameter of ¢ for unstretched film.

Table 4.7. Fitting ionic conduction parameters.

unstretched biaxially uniaxially uniaxially
stretched stretched A stretched B
ionic jump distance(A) 1.2 9 9 6
activation energy(eV) 1.1 0.9 0.9 -glg-%§%8;%0g§£%
pre-exponential 9 7 6 2,5x102 _ _ _ __
factor (A/m2) 9.3x10 1.2x10 1.8x10 3. 1x1 7

N

activation energy, increase with apparent increase in the ratio of
o-phase. It is concluded, therefore, that the change in the crystal-

line structure for PVDF would be associated with the change in the
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ionic conduction parameters as estimated from the breakdown data.
However, at present, the physical meaning of these results is still

not well understood, so that further investigation must be attempted.

4-5 Conclusion

The‘electric strength of PVDF above 50°C was found to decrease
with increasing temperature and to depend on the rising rate of ap-
plied field but not on the sample thickness. From these results, the
impulse thermal breakdown processwas considered to be operative in the
temperature region investigated. Assuming ionic type of conduction,
the electric strength was calculated numerically. The values of 2Ai,
%, and j, were estimated to be 9 g, 0.9 eV, and 1.2 x 10’ A/mz, re-
spectively, by fitting the theoretical values to the experimental
electric strengths.

The discussion was extended to include Poole-Frenkel effect in
a dissociation process of ionic charge. For € = 10 to 14, the esti-
mated parameters were ZAi = 4 i, ¢ = 0.9 ev, and j0 = 6.5 x 105 A/mz.

Further, in order to get an information to improve F_ of PVDF in high

B
temperature region, the influence of the changes in ionic conduction

parameters on F_ was studied quantitatively. In order to improve

B
F_ by 1 MV/cm, for example, the density of supplying source of thermal-

B

ly dissociated ions was required to be decreased by about two orders
of magnitude, whether Poole-Frenkel effect is taken into account or
not. It was also shown that an equivalent increase in FB was achei-
ved either by decreasing 2ki by 1 to 1.5 i or increasing ¢ by 0.05 eV.

Further, the relation between the crystalline structure and

breakdown characteristics by using sample with different ratios of

the different crystalline phases was discussed. As a consequence, it

was indicated that the change in the crystalline structure would be

associated with the change in the ionic conduction parameters
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estimated from the breakdown data.
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Chapter V Theoretical Analysis of Approximation Required for Using

Impulse Thermal Breakdown

5-1 Introduction

In general, the equaition of thermal breakdown is given as
follows:

C, ( 3T/9t ) =~ div ( kgrad T ) = JF, (5.1)

where CV is the heat éapacity of the material per unit volume, kK the
thermal conductivity, j the current density, and F the electric field.
Consider the case when the heat conduction from the dielectric sur-
face to the surroundings is ideally complete. Provided the voltage
duration to breakdown t_ is sufficiently shorter than the thermal time

B
constant of dielectric tth' that is

tg << tth’ (5.2)

the second term of the left-hand side in eq.(5.1), which is the heat
conduction term, can be ignored. In such a case, the impulse thermal
assumption can be expected to be valid[1’2].

In Chapter 1V, it was concluded that the dielectric breakdown
for poly(vinylidene-fluoride) (PVDF) in high temperature region was
considered as the thermal breakdown when a ramp voltage at field ri-
sing rate between 0.1 and 0.8 MV/cm.sec was applied. The impulse
thermal breakdown theory was applied to the data obtained above 50°C.
Assuming ionic conduction, the numerical calculation of the basic
equation was carried out, and the conduction parameters were estimated
by fitting the theoretical results to the experimental ones.

[3]

Vermeer solved approximately the equation of the impulse thermal

breakdown by using the conduction data of glass. He concluded that
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the impulse thermal breakdown was dominant in the glass at high tem-

[4]

peratures. Further,Miyairi et al. analyzed the dielectric break-
down of impurity doped polyethylene in high temperature region by
making use of the equation of the impulse thermal breakdown. For all
above cases, the thermal time constant tth was shorter than the vol-
tage duration to breakdown tB within their experimental conditions,

so that inequality (5.2) is not satisfied. However, the electric

strength F_, was found to be almost independent of the sample thick-

B
ness, which is one of the features expected for the impulse thermal
theory. These facts indicate that provided an insufficient heat con-
duction from the dielectric material is taken into account, the im-
pulse thermal breakdown form is possibly established even though in-
equality (5.2) is not fulfilled. A guantitative examination on this
relationship has not been done. In this chapter, the fundamental
equation (5.1) is numerically solved under the boundary condition
which obeys Newton’s law of cooling for various values of heat trans-
fer coefficient A from the dielectric surface to the surroundings.

" The theoretical electric strength is presented as a function of A for
PVDF. The calculation is made by using the ionic conduction para-
meters estimated in Chapter 1IV. From these results, the validity of
approximation to the impulse thermal theory is examined quantitatively.
The influence of A on various kinds of breakdown characteristics, such
as the thickness and field rising rate dependence of F_ is also

B

discussed.

5~2 Thermal Breakdown and Heat Transfer Coefficient in Insulators

5-2-1 Procedure of Numerical Calculation

In eq.(5.1), CV and Kk are assumed to be independent of tempera-

ture. Let X axis be in the direction of the sample thickness.
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Then, taking into consideration the heat conduction only along X

axis, eqg.(5.1) becomes
2 2 .
CV (oT/0t ) - x (3°T/3°X ) = I F. (5.3)

In order to reduce the number of parameters and facilitate the numeri-
cal calcuiation, the variables in the above equation are transformed

into non-dimensional variables

u = (T- Ty ) / Ty (5.4)

x = X/d (5.5)
2 .

z = (k/a” c, ) ¢, (5.6)

where T, and d are the ambient temperature and the sample thickness,

respectively. Equation (5.3) then becomes

(du/dz ) - ( 32ud%x) = a2 3 F/kT (5.7)

0"
Equation (5.7) is a partial differential equation with respect to x
and z, and cannot be solved analytically. Therefore, replacing the
differential terms by finite differences, the resulting finite dif-
ference equation is numerically solved. By taking forward finite

differences for x and z, eq.(5.7) becomes

2 .2,
(u u 2u, .-+ui_l’j)/(6x) =d ]F/KTOI

1,541 7 94,50/02 - (uy g5 -2uy
(5.8)

where the subscripts i and j represent the numbers of infinitely small
division for x and z, respectively. This equation can be rearranged

as follows:
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= r | + u,

i1, ) + r. ou, . + r, j F, (5.9)

Yi,5+1 Yi+l, 5

where r = 8z/(6x)2, r,=1-2r andr, = (§2) dz/TOK. (5.9)

Next, the way of giving the boundary condition in solving eq. (5.8)
is described. It is assumed that the heat dissipation from the di-
electric surface to the surroundings obeys Newton’s law of cooling.
Now, consider an infinitely small fraction of volume which consists of
a rectangular prism with base of unit area and height of §X. Then,
from the condition of heat balance in the fraction at volume §X, the

following equation can be deduced:

§x C, ( 9aT/3t )x=6x' K ( 9T/3X )x=6 +A(T =T, ) = jFS§X, (5.11)

X 0

where A is the heat transfer coefficient from the dielectric surface
to the part which is kept at constant temperature Ty in the ambient
medium. Figure 5.1 shows heat balance in the infinitely small fract-
ional volume. In eq.(5.11), the first term of the left-hand side re-
presents the temperature rise in the volume 68X, the second term the
heat flow from the element in the bulk adjacent to this small volume
element, and the third term the heat dissipation from the dielectric
surface. The term on the right-hand side represents Joule’s heat
generated in this volume element. By similar transformation and re-
placement of differentials by forward finite differences as in
eqg.(5.3), eq.(5.11) can be led to the following equation:

= r,u, . +r

39,5 ui+l,j +r, jF, (5.12)

Ui, 541

where =1~-r-8xdir/k. (5.13)

T3

On the basis of egs.(5.9) and (5.12), exchanged temperature rise uy
’

in arbitrary time and space can be obtained through the following
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Fig.5.1. Heat balance in the fraction at the specimen surface.

calculation procedure;

i) set up the initial condition: vy 4 = 0 for j = 0.
’

ii) calculate u, by using eq.(5.9).

,Jj+1
iii) calculate ul,j+l by using eq.(5.12), which is applicable
only for i=1, since eq.(5.12) is applied only at the surface.
iv) return to ii) and replace j by j+1.
The calculation procedure is illustrated schematically in Fig.5.2.
Numerical calculation was carried out according to this schedule.

The electric field at which the temperature in the central part of the

bulk reaches a critical temperature Tc was regarded as the theoretical

electric strength Fg-

5-2-2 Results of Calculation

In this subsection, FB as a function of A, will be presented,
assuming ionic conduction. In general, the ionic conduction current

density j is expressed as
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Fig.5.2. Procedure of numerical calculation.

j = j0 exp ( -$/kT ) sinh ( inF/kT ), (5.14)

where j0 is a constant, ¢ the activation energy, 2Ai the ionic jump
distance, g the ionic charge, and k the Boltzmann constant. Sub-
stituting eqg.(5.14) into egs.(5.9) and (5.12), the numerical calcula-
tion was carried out. In this case, the values of ionic conduction
parameters for PVDF estimated in Chapter IV were used as jO’ ¢, and
2Ai in eq.(5.14). The values of various parameters used in this cal-
culation are summarized in Table 5.1. Figure 5.3 shows the electric

strength F_, calculated as a function of A when the sample thickness

B
d = 12.5 um, the ambient temperature TO = 373 K and voltage rising

rate dv/dt = 250 V/sec. A filled circle in the figure  indicates the
numerical solution from the impulse thermal theory under the same con-

ditions. The features observed from Fig.5.3 are as follows:

i) When A £ W/m2~K, theoretical electric strength FB is
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Table 5.1. Values of physical parameters of PVDF
used for numerical calculation.

jo 1.2 x 107 a/m? K 0.126 W/m-K

¢ 0.9 ev c, 2.0x 10° 3/Kk-m3
(]

21, 9 A T_ 453 X

FB ( MV/cm )

— ]
1

o
- Ty = 373K
- | dv/dT = 250 V/sec
I © d=12.5um
] ] ] 1 | ] ]
10710 1075 1 105 q0l0 !5
AWK )

Fig.5.3. Theoretical relationship between heat transfer coefficient
and electric strength FB‘ Filled circle represents theoretical electric
strength for the impulse thermal theory under the same conditions.

almost independent of A and equal to that obtained from the

impulse thermal theory.

A s lO5 W/mZ-K, FB varies from 6.2 to 11.9 MV/cm

A

ii) When 1

with increasing A.
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s >
iii) When A = 105 W/mZ-K, F, does not depend on X and closely

B
approaches the curve in the limit when heat dissipation from

the surface is ideally complete, which means A is infinite.

5-2-3 Discussion

For the case of plane sample with thickness d, the thermal time
[1]

constant of the material tth is written in the form

_ 2
ten = CV a“/k. (5.15)

In the case of PVDF, for example, tth equals 62.8 usec when d = 12.5
Hm. For field rising rate a of about 0.2 MV/cm-sec, which was the
standard experimental condition for the results in Chapter IV, the
voltage duration to breakdown tB is about 30 sec. This means that

tB>>'t so that inequality (5.2) does not hold. Thus, the impulse

th’
thermal assumption cannot be applicable, provided ideally complete
heat dissipation from the dielectric surface is assumed. The second
term of left-hand side (heat conduction term) in eq. (5.1) should be
included in the calculation. However, it is found that the theoret-
ical electric strength is nearly the same as that estimated on the im-
pulse thermal assumption provided A b 1 W/m2~K. Till now, only a few
reports have appeared in which heat dissipation from the dielectric
surface and the heat conduction term in eq. (5.1) were taken into con-

[51]

sideration. Copple et al. solved the one-dimensional form of
eqg.(5.1) and obtained the transient temperature distribution and tem-
perature rise in a dielectric. They consequently showed that the
time variation of temperature in the bulk under alternating field can
be explained by assuming an exponential variation of heat generation

[6]

with temperature. Shousha et al. proposed a breakdown model in

which the generation of sufficient heat in a narrow channel resulting
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from electron avalanche raises the electrical conductivity of the
channel to a level at which thermal runaway could start, thus leading
to destructive breakdown in a narrow region of the dielectric. They
assumed as an approximation that the film has no temperature gradient
in the direction of sample thickness. It was also assumed that the
film is cylindrical with hot channel and the heat loss from the sur-
face obeys Newton’s law of cooling.

In this chapter, by choosing one value for each kind of para-
meter present in egs. (5.4), (5.5) and (5.12), FB as a function of A
was obtained. By using electrodes system which has a constant ther-
mal property, breakdown characteristics such as the temperature,

thickness and field rising rate dependences of F_ are obtained by

B
varying one of these parameters. It is considered that within a
certain range of variation of these‘parameters, apparent dielectric
breakdown form for a constant A can transform from the impulse thermal
to the steady state. This behavior of the variation of breakdown
process is very interesting in investigation the dielectric break-
down mechanism. This point shall be discussed in more detail in the
next subsection.

There have been only a few reports on the heat transfer coeffi-
cient from the surface owing to difficulties in a direct measurement

[7]

of A. Moon measured directly )\ by using hot plate and obtained

2 W/mz-K for glass-copper interface and

the value of A as 5.1 x 10
1.3 x 10 W/mz-K for copper—air surface. He reported that by measur-
ing the temperature difference between inner and outer glass walls
with a thermo-couple, A from the surface between glass and NaNO3 solu-
tion was about 4.0 x 102 W/mz-K. It was also reported that A between
metals which would offer the least thermal resistance in actual con-

(81

tacts was of the order of 105 W/m2-K Above experimental values

of A, however, are considered to change largely with the surface
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[7]

condition .

In the report, the sphere-plane electrodes were made of brass in
measuring breakdown characteristics of PVDF. It could not be clari-
fied how large X was under present experimental condition. It was
found, however, that the impulse thermal assumption is valid even if

t < t, provided A is smaller than 1 W/mZ-K. Thereafter, it is re-

th B
quired to examine the heat transfer coefficient from sample surface to

the ambient medium in an experimental situation.

5-3 Effect of Heat Transfer Coefficient on Breakdown Characteristics

In this section, the effect of transfer coefficient on the break-
down characteristics will be presented. Basic equations and the pro-
cedure of numerical calculation are the same as in the previous sec-
tion. Various parameters in ionic conduction estimated for PVDF are
employed.

Figure 5.4 shows the theoretical electric strength FB as a
function of field rising rate o with A as a parameter, when d = 12.5

Mm and T, = 373 K. It is seen that for A = lO6 W/mZ-K, nearly corr-

0

esponding to the ideally complete heat dissipation, Fu is almost con-

stant up to o about 102 MV/cm-sec. But it gradually increases with
o and finally approaches the curve obtained for A =1 W/mZ-K. This
fact is possibly due to the reason that in the region of o beyond 103
MV/cm-sec, tB is of the same order or less than tth' and so the im-
pulse thermal breakdown is dominant whether heat dissipation from the
dielectric surface to the surroundings is taken into account or not.

Figure 5.5 shows the theoretical thickness dependence of FB for vari-

ous values of A when a = 0.2 MV/cm.sec and T0 = 373 K. As can be
seen, FB for A =1 w/mz-K is almost independent of sample thickness,
being consistent with the impulse thermal breakdown form. On the

other hand, as A increases, the degree of dependence of Fp on
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Fig.5.4. Theoretical electric strength Fg as a function of field rising

rate o with Aas a parameter when d = 12.5 um and T0 = 373 K.
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Fig.5.5. Theoretical thickness dependence of Fg for various values of )
when o = 0.2 MV/cm.sec and Ty = 373 K.
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thickness remarkably increases. The theoretical electric strength
as a function of d and o was also computed with a constant A and
varying TO. Figures 5.6 and 5.7 show the theoretical relation be-
tween FB and o , and that between FB and 4, for A = 102 w/m2~K with
T0 as a parameter, respectively. It is found that the shape of the
curves is almost insensitive to the ambient temperature.

From above numerical calculations, a qualitative knowledge can
be obtained about the theoretical feature of thermal breakdown
characteristics involving heat transfer coefficient. Namely, pro-
vided A is so small that the heat loss from the surface is negligible,
Fy increases with the field rising rate but is almost independent of
thickness. This is consistent with the expectation from the impulse
thermal breakdown, in spite’ of the relation between tB and tth' On
the other hand, for the case of the other limit of A, i.e. ideally

complete heat dissipation, F, scarcely depends on a in the region of

B
t

v

th* Fp is remarkably dependent on

thickness especially in a small thickness region. For the medium

0 which corresponds to ty

with A between above two limiting cases, the breakdown characteristics
also show an intermediate feature between them.

Provided electrical conduction mechanism, heat transfer coeffi-
cient and the values of the other parameters involved are known for a
given material, the theoretical breakdown characteristics can be
calculated in the same way. This method is, therefore, expected to
be a powerful mean to elucidate the dielectric breakdown mechanism.
However, there remains some problems to be discussed in this model.
It is supposed that an actual breakdown could be caused by local
filamentary heat generation rather than heat generation from whole
area in the sample as assumed in this model. Also, the method of
determining A is a problem. Further examinations on these aspects

will be required.
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5~4 Conclusion

The fundamental equation of thermal breakdown was numerically
solved under the boundary condition which obeys Newton’s law of cool-
ing for various values of heat transfer coefficient A from the dielec-
tric surface to the ambient. As a result, it was found that the
impulse thermal assumption is valid even if the thermal time constant

of dielectric, tth' is shorter than the time to breakdown, t pro-

B’
vided A is smaller than a critical value. The theoretical electric
strength was presented as a function of A for poly(vinylidene-fluo-
ride). The calculation was carried out by using the ionic conduction
parameters estimated in Chapter IV, and the published data for the
thermal conductivity and specific heat. In the case of a 12.5 um
thick sheet at 100°C, the calculated electric strength is nearly the
same as that estimated on the impulse thermal assumption provided

<
A=1 W/mz-K. The effect of transfer coefficient on the breakdown

characteristics was also discussed.
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Chapter VI Electrical Breakdown of Plasma Polymerized Styrene Thin

Films

6-1 Introduction

Thin polymer films are made by various techniques such as glow

[l], electron beam irradiation[zl, ultra-

41

discharge polymerization

13] Among them, the films

-violet irradiation , and evaporation
produced by the glow discharge method, which are also referred to as
plasma polymerized thin films, have many advantages such as a small
number of pinholes and a high temperature resistance resulting from
the highly cross-linked structure compared with those of conventional
polymers, etc.. In addition to these merits, due to the ease of pre-

paration, such films are expected to have practical applications in

thin film capacitors, thin film insulator for field effect transistors

[5], switching elements[6’7], etc.. Extensive studies have been car-
ried out on dielectric behaviors[e'g'lol, electrical conduction at
[11-15]

high fields, electrical breakdown . and surface properties.
However, there are many problems remaining unknown about the elec-
trical insulation properties of these films, a fundamental understand-
ing of which is necessary for the application as insulating material.
Especially, the mechanism of dielectric breakdown has not sufficiently
been clarified. Thin films, in general, have an advantage of self-
~healing breakdown,’where localized weak spots can be eliminated.
Moreover, this self-healing allows a large number of experiments on

[16,17,18]

one sample. Klein et al. discussed the self-healing break-

down for MOS and silicon dioxide capacitors deposited on glass slides.

[15] established the most favourable conditions

Previously, Sawa et al.
for attaining a complete self-healing and for obtaining the electric
strength free from the complication of the preexisting breakdown da-

mage on plasma polymerized styrene thin films. Further, they also
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discussed the relation between the breakdown pattern and the test con-
dition in view of the energy dissipation associated with the break-
down[l5]. The aim of this chapter is to clarify the electric break-
down characteristics of plasma polymerized styrene thin films. The

electric strength F_, is obtained with varying temperature Tqyr voltage

B
rising rate dv/dt, prestress, ambient atmosphere, and electrode metal.
Some measurements are also made on time lag, and under X-ray irradia-

tion and photo illumination. The dielectric breakdown mechanism is

also discussed from these experimental results.

6-2 Experiments

6-2-1 Sample Preperation

A gold electrode 4 mm wide with diffused edge was evaporated in
vacuum onto a glass slide ( 10 mm x 25 mm, Corning 7059 glass ). The
thickness of the electrode was about 100 i which was evaluated from

the resistance of a monitor being placed in parallel 10 mm apart in a

reaction tube. Degassed and predistilled styrene monomer { Katayama
Chemical Co. Ltd. ) was introduced into the reaction tube at a fixed
pressure of 0.5 torr. The glow discharge was initiated and maintain-

ed for a given period at a current density about 1 mA/cm2 and frequen-
cy 5 kHz. An upper gold or aluminum electrode 4 mm wide was then
evaporated onto the polymer film at a right angle to the base elec-
trode. The configuration of the sample prepared in this way is

shown in Fig.6.1. The polymer thickness was estimated from the
capacitance measurement, assuming a value of 3 for the dielectric con-

[15]

stant and ranged from 2000 to 4500 i. The thickness could be

controlled by the period of glow discharge.
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Fig.6.1.Schematic diagram of a sample.

6-2-2 Breakdown Measurements

Prior to all the experiments, several hundreds of self-healing
breakdown were performed in dry nitrogen gas at 1 atm and room temper-
ature by applying a ramp voltage at a voltage rising rate of 250 kV/sec,
until the breakdown voltage reached almost a constant value. Break-
down measurements were mainly carried out in the dry N2 gas, but some

in vacuum (1073

torr) and oxygen gas (1 atm) at room temperature, and
also under X-ray irradiation or photo illumination. The circuit
used in the breakdown measurements is shown in Fig.6.2. The voltage
rising rate was widely varied from 10 V/sec to 1 MV/sec. When a
breakdown occurred, a positive pulse was generated across a resistor
of 2 kQ. This positive signal triggered a thyratron connected to the
reéistor, and the applied voltage was immediately removed. Therefore
only one breakdown event could occur for a ramp. The voltage across
the sample was recorded with an oscilloscope. The breakdown voltage
was determined by the crest voltage. Every fifty times of experi-
ments, the capacitancé of the sample was measured with a LCR meter (
YHP 4247A Multi-Frequency LCR Meter ) so as to ensure whether complete
self-healing had been attained.

The breakdown measurements under X-ray irradiation or photo il-

lumination were carried out in vacuum. X-rays were produced at anode
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Fig.6.2. Circuit for measuring breakdown voltage with a ramp voltage.

voltage of 35 kV and at anode current of 20 mA. Firstly, the sample
was shortcircuited and irradiated with X-rays for 20 min.. After that,
breakdown measurements were made keeping X-ray irradiation. The
sample was again shortcircuited without X-rays for 30 min.. This
procedure was repeated. The breakdown measurements under photo il-

lumination by using Xe lamp of white light were made in the same way
as that under X-ray irradiation.

Some measurements were also made on time lag by applying a step

voltage. The schematic diagram of the test circuit is shown in
Fig.6.3. A rectangular pulse generator has a protection circuit to
remove the applied voltage automatically when breakdown occurs. Time

lag was determined by the pulse width measured with an aid of a count-
er (IWATSU Universal Counter type UC-7641). Rise time of the step
voltage was about 10 usec when connecting the sample.

Experiments on the effect of prestress were also made for which

the prestress control circuit was added to the circuit shown in
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Fig.6.3. Circuit for measuring time lag.

Fig.6.1. The prestress voltage was varied from 0 to 150 V and the

prestress time ranged from about 500 pusec to 3 min..

6-3 Experimental Results

6-3-1 Electric Strength of Plasma Polymerized Styrene Thin Films

The temperature dependence of the electric strength FB of a 3800
R thick plasma polymerized styrene thin film sandwiched between the
gold electrodes (Au-PPS-Au) at a voltage rising rate, dv/dt, of 250
kv/sec is shown in Fig.6.4. Here, "Au-PPS-Au" represents the sample
structure of top electrode - plasma polymerized styrene thin film - base
electrode. Each point and corresponding bars represent an average of
about 10 tests and the standard deviation, respectively. As can be

(]
seen in Fig.6.4, F, for Au-PPS(3800A)-Au is almost independent of tem-

B
perature in the range -196 to 100°C. It is found from another ex-

periment for Au—PPS(2300£)-Au that F
[19]

B scarcely changes with tempera-

measured Fo of conventional

polystyrene film of 10 to 70 pum thickness by applying a ramp voltage

ture over -196 to 200°C. Oakes

( dv/dt = 500 V/sec ) over a temperature range from 0 to 110°C. He

showed that Fg of the conventional film fell steeply with temperature
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Fig.6.4. Temperature dependence of electric strength for Au-PPS-Au.

above about 80°C, which is the softening temperature of the polymer.

This is a feature of the breakdown characteristics at high temperatures

for usual linear polymer films. Therefore, it can be confirmed from

the breakdown data that PPS has a much higher temperature resistance
due to its highly cross-linked structure than the conventional poly-
styrene film.

Figure 6.5 shows the relation between the electric strength and
the voltage rising rate for Au—PPS(ZGOOi)—Au at room temperature. Fg

depends strongly on dV/dt over a wide range from 10 V/sec to 1 MV/sec.

6-3-2 Time Lag to Breakdown

2
In general, time lag to breakdown can be formally expressed as[ 0]

Nt/N = exp [ - (t - te ) /g 1, (6.1)
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Fig.6.5. Relation between electric strength and voltage rising rate for
Au-PPS(2600A)-Au.

where N is the total number, Nt is the number of tests in which no
breakdown takes place before the time t in a series of N tests under
identical conditions, ty is the mean statistical time lag ( this is
also called the statistical time lag ), and tf is the formative time
lag, being assumed to be constant for a given electric field.

Figure 6.6 shows the Laue plots of the time lag ( 1ln (Nt/N) vs.
t) for the dielectric breakdown of Au—PPS(2600£)—Au at various elec-
tric fields. If the Laue plots are regarded approximately to be
linear, the slope gives ts and the point at 100% for Nt/N gives tf.

It was found that both t_. and ts decreased with electric field, and

f
an apparent value of tf estimated from the Laue plots was more than a
few tens microseconds. The rise time of the step voltage was about
10 usec. Therefore, the detailed discussion on the formative time

lag cannot be given. However, it can be said that the formative time

lag is of the order of ten usec under the present condition, being
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Fig.6.6. Laue plots of time lag for various electric field with Au-
-PPS(2600A)-Au. (a) 3.88, (b) 3.70, (c) 3.51 and (d) 3.33 MV/cm.

considerably long compared with 1072 - 10712 sec, which is generally

accepted for electronic breakdown process in solid dielectrics[21_24].

(25} obtained with a step

Solomon found that the mean time lag t

BS
voltage is closely related to the mean time lag tBR obtained with a
ramp voltage as follows:

tBR/tBS =~ 0.56 B F, (6.2)

where F is the applied electric field, and -B is the slope of 1ln tBS
vs. F. Figure 6.7 shows the mean time to breakdown as a function of
electric field for Au—PPS(ZGOOg)-Au at room temperature, both by step
and ramp voltages. Figure 6.7 shows also the theoretical relation

between t and F obtained from eq. (6.2) using experimental value of

BR
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Fig.6.7. Mean time tobreakdown as a function of electric field for
Au-PPS(2600A)-Au. Filled (a) and unfilled (b) circles represent
experimental values measured with a step voltage and those with a

ramp voltage , and filled triangles represent calculated values by
using Solomon’s equation.
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tBS' Since the present experiments show quite good agreement with
the eq.(6.2), such a considerably long time lag containing a long

formative time lag is qualitatively consistent with the experimental

[25]

result on the dependence of F_ on dv/dt

B

Figure 6.8 shows the temperature dependence of t_ and te for Au-

f
—PPS(3500£)—Au over a temperature range from -196 to 100°C. Above

room temperature, both tf and ts scarcely depend on temperature, being

consistent with the temperature dependence of FB for PPS. Oon the

other hand, below room temperature, both t_ and ts decrease as temper-

f

ature increases. The reason for this is not yet clear.
From these results, the following arguments can be drawn for the

breakdown of PPS: Firstly, the fact that F_ is almost independent of

B
temperature indicates that the conduction process directly related

to breakdown should be temperature independent. Secondly, FB
100
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Fi1g.6.8. Temperature dependence of statistical time lag (unfilled circle)
and formative time lag (filled circle) for Au-PPS(3500K)—Au.
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strongly depends on dv/dt even for a slow rate. The mean time lag
is about 10_4 - 10_5 sec, which is considerably long as already men-
tioned, even though the time lag to breakdown decreased sensitively
with the electric field. Such a relatively long time lag implies
that a thermal process play an important role in the breakdown of PPS.
In order to get further information about the breakdown mechanism,
it was investigated how the electric strength and time lag for PPS are
affected by electrode metal, X-ray irradiation or photo illumination,

and ambient atmosphere. These results will be discussed in the

following subsections.

6-3-3 Effect of Electrode Metal on the Breakdown Characteristics

Figure 6.9 shows the effect of electrode metal on the breakdown

o
voltage VB of Au-PPS(3300A)-Al in N, gas ( 1 atm, room temperature )

2
by applying a ramp voltage at 250 kV/sec. The polarity reversal of
applied voltage was carried out by exchanging the connection to the
sample electrodes. As shown in Fig.6.9, when Au electrode is the
cathode, Fo is almost equal to that when Al electrode is the cathode.
This difference is too small to indicate the existence of the metal
electrode effect.

Then, experiments were carried out on time lag for Al-PPS-Au and
Au-PPS-Al structures by applying a step voltage. The Laue plots are
shown in Figs.6.10 and 6.11 for Al-PPS(3200£)-Au and for Au-PPS(3300£)
~Al, respectively. In both cases, a longer time lag is observed with
the Au cathode than with the Al cathode. This means that the effec-
tive contact barrier height QD at‘the metal-insulator interface pos-
sibly affects the breakdown cahracteristics. Let Wm be the work

function of metal, and X the electron affinity of the insulator, then

¢D can be written in the form
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Fig.6.9. Effect of electrode metal on breakdown voltage for Au-PPS{
33003)—A1. Unfilled circles represent breakdown voltage when Au is
the anode and Al the cathode. Filled circles represent breakdown
voltage when Al is the anode and Au the cathode.
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Fig.6.10. Effect of electrode metal on time lag by applying a step
voltage of 5.0 MV/cm for A1-PPS(3200A)-Au. (a) Au as the anode
and Al as the cathode, and (b) Au as the cathode and Al as the
anode.
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Fig.6.11. Effect of electrode metal on time lag by applying a step
voltage of 3.79 MV/cm for Au-PPS(3300A)-Al. (a) Au as the anode and
Al as the cathode, and (b) Au as the cathode and Al as the anode.

o = W -X. (6.3)

Values of Wm for Au and Al are 4.6 and 3.8 eV, respectively, so that
the Al cathode injects more electrons into the polymer than the Au
cathode. Therefore, taking the electrode metal effect on FB into

consideration, it is concluded that the carrier injection process

cooperates on the breakdown process of PPS.

6-3-4 Effect of Ambient Atmosphere on Fy and Time Lag

Figure 6.12 shows V_, as a function of test number for Au-PPS(

B
o

3330A)-Au with a ramp voltage ( dv/dt = 250 kV/sec ) for various

ambient atmosphere gases at room temperature. Values of FB,measured

in both, wvacuum and N,, are almost equivalent, but are higher by about

10% in 02. Figures 6.13 and 6.14 show the Laue plots of time lag
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Fig.6.12. Effect of ambient atmosphere on breakdown voltage for Au-
PPS(333OE)-Au. Filled cireles, unfilled circles and filled triangles
represent breakdwon voltages obtained in N, gas, in vacuum, and in
02 gas, respectively.
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Fig.6.13. Effect of ambient atmosphere on time lag with a step voltage
of 4.98 MV/cm for Au-PPS(3300A)-Au. (a) Laue plots of time lag
observed in N2 gas, and (b) in vacuum.
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Fig.6.14. Effect of ambient atmosphere on time lag with a step voltage
of 5.44 MV/cm for Au—PPS(33OOI°\)-Au. (a) Laue plots of time lag observed
in N, gas, and (b) in 02 gas.

obtained for Au-PPS(3300A)-Au in N, and in vacuum at 4.98 MV/cm, and

2
in O2 and N, at 5.44 MV/cm, respectively. As can be seen from
Fig.6.13, the time lag in N2 gas almost equals that in vacuum.
Whereas the time lag in 0y, as shown in Fig.6.14, is longer than that

in Nz, and especially the longer ts is observed in 02. This is con-

sistent with the result of the higher value of F
[26]

B obtained in 02.

Mizutani et al. reported from the photo conductivity measure-

ment on polyethylene terephthalate film that O, molecules adhering on

2
the metal-insulator interface would act as surface states, which would
bring an increase in ¢D at the metal ~insulator contact for electron
injection. From the effect of ambient atmosphere gas as well as the
electrode metal effect, the contact barrier height at the metal-

~insulator interface can be considered to be connected with the

breakdown mechanism of PPS.
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6-3-5 Effect of X-ray Irradiation and Photo Illumination on FB and

Time Lag

Figures 6.15 and 6.16 show the effect on Vs of X-ray irradiation
and photo illumination, respectively. Here, measurements were made

(-2
on Au-PPS(3200A)-Au at room temperature by applying a ramp voltage (

dv/dt = 250 kV/sec ). The time lag was also obtained under X-ray ir-
radiation and photo illumination. The results are shown in the form
of the Laue plots in Fig.6.17 and 6.18. As can be seen from these

figures, both X~ray irradiation and photo illumination do not influen-
ce the breakdown characteristics of PPS within the present experimen-

(271 that when a polymer is irradia-

tal conditions. It was reported
ted by X-ray, carrier liberation from traps, carrier generation due to
impurity dissociation, and increase in conduction electrons due to

a direct excitation from the valence band to the conduction band could

200
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Fig.6.15. Effect of X-ray irradiation on breakdown voltage for Au-PPS(
32003)-Au. Filled and unfilled circles indicate breakdown voltage
obtained under X-ray irradiation with pre-irradiation for 20 min. and
that without X-ray dirradiation, respectively.
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Fig.6.16; Effect of photo illumination on breakdown voltage for Au-
PPS(3170A)-Au. Filled and unfilled circles indicate breakdown voltage
obtained under photo illumination with pre-illumination for 20 min. and
that without photo illumination.
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Fig.6.17. Effect of X-ray irradiation on time lag with a step voltage
of 3.73 MV/cm for Au-PPS(3200A)-Au. (a) Laue plots of time lag
without X-ray irradiation, and (b) under X-ray irradiation.
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Fig.6.18. Effect of photo illumination on time lag with a step voltage
of 4.23 MV/cm for Au-PPS(3170A)-Au. (a) Laue plots of time lag
without photo illumination, and (b) under photo illumination.

occur. The photo illumination is expected to cause carrier injection

[28] and carrier liberation from traps[29]. Since no

from electrode
influence of X-ray irradiation or photo illumination on breakdown has
been observed, electron injection or carrier liberation from traps

does not seem to contribute to the breakdown process, within the pre-

sent experimental conditions.

6-3-6 Prestress Effect on Electric Strength of PPS

To examine the secondary influence of space charge on the break-
down.characteristics of PPS, the prestress effect was investigated.

Positive or negative prestress Fp in a range between 0 and 3
MV/cm was applied for a given period tp just before a positive ramp
voltage at 250 kV/sec was imposed on the sample in N, gas (1 atm).

: [~}
Figure 6.19 shows F_ of Au-PPS(2600A)-Au at room temperature as

B
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Fig.6.19. Prestress effect on electric strength at 23°C for different
prestress time for Au-PPS{2600A)-Au. Unfilled and filled circles
indicate electric strength for 60 and 180 sec prestress time, respectively.

a function of F_ for t_= 60 and 180 sec. For both polarities pre-
stress, FB is almost independent of Fp up to about 2 Mv/cm, but de-
creases steeply at higher values. The slope of the curve in the re-
gion | Fp | > 2 MV/cm in which FB decreases with Fp is steeper for
t. = 180 sec than that for tp = 60 sec. Further, the similar ex-
periments were carried out varying ambient temperature from -196 to
about 100°C. The temperature dependence of the prestress‘effect was
found to be scarcely observed.

The decrease in Fg with the prestress of opposite polarity to the
applied ramp voltage has been interpreted as being due to the hetero
space charge effect[30]. For thin films, injected carriers might

reach the counter electrode. In this case, the hetero space charge

would manifest itself and a decrease in FB is expected, for both the
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same and reverse polarity prestress. The result BFB/B(dV/dt) > 0
can be consistently interpreted in terms of hetero space charge.
However, the experimental results can be also understood with an al-
ternative process as Joule’s heat produced during prestress. This

point will be discussed further in the following section.

6-4 Discussion

The results of breakdown experiments on PPS are summarized in
Table 6.1. In this section, the breakdown mechanism of PPS is dis-

cussed comparing with various existing theories.

[31]

Firstly, if we consider intrinsic breakdown to be dominant,

it might be impossible to explain such a considerably long time lag to
breakdown as the order of 10-4 to 10-5 sec. Further, it can not be

understood with this theory that F_ changed with voltage rising rate,

B
electrode metal and ambient atmosphere. Then, the intrinsic theory
is difficult to be taken as the breakdown mechanism of PPS. Zener

breakdown process[32] can also be discarded by similar arguments.

Table 6.1. Breakdown characteristics of PPS.

temperature dependence BFB/aT0 = 0 (-196°C -- 200°C)
field riéing rate dependence BFB/aa >0

electrode metal effect FB(Au cathode) 2 FB(A1 catode)
ambient atmosphere effect FB (in 02) 2 FB (in N2, vacuum)
prestress effect FB decreases with both polarity of

prestress field

FB : electric strength , TO: ambient temperature,

a : field rising rate .
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A single avalanche breakdown theory can explain the temperature

dependence of F and the influence of electrode metal, and ambient

BI
atmosphere on the statistical time lag. An initial electron is sup-
plied from electrode metal or traps in the bulk. The avalanche form-

ation is expected to be affected by electron density either injected
from the cathode or released from traps in the bulk. As mentioned in
subsection 6-3-5, it is possible to release carrier from traps in the
bulk by X~-ray or photo illumination. However, neither FB nor ts
varied with X-ray irradiation or photo illumination. This means that
the electron liberation,from'traps in the bulk does not take part in
the breakdown process of PPS. A single avalanche mechanism cannot
also explain the long statistical time lag of the order of lO-4 sec
compared with that usually accepted for avalanche breakdown.

The strong dependence of F_ on dv/dt and the relatively long time

4

B
lag of the order of 10 - sec can be qualitatively understood with

thermal breakdown process. The behavior that FB decreased with Fp
for both the same and the reverse polarity prestress is also inter-

preted as a heating effect. The change in F wifh temperature was,

B
however, so small that the thermal theory appears not to be applied to
the expe:imental results. Nevertheless, provied the conduction
current which plays an important role in thermal breakdown is con-
trolled by a émall temperature dependent process, the thermal break-
down process is not probably unreasonable; then the results on the
effects of electrode metal and ambient atmosphere shown in the sub-
sections 6-3-3 and 6-3-4 are alsoc consistent with this consideration,
taking into accout this type of the current. Thus, all the experi-
mental results except the temperature dependence of Fp can be explain-
ed qualitatively in terms of thermal breakdown mechanism.

As discussed, only a single breakdown mechanism could not explain

the breakdown characteristics of PPS. The experimental results shall
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be discussed by using the multi-step breakdown process.

Redley[33]

presented a breakdown model as follows: Conduction
electrons injected by a tunnelling emission produce Joule’s heat, with
which positive ions are dissociated. They move towards the cathode
to form positive space charge resulting in an increase in electric
field in front of the cathode, which in turn accelerates electron emis-
sion from that electrode. This whole sequence of events act as
positive-feedback and the breakdown occurs. However, since FB of PPS
was almost independent of temperature, it can not be considered that
positive ions contribute to the breakdown process.

O’Dwyer[31]

proposed the multi-step breakdown process as follows:
Initially substantial collision ionization begins at a certain criti-
cal field within the bulk. Then the holes produced by collision
ionization drift slowly towards the cathode and their space charges
enhance the field near the cathode, which causes enhanced electron
emission. The injected electrons cause further collision ionization.
This whole events act as positive-feedback and the breakdown occurs by
the greatly enhanced field strength in the vicinity of the cathode.

The experimental results will be discussed below with this model.

The relatively long time lag of the order of 10-4 sec observed
for PPS may be interpreted as the time requied for the formation of
space charge of holes produced by collision ionization due to elec-
tron. If we assume a tunnelling emission as an injection process,
the present experimental results can be explained with this model,
such as the temperature and the voltage rising rate dependences of Fgr
and the effects of ambient atmosphere taking into account the effect-
ive contact barrier .at the metal-insulator interface. The prestress

‘effect also can be understood consistently; assuming that the positive
space charge is formed sufficiently deep into the bulk, FB is expected

to decrease with Fp for both polarity prestress due to the hetero
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space charge effect. However, it becomes a serious problem whether
the collision ionization might develop sufficiently and the positive
space charge might be formed or not, in such very thin films as about
several thousand Angstroms.

As can be seen by various discussions given above, the experi-
mental results are unaccountable consistently with various existing
theories. In the following chapter, a new model for the breakdown
of PPS will be presented according to the fundamental instructions
derived from the present study as summarized below:

i) The effects of electrode metal and ambient atmosphere mean
that an injection process plays an important role in the
breakdown.

ii) As a current multiplication pfocess, impact ionization is con-
sidered, but not the conduction electron multiplication re-
leased from traps in the bulk, since the breakdown character-
istics were not affected by temperature, X-ray irradiation or
photo illumination.

iii) The considerably long time lag of about 10-4 sec means that

the thermal breakdown criterion is preferred.

6-5 Conclusion

Electric breakdown of plasma polymerized styrene thin films was
studied by taking advantage of self-healing. The electric strength
Fp was obtained with varying temperature Tor voltage rising rate dv/dt,
prestress, ambient atmosphere and electrode metal. Some measurements
were also made on time lag and under X-ray irradiation or photo illumi-
nation. The experimental results obtained are as follows: FB was al-
most independent of temperature over -196 to 200°C, and was higher at

high temperature than that reported for the conventional polystyrene

film. Fp also strongly depended on dV/dt even in a slow rising rate.
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The breakdown characteristics were influenced by electrode metal and
ambient atmosphere, but not X-ray irradiation or photo illumination.

From the experimental results, the breakdown mechanism of PPS was
discussed, comparing with existing breakdown theories. Consequently,
any single breakdown process was not considered as the possible breakf
down process. Further, the discussion on the breakdown was made by
using the multi-step breakdown processes. It was found that although
O'Dwyer’'s model of the cathode field enhancement by the positive space
charge could explain some of the experimental results, serious prob-
lems remain regarding the long time lag, the development of electron
avalanche and the formation of the positive space charge, in such very
thin film as about several thousand Angstroms.

From the above considerations, the instructions important to pre-
sent a new breakdown model were picked up : The breakdown of PPS will
be determined by thermal breakdown criterion and greatly related to

a temperature independent injection process.
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Chapter VII A Model for Dielectric Breakdown Mechanism in Plasma .

Polymerized Styrene Thin Films

7-1 Introduction

In the previous chapter, experimental results of breakdown of
plasma polymerized styrene thin films were presented, which were dif-
ficult to understand with a single breakdown process. Models of
non-thermal breakdown produced by electronic impact ionization or by

(1]

other processes were reviewed by Klein on thin insulators. Ther-

mal breakdown is also considered as a cause for thermal switching and

21

breakdown phenomena There are many reports of dielectric break-

down on inorganic thin films such as thermally grown silicon dioxide

[3] (4] or silver sulphide, but not so many on organic

, aluminum oxide
thin films.

In this chapter, a new model followed by the instructions in the
previous chapter is presented, in which the current is controlled by
tunnelling emission from the cathode discarding space charge and the
breakdown is governed by the impulse thermal process. In the same

model, additionally, a steady state electron avalanche is considered

as a possible bulk conduction.

7-2 Model of Breakdown and Basic Equations

A new breakdown model involves the following two fundamental pro-
cesses; the current is controlled by tunnelling emission from the ca-
thode and the bulk breakdown is governed by the impulse thermal pro-
cess. To avoid complications, it is assumed that space charge and
heat conduction towards the surroundings are neglected in the first
state. The electron avalanche process and space charge effect will
be discussed in detail in Section 7-4,

The differential equation is given below for the impulse thermal
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breakdown

¢, (dr/dat ) = 3 F, (7.1)

where CV is the heat capacity of the material per unit volume, T the
absolute temperature, t the time, j the current density, and F the
electric field.

As the current density in eq.(7.1), the Fowler-Nordheim tunnel
[6]

injection will be used, which is written in the form
. 2
3 = By F" exp ( —BFN/F ). (7.2)
_ 2
where AFN = 2.2e/(81h ¢D), (7.3)
*
and Bpy = 87 (2m )12 0. 3/% /(2,92 n e ), (7.4)

where e is the electronic charge, h Planck’s constant, @D the effect-
*
ive barrier height for electron injection, and m the mass of electron.
When the electric field rises linearly with time, i.e. F = ot,

eq.(7.1) can be transformed by using eq.(7.2) to

3
dT/dF = Ay F7oexp ( —BFN/F )/CV a, (7.5)

This ordinary differential equation can be solved numerially by using
various methods, for instance, the Runge-Kutta-Gill method.  In the

*
following calculation, it is assumed that CV = 2.0 x 106 J/K-m3 and m

is identified with the mass of free electron, my.

7-3 Results of Calculation

A typical example of the temperature of the specimen as a function

of the applied electric field for different values of a is
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demonstrated in Fig.7.1, solving numerially eq.(7.5) with ¢D = 0.95
ev, It is seen that the temperature rises suddenly when the field
exceeds a certain value. The similar relationship between T and F
when a ramp voltage is applied was attained in Chapter IV of the
thesis, and by VérmeerI7]. In these cases, the ionic conduction,
which involves the thermally activated processes, was employed. In
the present model, Joule’s heat is produced by the Fowler-Nordheim
tunnelling emission current with a strong field dependence which leads

to such a sudden temperature rise in a way similar to the case of the

thermal activation process. Therefore, the theoretical electric

abcd e f
7QO —

6001
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100
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Fig.7.1. Theoretical relation between temperature T and applied field
F for vagious field rising rate o ., (a) 8.3 x 107 (V/m.sec) , (b)
8.3 x 10°, (c) 8.3x10° ,(d) 8.3x10'0 , (e) 8.3x10'", and (f) 8.3x10'2.
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strength can well be determined without exactly defining the critical
temperature Tc required for breakdown. In the following calculation,
T, is taken as 550 K, for convenience. The effective barrier height
¢D’ which is now the only parameter, will be estimated by fitting the
theoretical results to the experimental ones. The theoretical de-

pendence of F_ on the initial temperature, designated by Ty, was cal-

B
culated for different values of @D at a of 8.3 x 10ll V/m-sec. The
result is illustrated in Fig.7.2. The experimental values are also
indicated by filled circles in this figure. In thermal breakdown,

a negative temperature dependence of FB has been generally expected.
It can be seen, however, that in this model FB is almost constant over

the wide range of temperature between 0 and 200°C, being consistent

with the experimental results. The reason for this is considered to
5
e p— _———— 2
c4F C—E-E___ = —
\
-~ _\\
3 d
N 3 B
e
2k
1+
0 | i ] 1 1
0 100 200
To (°C)

Fig.7.2 Theoretical temperature dependence of FB with effective barrier
height ¢, as a Earameter. Filled circles represent experimental values
for Au-PPS(2300A)-Au. (a)@® D= 1.05 eV, (b) 1.0, (c) 0.95 , and (d) 0.9.
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be the temperature independent nature of current density j in eq.(7.1).
The best fit of the theoretical curve to the breakdown data for PPS
sandwiched with gold electrodes is attained when ¢y is 1.0 ev.

Figure 7.3 shows the teoretical relation between FB and o at 300 K
varying @D as a parameter, together with the experimental results in-
dicated by filled circles. This calculated relationship agrees well
with the experimental one, too, provided QD is 0.9 ev.

The calculation of prestress effect on FB was also carried out,
taking QD as a parameter and varying the prestress time tp' Figure
7.4 shows one of the results when tp = 500 pusec, together with the
experimental values when tp = 520 usec. As can be seen, this model

can give a satisfactory agreement to the experimental fact, not only

(4]
|

( MVicm )
~
1

0 i 1 | ! | > 113 4
7 1 10° 100 1d" 107 10 1d
Field Rising Rate o ( V/m.sec )

o

Fig.7.3. Theoretical relation between Fg and field rising rate, %, for
different va]ueg ofch. Filled circles represent experimental values
for Au-PPS(2600A)-Au. (a) ¢p = 1.05 eV, (b) 1.0 , fc) 0.95, and (d) 0.9.
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Fig.7.4. Theoretical relation between electric strength FB and prestress
field F_ for different values of effective barrier height ops and for
prestress time, t_, of 500 ysec. Filled circles represent experimental
values when t_ = 520ysec for Au-PPS(BOOOK)-Au. (a) ¢D = 1.1 eV, (b) 1.05,

(¢} 1.0 , and (d) 0.95.

gualitatively but also quantitatively, that FB decreases with prest-

ress field of either polarity, when QD = 1.05 eVv.

The time lag to breakdown when a step voltage is applied is ana-

lysed. The theoretical time lag to breakdown tgg in this model ob-

tained by integrating eq.(7.1) with a constant electric field and

using eq. (7.2) for current density is

) 3
- - - ). (7.6)
tpg = cV ( T, T, Y/ ALy F~ exp BFN/ )

The theoretical dependenceS(aftBS on electric field F and initial tem-

perature T, for @D = 0.95 eV are shown in Figs. 7.5 and 7.6,
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respectively. The experimental values of the time lag were regarded
as the sum of the statistical and formative time lags which are esti-
mated from the Laue plots, since the statistical component is not
clearly defined in the thermal breakdown. Calculated and observed

relations between tBS and field F agree closely. The theoretical

initial temperature dependence of tBS somewhat differs from the ex-

perimental one in the temperature range above room temperature.
This simple model can give a quntitative explanation to all the

experimental data on PPS such as dependence of F_ on To,a , prestress,

B

and time lag except initial temperature dependence of t provided

BS'
@D is about 1.0 eV which gives the best fit to the breakdown data.

The cathode electrode metal and ambient atmosphere effects are con-
sistent with this model and interpreted qualitatively in terms of the
variation of @D as described in the previous chapter. Namely, ¢D for
gold-polymer contact is higher than for aluminium-polymer one and thus
the current injected into the bulk from the Au cathode is reduced,
which leads to a decrease in Joule’s heat with a consequent increase
in Fp. Provided surface states introduced by oxygen gas raise @D and

hence depress electron emission from the cathode, F_, in O2 gas is in-

B
creased following this model.

7-4 Discussion

In the previous two sections a new model of breakdown for PPS was
presented and analysed numerically. It was concluded that this sim-
ple model, consisting of the Fowler-Nordheim tunnelling emission cur-
rent and the impulse thermal process , can fully explain the experi-
mental results not only qualitatively, but also quantitatively when
the effective barrier height for electron is about 1.0 eV. This
simple model, however, includes some problems to be solved, which are

discussed in this section.

-116-



7-4-1 1Injection Process

The physical basis of the estimated value of QD will be discussed.
In order to know the nature of charge injection, measurements on photo-

conductivity were made. From Fowler Plots[S]

, i.e. the relationship
between incident photon energy and a square root of photocurrent, the
threshold energy for electron injection at zero field was estimated to
be 2.93 eV by assuming a lowering of potential barrier due to Schottky
effect. There is a large difference between the fitting parameter

( about 1 eV ) ‘and the value obtained from the photocurrent ( 2.93 eV ).
One of the reasons for this would be in the fact that the former is
valid at high fields near breakdown, while the latter at zero field.
Further discussion on this difference in ¢D is given below.

Equation (7.2) of the Fowler-Nordheim tunnelling emission cur-
rent density is deduced in the exact sense by assuming a rectangular
barrier andan aéplied voltage to be much higher than the barrier
height at 0 K. Actually the tunnelling probability somewhat changes
with a variation of a‘barrier shape due to various factors such as
temperature and image force.

[9] calculated the tunnel probability for a rectangular

Simmons
barrier by considering image force and consequently derived an equa-
tion for the injection current density modified by this effect. The
maximum potential barrier height was found to be scarcely changed with
this modification.

Then, the role of the effective mass m* in eq. (7.2) Qés examined.
Calculations were carried out again, making ¢D a constant of 2.93 eV
and varying m* as a parameter in this case. Consequently, m* was
estimated to be about 0.1 m, by curve fitting. In a polymer which
consists of both amorphous and crystalline parts, electronic states

are so complex that it is difficult to introduce a concept of band

structure just like in a perfect crystal. Although many studies on
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electronic states in polymers have been carried out, much remains un-
known in its details. With regard to polyethylene, a few works on

[10,11] [10]

the effective mass have been reported Falk estimated

*
the effective mass of electron m of polyethylene to be 0.03 m, from

*
[11] also calculated m =

the theoretical calculation, and McCubbin
0.5 mg- Although there is no reports on m* for PPS and the physical
meaning of m* = 0.1 m, is not clarified, the value is compatible with
that for polyethylene. From the above consideration, it is found
that the effective barrier height @D = 2.93 eV obtained from the
photoconductivity measurement is not unreasonable, provided m*=0.lm0.
However, further investigation on actual electronic statés or mobility
of electron for PPS will be required.

Various models for a tunnelling process in which @D,is lowered

[12] discussed a

effectively have been presented. Riten et at.
multi-step tunnelling pass for current transport process of nGe-pGaAs
heterojunctions on the basis of Anderson model for abrupt heterojunc-

[13]

tions. Mahan et al. proposed a model for a highly nonlinear con-
duction in ZnO varister. In this case, thebelectron tunnelling is
triggered by hole creation in ZnO when the conduction band in the
grain interior drops below the top of the valence band at the grain
interface. If these effects are taken into account, a possible ex-
planation may be given to the difference of ¢D obtained from two dif-
ferent ways.

[14] et al. have reported that the ef-

On the other hand, Sanchez
fective barrier height is about 0.9 eV for Au-PPS contact from voltage
capacitance characteristics measurement. This value agrees well with
that estimated theoretically in the previous section. Since at pre-
sent there remainuncertainties about the estimated values of both QD

*
and m , further examinations on the above respects are expected to be

attempted.

-118-



7-4-2 Impulse Thermal Process

As shown in Chapter II, the fundamental equation of thermal

breakdown is given as follows:
CV ( 3T/3t ) - div (kgrad T ) = 3 F, (7.7)

where K is the thermal conductivity of the material. When the

voltage duration t, is sufficiently shorter than-Cvdz/lc, which is

B
denoted by tth’ the second term on the left-hand side, i.e. the heat

conduction term, .can be ignored, and eq.(7.7) is same as eq.(7.1l) ap-

proximately[lsl. Here, tth is referred to as the thermal time con-
stant of the material. Substituting the values for PPS, tin is eva-
luated to be about 1 usec. tB has been found to be more than a

several hundreds usec under the experimental conditions as described

in Chapter VI. Since t h is shorter than t it appears to be un-

t B’
reasonable to apply the impulse>thermal theory to the experimental re-
sults.

The second term of the left-hand side describes the heat conduc-
tion only in the bulk, and the necessary condition for applying im-

pulse thermal breakdown is that'tB<<'t when the heat dissipation to

th
the surroundings is ideally complete. A heat transfer coefficient
from the dielectric surface to the ambient must be incorporated. In

Chapter V, the theoretical relation between A and F_ was calculated by

B
adopting one dimensional form of eq.{(7.6) and ionic conduction. As
a conclusion, eq.(7.1) holds to a fairly good approximation even if

tB > tth' provided A is smaller than a certain critical value.

7-4-3 Electronic Impact Ionization Process

In the previous section, the injection process and the impulse
thermal one were only considered, so that the bulk processes such as

impact ionization and recombination etc. were neglected. In this
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subsection, electronic impact ionization and hole removal by drift

[16]

are considered as a possible bulk conduction. O’'Dwyer computed
the steady state conduction and showed that a region of negative re-
sistance on V vs. j curve appears, which is referred to as the current
controlled instability with dielectric breakdown. The above bulk
process will be introduced into the breakdown model given in Section 7-3.
O’Dwyer’s steady state conduction model, which is summarized in
Chapter II, is expressed by the following set of differential equa-

tions[lG]:

djn/dx -a j_ exp ( —H/F)/un‘F, (7.8)

n

dr/dx

(3 -3,/ € e, Uy Fy (7.9)

n r 'p

where jn is the electron current density, By and up are the effective
average mobilities referring to carriers in conduction levels and
traps, respectively, o exp ( -H/F ) and H are the ionization coeffic-
ient and a constant field strength, respectively, j the total current
density, and EOEr the dielectric constant of the material. In deriv-~-
ing eqgs.(7.8) and (7.9) following assumptions are made: The electrons
are assumed to have a much greater mobility than the holes, and they
alone cause impact ionization. The displacement and the diffusion
currents of both types of carriers are neglected. The cathode emits
electrons following the Fowler-Nordheim law, and the anode blocks the
emission of holes. The conduction current and the breakdown charac-

12

teristics were calculated, making €5 = 8.85 x 10~ Xx 3 F/m, H= 10

€
r
MV/cm and varying the other parameters. As mentioned, O'Dwyer took
the appearance of negative resistance as a breakdown criterion.

However, in order to explain the time dependence of FB obtained from

the experimental results, it is required to introduce the former

breakdown criterion such as impulse thermal breakdown.
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Figure 7.7 shows a typical example of the theoretical current
density as a function of the electric field for different values of
hole mobility up, with the other parameters constant. The tunnelling
emission current density is also shown in this figure with a broken
line. Theoretical field distribution in the bulk under'the same
conditions as in Fig.7.7 is illustrated in Fig.7.8. As can be seen
from these figures, smaller the value of up, i.e. slower the rate a;
which holes are removed from thée insulator, larger is the amount of

space charge accumulated in the bulk, enhancing the cathode field.

~ A
£ -~
o P
< 105 - a ta,/, C
] =
165 | 1 1 |
0] 1 2 3 4 5 6

F (MV/icm)

Fig.7.7. Theoretical current-field characteristics for difZerent hole
nobilities u; (a) u. = 1078 m&/V.sec and (b) 107 to 107%, for o /u
= 10]6 V/m2 and ¢D = 1.0 eV. (c) The broken 1ine represents Fowler-

n

-Nordheim tunnelling emission current density.
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Fig.7.8. Theoretical field distribution in the bulk for different values
of hole mobilities u _. Field is normalized by anode field, and distance
from anode is also normalized by thickness of film d (30002\): (a) u, =
1078 m2/v.sec, (b) 1077, and (c) 1075 to 1074, P

This leads to the occurrence of a negative resistance region. Using
the total current density and the field distribution obtained in this
way, eq.(7.5) was solved numerically. The theoretical impulse thermal
breakdown strength was determined as a critical field when the maximum
temperature in the bulk reaches Tc'

Figrue 7.9 shows a typical result of the calculated relation = be-
1

tween FB and up at 300 K, where o is taken to be 8.3 x 10l

and an/un and @D are changed widely. In the figure, broken lines re-

V/m.sec,

present Fp decided by the impulse thermal criterion and solid lines by
a negative resistance. It is seen that the impulse thermal breakdown
becomes dominant above a certain critical value of up for each value

of an/un, and F, decided by the impulse thermal breakdown is almost

B
constant for constant QD' Considering to fit the theoretical elec-

tric strength to the experimental one ( 4MV/cm ) and to take the
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Fig.7.9. Theoretical electric strength FB as a function of hole mobility

p_ for different values of effective contact barrier height and an/un.
Broken Tines represent values of FB decided by thermal breakdown criterion,
and solid lines represent those by negative resistance criterion. (a)
a /iy = 10% v/m?, (b) 108, (c) 107, (d) 168, (e) 10°, (£) 10'°, (g) 10!
(h) 10'2, (i) 10'3, (5) 10", (k) 10'%, (1) 10%6, and (m) 10'7.

1

impulse thermal breakdown as a breakdown criterion, QD must be 1.0 eV
and u_ must be beyond a certain value for a constant un/un.

The dependences of FB on temperature, field rising rate and pre-
stress were also calculated for different values of up. It was found
from these results that the best fit of the theoretical data to the
experimental results is also obtained when QD is 1.0 eV. This result
agrees well with the simple impulse thermal breakdown model neglecting

the bulk process. It follows that provided up is beyond a certain
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value, the space charge is scarcely formed, giving a physical basis
for neglecting the space charge in the model presented in the previous
section.

Other parameters M oM and an will be discussed below. Various

[17]

values of Mo have been reported for polymers, inorganic materials
and ionic crystals. If electrons are assumed to cause impact ioni-
zation and traverse through the extended zone in the conduction band,

3 mZ/V-sec[lS]. If Ae represents

it may be reasonable to let u_  be 10~
the mean free path for phonon collision in the field direction, the
ionization coefficient @ can be written in the form by assuming a
single electron ionization

o, = Hy F/Ae. ' (7.10)

o
Although the exact value of Ae unknown, if it is assumed to be 400 A,
which is not unreasonable in comparison with that reported for other

[17’19], an/un is evaluated to be 1016 V/m2 using

insulating materials
eq.(7.10) with F = 4 MV/cm.

If the above values arevalid, from Fig.7.9 up must be larger
than 10_7 m2/V-sec, above which the impulse thermal breakdown can
occur before a negative resistance appears, and a close agreement be-
tween calculated and observed values is obtained. The same an/un
was already used in the calculation of the current-field character-
istics and the field distribution shown in Figs.7.7 and 7.8, respect-
ively. Since up is assumed to be much smaller than My in the impact
ionization model, 10—7 m2/V-sec may be a proper value as up. The
parameters estimated from the impact ionization model are summarized
01 7

6 V/m2 and u_ = 10~ m2/V-sec.

as follows: ¢&_ = 1.0 eV, an/un =1 p

D

7-5 Conclusion

.In this chapter, a new simple breakdown model was presented on
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the basis of the experimental results on plasma polymerized styrene
thin films. In this model, the current is controlled by the Fowler-
Nordheim tunnelling emission from the cathode and the bulk breakdown
is gaverned by the impﬁlse thermal process. The numerically calcula-
ted values by discarding the space charge can be fitted to the depend-
ence of the temperature, field rising rate and prestress on the elec-
tric strength and time lag to breakdown. The value of the effective
barrier height @D for the electron injection was estimated to be 1.0 eV
by fitting the theoretical electric strength to the experimental one.
A steady sﬁate electron avalanche, was considered as a possible bulk
conduction. It was found that provided the mobility of positive
holes is beyond a certain critical value, the space charge is scarcely
established, giving a physical basis for neglecting the space charge
in the breakdown model. Also, the impulse thermal breakdown can oc-
cur before a negative resistance appears. The parameters involved in
the modified model were also discussed and estimated to be as follows:

B o al6 2 - 10=7 -2 .
QD = 1.0 ev, an/un = 10 V/m~ and up = 10 m° /v fec.
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Chapter VIII Electrical Breakdown of Polyethylene

8-1 Introduction

Many reports on the dielectric breakdown of polyethylene (PE)
have so far been published. The essential feature of the temperature

dependence of the electric strength FB of PE is schematically given
in Fig.B.l[l]. The temperature range can be classified into three

parts: Region I, II, and III, each of which corresponds to the dif-

ferent molecular states of PE.

In Region I, molecular state of PE is glass-like as microbrownian

motion of molecular chains in amorphous parts is frozen. F, scarcely

B
[2-5]

varies with temperature and increases with introducing polar

(6]

group , and impurity with rich electrons[7] and also with de-

creasing crystallinity[s'gl.

{10]

From these results, as well as that on

the time lag , the electron avalanche breakdown process is thought

dominant in this region. Nagao[ll] investigated the influence of the

Region III

Region I . | Region II

Electric strength

!
|
IIa IIb !

Tcl c2

Temperature

Fig.8.1. Outline of the temperature dependence of electric strength of PE.

-127-



nature of individual crystallite on the breakdown of PE with film
specimens of PE and ethylene-vinyl acetate composite polymers. He
suggested that at -80°C the electron avalanche develops over the re-
gion much greater than the size of individual crystallite but less
than 15 pum, and the initial electron is supplied from bulk PE.

In Region II, microbrownian motion of molecular chains in amor-
phous parts is released, and the amorphous parts represent a rubber-
-like state. In this region, Frohlich’s original amorphous break-

down theory[6'12], and its modified theory[l3], the electron avalanche

(14] [15-17]

theory and the free volume breakdown theory , are suggested

to be applicable. In Region IIa, a strong temperature dependence of

Fg is observed related to the molecular motion in the glass-rubber

transition region. In Region IIb, F
[8,11,13]
’

scafcely depends on temperature
[13]

B

and thickness and decreases with increasing crystallinity
A tentative model for the breakdown process was presented[ll] in which
the released molecular motion enhances the electron transport across
the amorphous parts. In this model, the time variation of intermole-
cular barrier and of trap level due to molecular motion was taken into
consideration. However, it was found that the dominant breakdown
process in this region is varied with the wave form of the applied

[14) and also space charge effect cannot be neglected[ls].

voltage
Further investigations are, therefore, required.

In Region III, the critical temperature Tc2 ( see Fig.8.1] ) for
high density PE is reported to be higher than that for low density PE
[11’14]. The electric strength Fg increases with cross—linking[lgl
due to increase of the softening point. These results suggest that
electromechanical breakdown due to Maxwell stress occurs. It was
also suggested from the relation between pre-breakdown current and FB

[20]

that thermal breakdown process is dominant Electronic thermal

breakdown was also considered as a dominant breakdown process after
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eliminating the effect of the electromechanical deformation[ZI].

As mentioned above, much experimental works have been made on the
dielectric breakdown of PE. However, the breakdown process of PE is
still not completely understood in temperature region above room tem-
perature. This has been mainly because of its highly complex struc-
ture and a presence of unknown additives. In order to solve this
problem, it is necessary to elucidate the correlation between the
electric strength and the inherent nature of the polymer, such as
chemical structure, molecular motion, structural irregularities, and
presence of additives, etc..

In this chapter, the influence of the polymer morphology on the
electric strength is investigated, focussing attention to high temper-
ature region. The effect of the solid structures such as crystal-
linity and density to the electric strength is discussed firstly.

Next, the relation between cross-linking by silane and Fp is discussed.

8-2 Experimental Procedure

Measurements were made on films of about 20 or 30 um in thickness
by using a ramp voltage or a rectangular pulse voltage. Detaied de-
scription of the samples is given along with experimental results.
Unless otherwise noted, the direct voltage was increased at a rising
rate of 500 V/sec, and the amplitude of succesive pulses with about
0.2 usec rise time and 5 usec width was increased by a step of 50
V/pulse at a repetition rate of 10 Hz. Gold electrodes with diffused
edges were applied on both sides by vacuum deposition ( Fig.8.2 ) to
prevent occurrence of partial discharge due to a concentrated electric
field. Samples were immersed in a suitable liquid, liquid nitrogen
at -196°C and silicone o0il at the other temperatures, kept at a con-

stant temperature.
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Smmé 45 frused edge

PE film
20mm¢

Fig.8.2. Film specimen.

8~3 Solid Structure and Electrical Breakdown

8-3-1 Results

Samples used were of approximately the same melt flow ratio re-
lated to molecular weight but with different melting point. These
properties are summarized in Table 8.1.

Figure 8.3 shows the temperature dependence of electric strength
F, of these samples by applying the ramp voltage over a temperature

B
range from room temperature to meliing points. From this figure, F

B
at room temperature and 95°C are replotted as a function of density
and melting point in Figs.8.4 and 8.5, respectively. It is seen from
Fig.8.3 that the critical temperature Teoor which is defined as the
temperature where the steep fall of Fp begins, shifts to a higher tem-
perature with increasing density and melting point. On the other

hand, F, at room temperature decreases with increasing density and

B
melting pbint. The behavior of FB at 95°C is opposite. The temper-
ature dependence of Fg under the application of rectangular pulse is
shown in Fig.8.6 to 8.9. The results by ramp voltage are also in-
cluded by filled circles for comparison. As can be seen, in all sam-

ples, F, obtained by applying the pulse voltage is slightly higher or

B
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Table 8.1. Physical parameters of PE.

Density Tm M.F.R.
(g/cm3) (°C) (g/10min)
PE-1 0.917 110 1.0
PE-2 0.926 118 1.5
PE-3 0.928 128 1.0
PE-4 0.951 137 1.0
PE-5 0.920 124 1.5
O PE-1
A PE-2
-~ 6 - O PE-3
E ~o_ _\8\-13 - v PE-4
s SR
4+ o~_ Ab. W
- \\\\:\\ v
N
;Hm O\\\ \D.. \\
oA T\
2 L NN .
1 1 | ; |
25 50 75 100 125

Ty ( °C)

Fig.8.3. Temperature dependence of electric strength of the four kinds-
of films by applying a ramp voltage at voltage rising rate of 500 V/sec.

=
3 ~6 b 0&25%
o) o o
- ¢ N o]
@ O =
[} o — 4 |- ®
4+ ® 95°C 95°C
/ 5 o
®
] |
! . 110 130
0.92 0.94 T (°C)
. 3 mo
Density (g/cm™)
Fig.8.4. Relation between Fp and Fig.8.5 Relation between Fy

and density. melting point.
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Fig.8.6 . Temperature dependence of electric strength for PE-1.
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Fig.8.7. Temperature dependence of electric strength for PE-2.
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Fig.8.8. Temperature dependence of electric strength for PE-3.
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Fig.8.9. Temperature dependence of electric strength for PE-4.

nearly equal to that obtained by applying the dc ramp voltage, while

this difference in the electric strength becomes larger above Tc2'

8-3-2 Discussion

In room temperature region, FB decreased with increasing density.

[13]

This result can be compared with the recent result on the effect

of the degree of crystallinity on the electric strength. In this

[13], the degree of crystallinity was changed by varying the

reference
annealing condition on the same high density PE samples and a qualita-
tive explanation was given employing themodified Frdhlich’s electronic
thermal breakdown theory. In this model, the depth of shallow trap
levels for electrons was poétulated to increase with crystallinity[lB].
However, FB of PE-1 varied with voltage duration over the range from
1 usec to about few seconds as shown later. Therefore, it is diffi-
cult to understand the breakdown of PE in room temperature region sim-
ply in terms of the electronic thermal breakdown,

In a temperature range above Tc2’ the variation of the electric
strength with temperature appears to be closely relafed to the melting

process of the crystallites, since the critical temperature Tc2 has
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been found to increase with increasing melting point, Tm. It was

suggested[22]

that an increase in amorphous region at high temperatures
due to the melting of the crystallites causes an increase in ionic
conductivity. One possibility of the breakdown mechanism at high
temperatures would be thermal breakdown due to an increase in ionic
conductivity. Another possibility is formation of ionic space charge
near the cathode, leading to an enhancement of the field in the vici-
nity[23]. These two interpretations are consistent with the depend-
ence of FB on the duration of voltage application. On the other band,
an increase in amorphous part with temperature also introduces a low-
ering of Young's modulus of the sample. Electromechanical deforma-
tion of the sample caused by Maxwell stress is also, therefore, pos-
sibly responsible for the breakdown process.

In order to get a more detailed information, the electric stren-
gth of PE-1 was investigated, varying the voltage duration over a wide
range from 1 Usec to few seconds. Applied voltage was obtained by
transforming a rectangular pulse voltage to a ramp voltage with
charging of a capacitor through a resistor which could be varied to
attain different rise time. Breakdown oécurred during the wave front
of the impulse voltage. Voltage across the specimen after being di-
vided by means of high voltage probe was measured with a digital volt-
meter (FUJI SEIMITSU DENKI, PPV-9A) through a peak hold circuit.

Time to breakdown taR was determined from the time constant of the
.circuit, the magnitude of the rectangular pulse, and the breakdown
voltage.

Figures 8.10 to 8.13 show the electric strength of PE-1 as a fun-

ction of t for different temperatures. In each figure, tha data at

BR

t of about 10 sec are the results obtained by applying a ramp vol-

BR

tage at 500 V/sec as shown earlier. At -196°C, Fp is almost inde-

pendent of tBR' at 30 and 60°C, FB shows a maximum at tBR of about 100

-134-



8} . o v
- 3-
g 6} . ¥
O
g
- 4T
h‘m
- - o
.1 T, = -196°C
0 1 1 1 [ AT | 1 ] 1
160616 10410316210t 1 10
tBR ( sec )

Fig.8.10. Electric

8

Fu ( MV/cm )

strength as a function of voltage duration at -196°C.

?——-2;
B L .
by -
- o
I T, = 30 °C
1 1 1 1 - 3 1 T 1 1
1016°%10%16310%160% 1 10
tBR( sec ‘)

Fig.8.11. Electric strength as a function of voltage duration at 30°C.
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Fig.8.13. Electric strength as a function of voltage duration at 90°C.

to 1000 usec, and at 90°C decreases slowly with increasing voltage
duration.

The result at -196°C is in favour of the electronic breakdown
[2-5]

process , since FB scarcely changes within the experimental con-
dition. One of the reason for the initial increase in Fo with in-
creasing tyr 2t 30 and 60°C is considered to be the effect of a re-
duction in the field stress[24]. Watson[24] interpreted that the

subsequent fall in F_ with increasing voltage duration would be caused

B
by the disappearance of the space charge in the vicinity of each elec-
trode due to charge transport within the specimen. However, the ex-

perimental result showed that F_ in the case of applying dc ramp

B
voltage decreases with increasing temperature in the range above room
temperature. This suggests that the breakdown mechanism in this
temperature range may change into thermal or electromechanical break-
down process as tBR becomes longer[25’26'27]. The above considera-
tion can explain the decrease in FB at 90°C with increasing tBR to be
caused by a shift of the critical voltage duration to lower values, at

which the dominating breakdown process changes from the electronic
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breakdown to another process such as thermal breakdown or electro-
mechanical breakdown. The dependence of Fy on tsr at different
temperatures is illustrated in Fig.8.14. The breakdown process
therefore depends on the temperature and voltage duration. These

results for PE-1 support the previous discussion on the breakdown

process at hich temperatures for different types of PE in terms of

\.
(d) N
. R N
—— — — _/_ _— e —_— —
AN i} T T
o AN NI
2 D NN
T1<T2<T T3\\ N <
.\.‘
tBR

Fig.8.14. Schematic illustration of
breakdown mechanisms for PE-1.

------- Electronic breakdown

t — +— Space charge effect

— ..— Thermal or electromechanical
breakdown

—~———— observed breakdown character-
istics

(a) T0 = T], (b) T0 = T2’ (c) T0 = T3.

T] <T2 <T3. These are plotted together in

(d).
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electromechanical breakdown or thermal breakdown in a dc voltage
application.

In order to examine the effect of electromechanical deformation
on the breakdown process, the relation of Young’s modulus to the
electric strength was examined. Measurements of electric strength
and Young’s modulus were made on two types of samples, PE-1 and PE-5.
These samples, as shown in Table 5.1, differ in melting point but
have almost the same density. The outline of the measurement of
Young’s modulus is as follows: A film 4 mm wide and 25.4 mm long,
at a given temperature, was drawn along the direction of the film
length at a drawing rate 6f 10 Um/sec in air. Young’s modulus Y was
calculated from the equation below with the simultaneously measured

drawing ratio.
Y o= L/ 0 (1-15)/ 141, (8.1)

where y is the load, S is the cross-section of the film before drawing,
and lf and l0 are the sample length after and before drawing,
respectively.

The temperature dependence of Young’s modulus for PE-l and PE-5
in the temperature range from room temperature to the vicinity of the
melting point is shown in Fig.8.16. Each point represents the
maximum value of Young’s modulus in a sample within 5% of drawing
ratio. It is observed that Young'’s modulus at the same temperature
for PE-1 and PE-5 is almost the same and the shape of the temperature
dependence of Y is also similar each other.

Theoretical electric strength Fem determined from electromechani-

cal breakdown process, as described in Chapter II, can be expressed as

Y
F, o= (—)
808

/2 exp ( -1/2), (8.2)

r
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Fig.8.15. Temperature dependence of Young’s modulus.

where EO and er are the permittivity of the free space and relative
permittivity, respectively. Since PE-1 and PE-5 have the same values
of Y and € v the theoretical values of Fem in two types of samples
also agree. By using the value of 2.3 for €. and the average Young's
modulus shown in Fig.8.15,Fem was estimated. Figure 8.16 shows the
temperature dependence of calculated Fem' as well as the experimental

results of F_, for PE-1 and PE-5 by applying a ramp voltage at a field

B
rising rate of 0.2 MV/cm.sec. The main features of the results shown

in Figs. 8.15 and 8.16 are as follows:

(1) Below about 70°C, Young's modulus of PE-1 is almost equal to that
of PE-5, but the electric strength for the former is higher than that
of the latter.

(2) Above about 70°C, Young'’s modulus and electric strength are the
same for PE-1 and PE-5.

Thus, it is considered that a lowering of Young’s modulus causes a
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Fig.8.16. Temperature dependence of FB for PE-1 and PE-5. Dotted dash line
represents Fem estimated from the obtained Young’s modulus.

common influence on the breakdown characteristics of both, PE-1 and
PE-5, above 70°C. In this temperature region, it was also found that

for both types of films, F_, obtained by applying the rectangular pulse

B
is higher than that by applying the dc ramp voltage.

The theoretical electric strength Fem does not agree with the
experimental results and above 70°C the former is about two times
larger than the latter. Therefore, the breakdown characteristics
cannot be simply understood only by the electromechanical breakdown
process. It is required to investigate multi-step breakdown processes
involving the effect of Maxwell stress or a local electromechanical
(28]

breakdown at a weak spot in a sample as presented by Block

Electrical conduction plays an important role in thermal
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breakdown process. In order to discuss the breakdown characteristics
obtained at high temperatures in terms of thermal breakdown process,
measurements of the electrical conduction were made. Samples used
were PE-1, PE-3, and PE-4, sandwiched with gold evaporated electrodes
of 15 mm in diameter. The schematic procedure of the experiment is
shown in Fig.8.17. A step voltage was applied to the sample for

10 min. and then shortcircuited for 10 min. at a given temperature.
Next, the magnitude of voltage was increased by a given value, and
this procedure was repeated at different temperatrue. Lastly, to
check reproducibility , measurements were repeated for initail
condition.

7 Figures 8.18 to 8.20 show the field-current density character-
istics with temperature as a parameter for PE-1, PE-3, and PE-4,

respectively. The 10 mih. value of the current after the voltage

| 100°C|
! 80°C-!/T N 80°C|

T
!

30 ‘100 i3o

i 100 | | 100 i
min. ‘min.! min. 'min. in,
SET 30min

T. - time

0 1443v
1153v
865V
576V
289v

0 10 20 30 40 50 60 70 80 90 time (min.)
Applied voltage

Fig.8.17. Procedure for conduction current measurement.
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application was taken to decide conduction current density in these
figures. It is found that the current densities at both 80 and 100°C
for PE-1 are lower by about one order of magnitude than those for PE-4.
Contrary to this, FB for PE-1 was lower than that for PE-4 in this
temperature range, as already shown. In general, thermal breakdown
strength decreases with increasing conductivity of the sample. The
obtained result, therefore, seems to be completely opposite to the
prediction from thermal breakdown process. Thus, it appears that
simple interpretation in terms of thermal breakdown process cannot also
give a satisfactory explanation to the breakdown of PE films at high
temperatures. However, there are some unclarified points in the above
discussion about the interpretation of electrical conductivity and
thermal breakdown ; namely, the difference in wave form of the
applied voltage in the measurement of conductivity, the determination
of the current density from the value at 10 min. after voltage appli-

cation and the measurement of the electrical conduction in relatively

low field, etc..

8-4 Effect of Cross-linking on Electric Strength

In the previous section, the relation between the solid
structure and the electrical breakdown was discussed, paying special
attention to the high temperature region. It was suggested that
electromechanical deformation may be partly responsible for the
breakdown process. Therefore, cross-linking is expected to cause an
increase in Fy in the temperature region where the mechanical defor-
mation is effective. In this section, the effect of cross-linking
on the breakdown characteristics of PE is examined. Correlation of

mechanical properties to the electric strength in the high temperature

region from room temperature to 160°C is mainly discussed.
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8-4-1 Specimen

Specimens were two kinds of 25 ym thick silane cross-linked PE (
Linkron X. Mitsubishi Petrochemical Co. Ltd. ) with different gel
content which gives a measure of cross-linking. The physical para-
meters of these films are listed in Table 8.2, as well as that of
PE-1 which is the base polymer of the cross-linked PE and contains no
silane cross-linking group. The method for measuring electric

strength and Young'’s modulus has already beenmentioned in Section 8-3.

8-4-2 Results and Discussion

Figrue 8.21 shows the temperature dependence of FB for the silane
cross-linked PE by applying a ramp voltage at the rate of 500 V/sec.
This figure also contains the result of PE-1. It can be seen that in
a temperature region from room temperature to about 90°C, FB for si-1
is almost the same as that for PE-1 and decreases with increasing
temperature. Above 90°C, variation in FB for Si-1 is small. On the
other hand, Fy for Si-2, which has higher degree of cross-linking, is
equal to that for PE-1 from room temperature to 50°C, while from 50°C

to 160°C, is higher than those for PE-1 or Si-l. The effect of

cross-linking due to high energy radiation on the dielectric

Table 8.2. Physical parameters of silane cross-linked PE.

Density M.F.R. Silan content Gel content
(g/cm3) (g/10min) (weight %) (weight %)
Si-1 0.921 1.2 0.5 73
Si-2 0.928 4. 5.0 95
PE-1 0.917 1.0 —_— -
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Fig.8.21. Temperature dependence of electric strength by applying a ramp
voltage at the rate of 500 V/sec for PE with a different degrees of
cross-linking by silane.

breakdown of PE at high temperature has been studied by many research-
ers[a'lg’zl]. The cross-linking leads to the rise of the softening
point and resulting in a marked increase in Fg- A similar behavior
is also obtained for the case of the cross-linking by silane.

Young’s modulus of Si-1 and Si-2 was also measured at different
temperatures. The electric strength measured at the same temperature
is plotted in Fig.8.22 as a function of Young’s modulus for Si-1 and
Si-2, as well as PE-1. The solid line in this figure represents the
theoretical electric strength estimated from the electromechanical
breakdown theory, using the experimental values of Young’s modulus.

As shown in the figure, the electric strengths for different three
types of PE can be expressed as a function of Young’s modulus, irre-
spective of temperature. As mentioned above, the dc breakdown
characteristics of PE at high temperatures have been found to be
closely related to the mechanical property in.silane cross-linked PE

also. However, the theoretical value obtained from the simple
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Fig.8.22. Electric strength as a function of Young’s modulus.

assumption of electromechanical breakdown process is about two times
higher than the experimental value, except in the region of small
Young’s modulus. Thus, it cannot be concluded that only the simple
electromechanical breakdown assumption can be taken to explain the
experimental result. Further consideration is required as mentioned

in the previous section.

8-5 Conclusion

Electrical breakdown of polyethylene (PE) was studied in the high
temperature region above room temperature. Firstly, the relation
between the solid structure and the breakdown characteristics was
examined. Various kinds of specimen with’different physical para-
meters were prepared.

The electric strength obtained by applying dc voltage at room
temperature decreased with increasing density and melting point of PE,
and this behavior was reversed at 95°C. The electric strength for

the case of rectangular pulse was higher than that for the case of dc
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voltage application.

Further, the effect of the electromechanical deformation on the
breakdown process was investigated. Young'’s modulus of PE-1 and
PE-5, which have the same density but differ in the melting point, was
measured. It was found that above 70°C both Young's modulus and the
electric strength of these samples aimost agreed. However, the
theoretical value of electric strength calculated from the measured
Young’s modulus by using a simple assumption of the electromechanical
breakdown theory was about two times as large as the experimental
values.

The electrical conduction measurements were also made. As a
result, it was difficult to understand the results of both conduction
and breakdown data only in terms of thermal breakdown process.

From all the experiments, it was found that although the break-
down of PE at high temperatures is not considered as a simple
electromechanical breakdown process, the breakdown is affected by the
mechanical deformation due to Maxwell stress.

The influence of cross-linking by silane was also investigated.
It was found that the cross-linking by silane raised the electric
strength at high temperatures near the melting point of PE. Above
50°C, the electric strength increased as the degree of cross—linkiné
became higher.

The measurements of Young’s modulus were also made with the
cross-~linked PE. It was found that the electric strength above room
temperature could be expressed as a function of Young's modulus, ir-
respective of the sample type or temperaturé. However, a good agree-
ment between the theoretical strength and the experimental one was not
obtained, although the dc breakdown characteristics of PE and silane

cross~linked PE were found to be closely related to Young’s modulus.
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Chapter IX Conclusion

9-1 Principal Results

Lastly, overall conclusion over Chapter I to VIII will be
given as follows:
(i) The research work presented in this thesis was devoted to
advance the understanding of the electricalbreakdown process for
polymeric insulators, especially in a high temperature region. An
approach was attempeted to interprete the experimental results on
electrical breakdown from the standpoint of the thermal breakdown
process in order to see to what extent the breakdown of polymer can be

explained by the thermal breakdown theory.

Electrical Breakdown of Polyimide

(ii) The effects of hydrolysis and water absorption on the electric
strength of polyimide film (PI) were investigated, based on the
reports on the breakdown mechanism of polyimide and the effect of

heating.

(iii) Any direct evidences for further imidization by the heat
treatment could not be obtained with infra-red spectroscopy. There-
fore, the effect of hydrolysis on the electric strength was studied,
since the hydrolysis increases the concentration of polyamic acid
contrary to the case of the imidization. After the influence of the
secondary causes such as water absorption process and re-imidization
process was examined, it was indicated that the presence of poly&mic
acid affects the breakdown characteristics. Thus, the further
imidization is possibly one of the factors which contribute to the
improvement of the high temperature electric strength with the heat

treatment.
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Electrical Breakdown of Poly(vinylidene-fluoride)

(iv) The dielectric breakdown of poly(vinylidene-fluoride) (PVDF)
was studied over the temperature range from room temperature to 150°C
by applying a linearly rising voltage. The electric strength was
more than 8 MV/cm at room temperature, but above 50°C it fell rapidly
with increasing temperature and depended on the rate of rise of the
electric field but not on the sample thickness. An attempt was made
to apply the impulse thermal breakdown theory to the data obtained
above 50°C. Assuming ionic conduction, the temperature rise of the
sample under voltage application was calculated numérically using
impulse thermal breakdown theory. By fitting these theoretical elec-
tric strengths to the experimental values, the conduction parameters
were estimated as follows; activation energy was 0.9 eV, ionic jump

o
distance was 9 A, and pre-exponential factor j0 was 1.2 x 107 A/cmz.

(v) The case of including Poole-Frenkel effect in a dissociation
process of ionic charges was also discussed. In this case, the
estimated parameters became as follows if the ralative permittivity

is taken to be 10 to 14; activation energy 0.9 eV, jump distance 4 i,

and j, 6.5 x 10° a/m?.

(vi) In order to get an information on improvement of the electric
strength of PVDF in high temperature region, the influence of the

changes in ionic conduction parameters on F_, was studied quantitative-

B
ly. It was found that for improving FB by 1 MV/cm, for example, the
density of supplying source of thermally dissociated ions must be
decreased by two orders of magnitude, independent of whether taking
into account Poole-~Frenkel effect or not. It was also shown that

the equivalent increase in F_ could be attained by either decreasing

B
(-]
the jump distance by 1 to 1.5 A or increasing the activation energy
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by 0.05 ev.

(vii) The relation between the solid structure and breakdown
characteristics was examined by using samples with various ratios of
different crystalline phases. It was shown that the change in the
crystalline structure would be accompanied by the change in the

ionic conduction parameters.

Condition Required for Using Impulse Thermal Breakdown Theory

(viii) In the thermal breakdown, the impulse thermal assumption in
which the heat conduction term is neglected is valid when the thermal
time constant of dielectric tin is greater than the time to break-
down tB provided the heat conduction from the dielectric surface to
the ambient is ideally complete. However, many reports have been
published which insist the impulse thermal mechanism even under the
<t,. In this thesis,the impulse thermal theory is

th B
shown to be successfully applied to the discussion on the breakdown

condition t

process for PVDF and PPS in spite of the condition tth< tB. These
are based on the following prediction. Provided the heat conduction
from the dielectric material to the surroundings is insufficient,

the impulse thermal breakdown form is expected even though tin < tB.

Therefore, a quantitative examination on this relationship was made

on the basis of the fundamental equation of thermal breakdown.

(ix) The fundamental equation of thermal breakdown was numerically
solved under the boundary condition which obeys Newton'’s law of
cooling for various values of heat transfer coefficient A from the
dielectric surface to the ambient. As a result, it was found that
the impulse thermal assumption is valid even if tih < tB provided A

is smaller than a critical value. The theoretical electric strength

-152-



was presented as a function of A for poly(vinylidene-fluoride).
The calculation was done using the ionic conduction parameters
estimated for PVDF in Chapter IV. In the case of a 12.5 um thick
film at 100°C, the calculated electric strength is nearly the same
as that estimated on the impulse thermal assumption provided A <

1 W/mz.K.

(x) Further, the effect of the heat transfer coefficient on the
breakdown characteristics was investigated. From an example of
numerical calculation assuming ionic conduction, the following
qualitative result = on the theoretical feature of thermél breakdown
characteristics was obtained. Fgo depends on the field rising rate
and is almost independent of the thickness, provided ) is so small
that the heat loss from the surface is negligible. On the contrary,

for the case of ideally complete heat dissipation, F_, scarcely

B
depends on the field rising rate but remarkably depends on sample
thickness in the region of field rising rate which does not hold the

condition for the impulse thermal assumption.

Electrical Breakdown of Plasma Polymerized Styrene Thin Films

(x1) Electrical breakdown of plasma polymerized styrene thin films
(PPS) was étudied by taking advantage of self-healing. The electric
strength Fy was almost independent of temperature from -196 to 200°C,
and strongly depended on voltage rising rate even in a slow rising
rate. The breakdoﬁn characteristics were influenced by electrode
metal and ambient atmosphere, but not by X~ray irradiation or photo
illumination. From the experimental results, the breakdown meché-
nism of PPS was discussed with existing breakdown theories. Con-
sequently, any single breakdown process could not be considered as

a possible breakdown mechanism. As a result, the results important
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to deduce a new breakdown model were presented: The breakdown of
PPS will be determined by thermal breakdown criterion, and

strongly related to a temperature independent injection process.

(xii) A new simple breakdown model was presented on the basis of
the experimental results on plasma polymerized styrene thin films.
In this model, the current is controlled by the Fowler-Nordheim
tunnelling emission from the cathode and the breakdown is governed
by the impulse thermal process. The numerically calculated values
by discarding the space charge could fit the dependences of electric
strength on temperature, field rising rate and prestress, and are
also consistent with the other experimental results. Further, a
steady state avalanche was considered as a possible bulk conduction.
It was found that provided the mobility of positive charge is beyond
a certain value, the space charge is scarcely formed, giving a

physical basis for neglecting the space charge.

Electrical Breakdown of Polyethylene

(xiii) The electrical breakdown phenomena at high temperatures was
studied on polyethylene (PE) with different physical properties.
The correlation between the solid structure and breakdown character-
istics of PE, and the effect of silane cross-linking on F, were

studied.

(xiv) The electric strength Fé measured by applying dc voltage at
room temperature decreased with increasing both density and meiting
point.‘ On the contrary, the relation at 95°C was reversed to the
case at room temperature. The dependences of Fp on the electro-
mechanical deformation due to Maxwell stress and on electrical

conduction were discussed. It was found that the breakdown
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characteristics of PE above room temperature cannot be understood
only in terms of electromechanical breakdown process or thermal
breakdown process. It was indicated, however, that the break-
down mechanism at high temperatures is possibly related to a

variation of Young'’s modulus.

(xv) The effect of cross~linking by silane on the breakdown
characteristics of -PE was discussed. It was confirmed that the
silane cross-linking caused an increase in Fy in a temperature
region above 50°C,. A correlation between Young'é modulus and Fo
for silane cross-linked PE was obtained. It was found that Fg
above room temperature can be expressed as a function of Young's
modulus, irrespective of measuring temperature. It was concluded
that the dc breakdown characteristics of PE as well as silane cross-
-linked PE at high temperatures can be considered to be closely re-

lated to Young'’s modulus.

(xvi) In order to elucidate the breakdown mechanism of PE at high
temperatures, it is required to invoke multi-step breakdown processes
involving the effect of mechanical deformation or local electromech-

anical breakdown at a weak spot in a sample.

9-2 Practical Significance of the Present Work

The practical significance of present work can be summarized
as follows:
(i) The electrical breakdown mechanism of polyimide in high tem-
perature region was reported to be thermal breakdown. Thus, for an
elevation of electrical insulation properties at high temperatures
it is required to reduce the electrical conductivity. For this

purpose, it was found to be necessary to recognize the supply source
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of carriers contributing to electrical conduction and to establish

a way to reduce them. One way of improvement is reported to be the
heét treatment with which a prominent increase in the electric st-
rength of commercial imide polymers could be obtained. In the
thesis, in order to elucidate further the relation between polyamic
acid in polyimide and the dielectric breakdown, the effect of hydro-
lysis was studied , which increases the concentration of polyamic
acid with a process opposite to imidization. It was confirmed that
the further imidization is possibly one of the factors which contri-
bute to improvement of the high temperature electric strength with
the heat treatment. However, in a practical application, variation
of chemical and mechanical properties accompanied with the heat
treatment should be examined to establish the best condition of the

treatment.

(ii) Poly(vinylidene-fluoride) (PVDF) is expected to be applied

to active devices because of its piezoelectricity and pyroelectricity.
The thermal breakdown process was also considered as a dominant pro-
cess of dielectric breakdown in PVDF at high temperatures. The
removal of impurities and the stabilization of materials containing
thermally dissociated ions may be a powerful means for a reduction

of the density of ions, which would result in the improvement of the
electric strength in a high temperature region. Besides these
methods, the result in Chapter IV showed that the modification of

the solid structure, which would lead to a change of ionic conduction
parameters, especially ionic jump distance and activation energy, is
expected to be a remarked way for an improvement of the electric
strength. In order to realize such improvement, it is strongly
needed that the microscopic physical meaning of the ionic parameters

is given in the light of the solid structure.
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(iii) Thin polymer films produced by a glow discharge method are
expected to have practical applications to various electronic devices
and electrical insulations. In this connection, the electrical
breakdown of plasma polymerized styrene thin films (PPS) was studied.
As a result, all the experimental results were consistently explained
by a presented model: The current is controlled by the tunnelling
emission from the cathode and the bulk breakdown is governed by the
impulse thermal breakdown process. From the result, as well as the
discussion on a steady statevavalanche bulk conduction,it is expected
that the electric strength is increased by the following ways:

(1) to decrease the injected conduction current, and

(2) to suppress the effect of positive space charge produced

by impact ionization.

For (1), it is effective to iﬁcrease the effective barrier height
between the cathode metal and the polymer, or to increase the ef-
fective mass of the electron in the dielectric. For (ii), it is
effective to increase hole mobility for the suppression of formation
of space charge, or to decrease the electron mean free path and

increase ionization energy for the suppression of impact ionization.

(iv) The electrical breakdown mechanism of polyethylene at high
temperatures was not completely understood in terms of thermal
breakdown process or electromechanical breakdown process. However,
it was shown that the dc breakdown characteristics of PE at higher
temperature than about 50°C are possibly related to Young’'s modulus
of the measured samples, in silane cross-linked PE also. It can be
said that one of good ways for an improvement of the electrical
insulation properties is to improve the mechanical properties of PE.
As an example, the silane cross-linking of PE was found to be a good

way for this, in addition to the merit of its easiness for
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manufacturing.

As mentioned above, various new informations given in this
thesis shoﬁld greatly contribute not only to the understanding of
the fundamental breakdown characteristics but also to the improve-
ment of the electric strength at high temperatures for polymeric

insulating materials.
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