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ABSTRACT

Electrical properties.of dielectric thin films
have been a-Subjéct of intensive theoretical and experi-
nmental investigations for the last many yeafs as these
properties reveal their practical appliOations as
insulating layers.Technological interest produced a
great iﬁcrease int@p efforts devoted to this subject.
Particularly, interesting is the study of the dislectric
‘lbreakdown behaviour of thin fiims. In the present work,
%uilt—up"Lahgﬁuir films of metallic salts of fatty acids
such aS‘barium-stearate etc. have been studied. These
studies haVe been greatly enhanced because of their fole
in the theoretical development of the subject and a variety
of some highly miniaturised solid stateldielecﬁric devices.
Incidently, such 'built-up' films of barium stearate etc.,
have recently been proved promising from this point of

view,

A number of mechanisms and many theories of dielectric
breakdown have beén proposed from time to time but they
- do not prbvide a wholly satisfactory explanation of fhe.
various observed breakdown phenomena. As is well known,
the temperaturé'dependence study of the dielectric break-
down field in thin filhs has played a fundamental role
in the development of the ‘subject theoretically. Much

of the recent work on breakdown behaviour of thin films
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relatedto the temperature dependence of the breakdown
field has been reported, which is evidently important

from device application point of view.

| The sandwich structures of the type Al-film-Al
were obtained using 'built-up' films of the metallic
salts of some long chain fatty acids IDHS(CHZ)n~2COOED
with different number of carbon atoms in the chain
length as the insulating media between two thermally
depogited aiuminium electrodes. Insulating films weée
'built-up' using'a‘delicate but simple technique of
Blodgett and Langmuir. The films obtained by this tech-
| nigque are found to be ideally suitable for the preéent
studies because of their highly uniform thicknesses
which are closely controllable in low ranges'(to~25z)
and are accurately known. These films have the added
advantages of high structhal perfection, high dielectric
strength, easier feproducibility and good thermal stability
which, of course, was essential for the present tempera-
~ ture depehdent studies. A gieat care is, however, néeded
at all staggs during film deposition to minimise acci-
dental vibrations and dust coﬁtamination for obtaining
films frée from gross defects. These films are érystalline
in nature forming hexagonal crystals with the symmetry

axis (optic axis) perpendicular to the plane of the film,

It is shown that when a film insulation ig used

between two thin metal electrodes, a high breakdown
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;strength is observed. Temperature dependenf d.c. bregk=
down characteristics of the 'built-up' films of barium
palmitate, margarate, stearate and behenate have been
studied in the temperature range, from 320°K down fo‘
liquid nitrogen temperatures(77°K). The investigations
have been carried out on films of both moderate thick-
nesses»(20 layers) and on ultra thin films(1-10 layers).
Mainly, two breakdown events, widely‘differeﬁt from

each other i.e. 'onset breakdown' shown by an abrupt

rise in the current and 'destructive breakdown' accompanied
by a large scale'destruction have been.distingﬁished. For
variasble tempersture measureménts, the samples were placed
in a seif designed and fabricaﬁed thermal probe which T
formed a vart of the cryostatie arrangement designed and
fabriéated by the author. Below about 200°K, the 'onset!'-
breakdown field was found %o bé independent of temperature
due to the tunnel dominéted electron injection process
from the cathode. Above about 280°K$Schottky- emission orv
thermionic emission was taking place_and the breakdown
field was found to decrease with increase in temperature.
In between these two temﬁeratures (i.e. between 200°K

and 280°K) the breakdown field is found to decrease slowly
vith temperature as both the tunnel and Schottky effects
play their role in thié range. These results are qualitat-
ively in favour of Forlani-Minnaja's field émission theory.
Incidently, it is now alméstgenerally accepted that

the principal mechanism involved in the electronic breakdown



is the formation of an electron avalanche and the Forlani-
Minnaja theory best explains many of the results obtained.
Jome additional evidence have also been given to show the
non-thermal and electronic nature of the breakdown events

in the present film system.

Another aspect of breakdown i.e. the '‘maximum break-
down voltage' at which a large area of the capacitor gets
destroyed through sparks is also studied in the present
work., It is also important from the device application
point of view as it determines the practically impbrtant
'"ultimate dielectric strength' of the film. It is observed
that the breaskdown field at which the film largely
destroyed; decreases with inéreésing temperatures. This
destruction'has been'illustrated through transmission and
reflection photomicrographs. The V-J characteristics in
the non~destructive phase have also been obtained and given
in the present work. Since the mode;n theories do not
describe in detail, the actual mechanism of destruction,
the results on destructive breakdown.évent are not inter-
preted theoretibally. However, a qualitative explanation
has been provided to differentiate between the 'maximum
breakdown voltage' classified by Klein and Gafni and
that -studied here. ‘'Single~holes’' and 'prdpégating' break-
downs of the type Klein et sl had observed in their work
are also not observed in the present temperatﬁre depend~

ent studies as the films have high structural perfection
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and are always free from gross defects and weak spots,

The variation of the 'onset' breakdown field unde:
alternating eiectrical stresses, which are also very
important from the device application point of view,
have been studied in 'built-up' films of barium palmitate,
margarate, stearate ahd behenate. The investigations
have beeq made as a function of temperatufe-(in the range
77°K to 320%K) at a fixed frequency (30 KHz) for 4 and
20 layers thick films and as a function of frequency (in
the'rahée 10 KHz-100 KHz) at a fixed temperature (77°K)
for 4 and éo layers thick»films. The temperature-~breakdown
field curves show a similar nature to that observed with =
-d.c. voltages but the breakdown.fields are found relatively
smaller to the corresponding d.c. ones. Thesé resul ts
could not be interpreted theoretically becaﬁse of_the lack
of an adeguate breskdown theory for a.c, fields, An
increase in the breakdown field is observed with increas-
ing frequéncy which contradicts the prediction of thermal
breakdown theory, thus, showing the non-thermal nature of

the breakdown events observed in the present film system.

A1l the data presented may be important from both
theoretical and technological point of view as the potential

~devices may be required to operate at various temperatures,

The following is the subject matter of the thesis



-]

which has been arranged in eight chapters:

Chapter I~

Various breakdown theories have been reviewed
in this chapter and categorised in two princi-
pal theories i,e. 'electronic' and thermal

breakdown theories'. The former which seems

%0 be relevant in the present studies, has

Chapter II-

been discussed in detail;

This chapter reviews the experimental investi-

" gations by other workers on electrical proper-

ties of 'built-up' films, particularly,
emphasis has been given to the temper-

ature dependent studies-of dieleciric break-

down field in thin evaporated film systems.

Chapter III-

Chapter IV~

Previous studies of dielectric constant,'_
dielectric loss and resistivity in 'built-up'

films have alsoc been given.

In this chapter discussion of the surface

tension phenomena, formation of monolayer on

water-air interface, mechanism of monomole-

cular spreading on water, non-occurrence of

“polymolecular film and some fundaumental

information about the individual molecules is

made very explicitly.

The 'building-up' process of depositing the

films (particularly Y-type of film) has been
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discussed in detail. The nature of these
'built-up'_films and their structure, as
studied through X-ray and electron diffrac-
tion and the.past and recent studies on
thickness determination of these films have

been described.

Chapter V- The experimental details of thermal evapora-
tion of aluminium under vacuum, ssndwich
fabricat}oﬁ, selection and'cleaning of the
substrate and electrical set-up and measure-=
ment.methods have been givén in this chapter.
Desirability and advantages of ibuilt-upi
fiims which have stimulated interest in their |

studies have also been discussed,

Chapter VI- Discussion of the results of a detailed and
systematic d.c. breékdown studieg on_'built~up'
films of bariuﬁ‘pélmitate, mergarate, stearate
énd behenate have been made. Comparison of the
results in terms of the known theories has als0

been reported.

Chapter:VII—vThe results of a'defailed and systematic a.c.
breakdown studies as a function of temperature
and ffequency both in 'built-up' films of
barium palmitate, ﬁargarate, stearate and

behenate have been described, The interpretation
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of these studies is also given. .

Chapter VIII- This chapter contains the summary of
| results on teﬁperature dependence studies
of breakdown field reported in earlier ’

chapters and the importance of these

studies. A possible future extension of

the present work is also suggested.

Some graphs and fepresentatiVe photomicrographs
concerning the results in Chapter VI and VII and various

tables have been attached in the thesis.
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CHAPTER 1

THEORIES OF DIELECTRIC BREAKDOUN

| All the dielectric materials conduct electricity
to a greater or lesser extent and suffer some form of
breakdown when a high electrical stréss is applied to
these. The phenomena of dielectric breakdown in solids
has been a subjéct of numerous investigations for a long
time but still the basic mechanism of dielectric break-
dbwn is a subjéct of great controversy and is little
upderstood; The difficulties are of'variouslorigins.'The
theories of breakdown devéloped so far, do not explain
the actual physical process of breakdowh conduction but
‘ merely produce suggested criteria for the initiation of
breékdOWn. Mdst of the experimental-investigations‘in |
the dielectric films are, however, of recent origin but
_seeﬁ to make the phenomenon more clear. Experimentéi
results are detailed enough to assess the evidence Support-_
ing theory and the observed facts. The principal physical
variables over which the experimenter has a'large.range
of control are the temperature and thickness of the inéulf
ating film used. The temperatuie range that has been
covered commonly, is from liquid nitrdgenytémperatures
upto about 100°C and the most sétisfactory media in
general was the inert liquids such as liquid nitrogen

used for cooling the samples. Since the various theories
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in any éaSe depend weakly or strbnély on temperature

and thickness, a knowledge of fhe effect of temperature
and thickness on the breakdown strength can be of consi-

- derable importance in determining the breakdown mec hanism,

One of the crucial points in the breakdown proCess.
is 0 establish whether the breakdown results from a
strictly local chance event or rather is the consequence
of a phenomenon.ﬁropagating with an increase of intensity.
Héwever, the studies of breakdown field in thin dielectric
filmes imply that the prime agent;of breakdown is a pheno-
menon which prbpagafes with an increase of intensity.
One can presume that in solids the propagating phenomenon
is an avalanche of charge carriers analogoué to.a better
known mechanism of a-discharge through a gas. This philpso-
phy is not generally accepted because of the possibility
- of the breakdown attributed to avthermal effect as
explained by some experimenters(l,2) i.e. the current
density, even ﬁithouf an avalanche multiplication;genera—
tes more heat into the dielectric than the dielectric is
able to dissipate. The breakdown phenomena in thin di-
electric films, thus, seems to be based méinly on two
principal theories i.e, electronic bréakdown theories
and thermal breakdown theories._Latér; in the development
of the'subjéct, the electronic breakdown was subcléssiu
fied into intrinsic and avalanche breakdowns. In the
present chapfér,‘all theithree aspects of the breakdoﬁn
theories have been described. The electronic breakdown

theories have been discusged in detail as this mechsanism
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seem to be dominant in the present case and,the other

one(i.e. thermal)’in'brief.

1.1 EIECTRONIC BREAKDOWN THEORIES

Probably the earliest'aﬁproach $0 electronic
’brgakdown'wés by analogy with the mechanical failure of
the dielectric. In a manner similar to the attempts made
to define the mechanical s£ability of the structure,
Rogowski(3) attacked the problem of finding the electric
field necessary to distort the structure sufficiéntly‘to
loose its stability and termed ii as ‘electric tensile
stréngth’: He proposed that this eleqtric strength is a
characteristic of the dielecctric itself, being ‘indep-
endent of other fabtors except its physiéai state and
ascribe it to be electric,,nonthermai‘breakdown to rup-

ture an ionic insulator by electrostatic forces,

Although the mechanism of nonthermal breakdown
in solids has been ascribed by many processes such as
ionic processes} mechanical rupture, chemical decomposi-
tion of the substance etc., the.most frequent interpreta-
tions are electronié. The'principal theories of electronic
breakdown in ionic crystals have concentrated ﬁainly on
the inception of breakdown leaving the actual destruct-
ive phase relatiﬁely unexplored.As has already been recog-
nised éome fifty yeérs ago by Guntherschulze(4), the
electronic breakdown phenomenon is due to electron ion-

ization avalanches. This idea was first theoretically
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‘suggested by Rogowski(B) and developed by von Hippel(5)
and Frohlich(6) while working separately on two different
lines.'Jofee and his collaborafqrs(7,8) in their work
also postulated an ionic conduction mechanism becouse of
ionization. The experimental evidence of the electron
iohization avalanche was given by Inge énd Walther(9)[

Bozorth and Haworth(10), Shinohara(ll) and von Hippel(12).

The older terminology‘of purely eléctrical bréak~
 doWn includes theories Qf intrinsic and avalanche break¥
downs. These theories have been current for éome time
possess some deficiencies but many times the'combinaticn-'
oflfhe two explains much of the results observed in
various th&n film systems. The problém df calculating the
intringic breakdoﬁn filed have received the'attentidn 6f
von Hippel(13), Frohlich(6,14), Callen(15) and Frohlich
and Paranjapee(lG); The-mbdels proposed by these authors
differ from each other by considériné different mechani-
sms8 of enérgy,transfér from the conduction electrons to
the lattice and also by the different assumptions they
make conéerning the energ& distribution of the condubtion
electrons, Several monographs and bocks have also been
wfitten by differen? authors._The references may be made
to books and review articles of Whitehead(17), Frohlich
and Simpson(18), Franz(19), Stratton(20) and 0'Dwyer(21).

Two types of charge carriers, the ionic cores which

are prabticelly,mo%ibnless and the loosely bound eleétrons.
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generally referred as conduction electrons should be
considered for interpreting avalanche mechanism of
breakdown in solids., But, while discussing about the |
insulators, as in the pfesent work, the first and fore-
most question.arises as to how these conduction electr.
~ ong are ofigingted, in this frame work, the occurrence
of dielectric breakdown depends upon the presence of a
large quantity of loosely bound electrons.Zeener(é2)
broposed for the first time the concept of internal
vemission éausing electrons to jump from the valence band
to-the conduction band because of-the applied electric
field\which was regarded as the origin of high density
of the conduction electrons into the insulator, provok-

ing the breakdown.

Another main line of development of avalanche
bréakdOWn'theory has reSulted from the realisation that
space chargés caused by the 'build-up' of an electron
gvalanche should result in a non-uniform field strength
distribution. If one drops the assumption of a uniform
fieldAand treats the hqole current as well as the electron
current, then a natural basic theoretical aséumption is
continuity of current. There have been.several attempts
to formulate such a theoryand all heve a common
feature in the sense they envisage breakdoWn as occuring
when the space charge immediately in front of the cathode
reaches such propoftions fhat the electron current

injected from the cathode is sufficient to destroy the



material,

The intrinsic critical breakdown field ig conceived
ag being the field strength for which some instability
occurs in the electronic cénduction current. The first
such calculation of intrinsic critical field was given by
Zeener(22), who calculated the rate of quantum mechanical
tuﬁneling from the valence band to the conduction band in
the presence of a strong electric field; The zeener
electric current is a strongly increasing function of
“the field strength and the instability criterion was
chosén arbitrarily as the value of the field for which
the current from the valence band exceeded some assigned

value,

Intrinsic breakdown was also realised by von Hippel(23)
as the bulk property of an infinite dielectric immersed
in an'ﬁniform eleotric field. The original theories
of von Hippel(24) and FTohlich(ZS) whioh‘were later
reviewed by Franz(26), Stratton(20) and 0'Dwyer(2l,27,28)
ascribe breakdown in. insulators to electrén avalanchés
produced by impact ionization.According to von Hippel(12)
the electrons move in the field direction and gain energy
proportional t5 the field strength by direct acceleration
and the energy‘gain must exceed the loss (because of the
electron~-phonon scattering or due to the optical lattice
vibrations) for electrons of all energy. This mechanism
is generally known as 'low energy criterion'. The theory

of von Hippel was expressed on the basis of quantum
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mechanical concepts by Seeger and Tellér(29). On the

other hand Frohlich(6) in his original theory of
electronic breakdown in ionic crystals, assumed that at

a sufficiently high field there occurs a rise in electron
current due to impact ionization from‘the valence to

the conduction band. Callen (15) elaborating on a sugg-
estion of von Hippel(BOj‘also devised a theory of
electronic breakdown in ionic crystals. He used Frohlich's
(6,25) basic apprdach but assumed that electrons with
average energy must be able to accelerate to ionization
energies before breakdown can occur. The fundamental

' ideas of Frohlich aﬁd Calleﬁ are same and both the theo-
ries predict an increase in breakdown strength as tempera-

ture increases.

Frohlich(6) lateron propdsed-anbther theory of
electronic breakdown essentially based on avalanche
mechanism as recognised by Guntherschulze(4) but diff-
erent than that of-the von Hipple's theory(l2). Accord-
ing to him the electrons do not necessarily move in the
direction of the field and are gradually accelerated. .
He instead assumed‘thaf theielectrons change very.fre-‘
quently the direction of their motion just because of .
‘phonons and the net increase of their energy is propor-
tional to the square of the field, as in the case of
conductivity. Taking into account the electron scattering
qnd assuming the rate pf‘chénge of electronic energy on

the average over many collisions to be positive (for
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at least some of the electrons) hé led,to‘consider‘the
situatibn in which a group of fast electrons having a
given mean .energy would tend to havera net gain or 1oss
of energy in their motion. The breakdown will ensue
when this net energy gain of the electrons, in any case,
exceed the loss for some energiles including some smaller
than the ionization energy of the dielectric crystal.
This éritérion is generally known as 'high energy cri-
terion' of Frohlich, According to Frohlich's mechanism,
the breakdown should occur when the appiied field satis-
fies fwc conditions: the field strength is éuch that the.
electrons are accelerated upto'the ionization energy of
the material and the breakdown field is the highest one
for which a balance between the ionization collisions and
the charge recombination is réached. The fact, that
fluctuations occur in the energy of each electron and
that the coﬁduction electron energy distribution extends
upto the ionization'energy had alsb been introduced by
“Frohlich in respect of von Hippel's theory. Later, as
summarized by 0'Dwyer(3l), Frohlich's breékdown field is

found to be related to the temperature through the relation

" where A is a constant pecullar to the dielectric and T
is the absolute ambient temperature. However, it is remark-

able to note that both the 'low energy! and 'high energy'’



criterion consider the dielectric to be essentially
infinite in thickness and hence, predict no thickness

dependence. e

Presence of traps in-the insulator may also have
’ marked effect on the emission current. The theory of
Penley(32) accounting these empty trapping centers was
later elaborated by Gadzuk(33,34).Acccrding to band
str;cture of solids an insulator is characterised by a
full valence band separated from an empty conduction bandb
by a forbidden energy gap of a few electron volts. Bvi-
dently, conduction can not take place in either éhe
filled or the empty band unless additional_garriers are
introduced. If traps are present‘(as is the case with the»
amorphous substances), trapping of charge carriers can be.
expected to have a profound effect on the¢ conduction
'proceSSGS; In the presence of traps, the oonduction can
~ take place by tunneiing via traps. A model prQQiding a
vnumbér of isolated traps located within'the energy span
AV immediately below the conduction band of the dielectric
. was presented by O'Dwyer(35) which waé originally prOpdsed
by Frohlich. According to this model, the process of
transferring energy Trom the field to the lattice is by
phonon emission resulting from electron transitions within
| the 'vand', AV of trap levels. The result of this theory
is given by : - |

AV/2kT ’
V 44 e ' so e (2)
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where T is the ambient temperature, k is the Boltzmenn's
constant and V is the breakdown voltage. However, this
theory is only appllcable to the amorphous substances.

and not to the crystalline lnsulators.

The actiual process im the évalanche mechanism
for the breakdown to Qccﬁr‘is, that electrons possessing
an energy slightly below the ionization potential gain |
energy from the applied field and liberate further
electrons. This procesé requifes a certain émount of
time,ﬁhich'decreases with the increase of the field
-stréngfh. Obvioﬁsly,_in relafively thicker dielectrics
most'of'fhe fast electrons spend a time in the dieléctric
greater than the minimum necessary to gain the requlslte,
then the electric strength remaln uneffected because the,
' period of acceleration merely dlstributes to the tlme
lag of breskdown. On the other hand, if the dielectric
is very thin, it may be ngcessafy td inorease‘the field
strength beydnd the value for thick specimens in brder
that the électrons may be morevrapidly acéelerated and
gain an energy greater than ionization potential before
they are lost to fhe electrodes. However, Frohlich(36)
haé gtudied preciSely the énergy distribution among |
electrons in a dielectric and he(37) had also indicated
" the order of the effect of thlckness which does not

‘involve this-distribution..

A theory in which avalanche of electrons arises

by field emission from the valence to the conduction
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band was considered by Zeener(22) and is known as field-
emission bregkdown theory. This theory attributes
‘breakdown to an uncontrolled emission of electrons

from the valence band of the dielectric to the conduct-
ion band., The theory is summarized by O'Dwyer(38) who

gives a relation for the linearly increasing fields -

B
F = e e
A [ e““FﬂBNvmi ] (3)

log[

Bcvmdm)

where o and B are two constanfs‘peculiar to the die-
lectric, u is the electron mobility, t, is the time of
.application of the field, Nv is the density of valence
électrons,Tm is the tempefature of the centre of the
dielectric and‘T ié the ambient temperature, Cv is the
specific heat ber~unit volume and e is the electronic

. chérge; This equation on solving'by succeséive approxi-
mations shows a positive slope in the curves plotted
between field and temperature. A theory'of quantum

mechanical field emission from isolated imperfections

in g dielectric was pfoposed by Franz (19,26). His-final

- result is given by 1
. Fa - eeo (4)
oo
log[5=]
wvhere x, 1s the recombination length and w is the thick-

o}
ness of the dielectric.This relation, however, does not

seem to give a more realistic explanation of the



-12-

functional dependence of the breakdown field.

In attempting to clarify the mechanism of qurrent
multiplication and destruction of the dielectric,
Seitz (41) proposed another theory, commonly known as
{40 generations theory'. He considers the conditions
in which a single electron (or very few electrons)
starting at the cath&de in its travel towards anode can
cause an avalanche of electrons of sﬁfficient size to
destroy the dieiéctric; If a single electron leaving the
cathode can succeed in produéing another conduction -
eiedtron by iéniéatidn collision and these two produce
further two, an avalanche of n electrons will be produoed
in n generations. Seitz, in order to estimate the
.avalanche size assumgd'that for the dielectric %o melﬁ,

12 eléctrons i.e. the

‘the avalanche must contain -about 10
Linitiating electron takes part in forty ionizing inter-
aotions during its.travel,'independently of the filﬁ |
thickness. If w is the inter-electrode distance and ao
is the reciprocal of thé mean ionization length, the
product a w > 40, If each electron of the svalanche
‘reaches an energy E; sufficient to ionize, the ionizat-
~ion rate increases by.increasing the electron energy.
The proﬁability P for each electron to get this minimum

energy ’El‘ without suffering any phonon scattering is

given b&
. E
1 -1
P = exp[uJ‘E %(%%) dE] cee (5)
v

a
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where E is the average eléctron energy, T is the mean
time between two interactions and dE/dt is the change
in energy per unit time when the electrons do not

interchange energy with the lattice, Therefore,

%%ch

where F is the applied strength. Seitz has made the

/

assumption that 1 is independent qf E, then
P o exp(—H/F) - eee (6)

where H‘is a proper constant. A simple justification

for the'form'of equation (2) is given by Shockley (42).
According to him, the probability P([) that a conduction
electron has suffered no collision with the lattice

over a ieﬁgth { is given by
P({) = exp(-I/eF {2 ) e (T)

where I is the ionization energy and (\) is the average
-~ value of mean free path for the eléotrons. If one assumes
that all the field dependence of the ionization is cont-

7aihed in eq.(7) then a comparison with eq.(6) yields

H o= —dee oo (8)
e(N?
and hence,
}.%r= log(%-é-%) o : eee (9)

in which ¢ is a quantity having the dimensions of
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inverse length.

A more exact discussion of this problem was giVenv
by Baraff(43) who solve the approximate Boltzman equa-
tion numerically for the case of constant mean free '
path and quasi free electrons, The results of these
computations show that‘the pre-exponenfial term depends
on the field strength in a non-negligible way unless the
optical phonon energy exceeds aboutvthree percent of the
ionization energy. This condition is almost not applicable
in the case of insulators, so that ee.(a),must be regarded
as. rough approximation indeed. Due to the proportional
dependence of a'on.f, 40 generation theory shows that
reeiprecal of the breekdown field varies as the logarithm
of the dielectric thickness. (eq.9). Since H will presum-
ably have a similar temperature dependence to fhet of
the intrinsic breakdown fields, the forty generations
‘breakdown field will be likewise temperature dependent.
~ However, this theory. is based upon the assumptions'which
‘are not easily acceptable. The first being that the
electron energy just equivalent to the ionization energy
is‘suffioient to start the avalanche and the second is

that 7 is independent of the electron energy.

Recently, Forlani and Minnaja(40,44) have proposed
a theory of dielectric breakdown in solids based on
the electron ionization'avalenche mechanism taking into

account the above two agsumptions of Seitz. The physical
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hypotheses of this theory are that the dielectric

is an ionic cryétal and that the electrons in the
conduction band are free. Two facts have been consi-
dered to reach the high electron density necessary for
having breskdown. The first fact is an electron density
in the coﬁduction band dependent upon the applied

field in a monotonic way and the second is a muitiplipé~
tion of this density because of an avalanche phenomenon.
The avalanche process inclwdes tunnel emission of |
electrons at the cathode into the conduction band of the
dieleétric and leads to a field dependent current density

which reaches a value sufficient to produce breakdown.

Simmon's(45) equation for the iﬁjected current
density for electrons.injeoted into conduction levels
from the'Cathode due to tunnel effect haé_been employed
by Forlani and Minnaja (henceforth, referred as F-M) in
conjunction with other hypothesis of avalanche mechanism
(46) and following Fowlér-Nordheim result(44,47). Th
resulting current density at the injected interface can

be written as- -

4(2m) 1/2 ¢3/2

_ _Yeff | .
Jy = Jdg exp[ G eo s (10)

Co-

where g, m and h (=h/2n) are the electronic charge, mass
of the electron and Plank's constant respectively,

geff -w) is the effectrve height of the potential
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barrier at the cathode-dielectric interface [§ is the
work function of the cathode metal and ¥ is” the electron
affinity of the dielectric to the metal], F is the app-
lied field and Jb ig the field dependent pre-exponent

quantity which is given by

q(qF)e

—— pe——

Jo ) l6n2h¢

- »oa (ll)
eff |
The current density versus distance x from the inject-
ing interface is obviously given by
_ gfFl , 1,y-17 -
J(x) =J; P exp{-_ (X + 2 ) ees (12)
i o

where B is the difference between the mean energy of an
electron when it is able to ionize and the mean energy
of the electrons emerging from an ionization event,

X, is the recombination length and P is the probability
for the electrons to reach the unstable equilibrium
energy (E,) from the stable one (E,). BEquation (12)
implies that the probability for an electron with the

unstable energy to ionize is practically unit.

Obviously, this equation-(lz) attains its maximum

- value at x = w where w is the separation of the two

metal electrcdes. For ij X,» the maximum current density
'is independent of dielectric thickness. Introducing the

- value of J; from equation (10) into equation (12), the

breakdown condition for wx, can be written as
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' 1/2 ~
QB 4w @2f (ary)?
- - + log P + logL_ 7 J
E thFB 16n‘h eff
.= lOg JB ' e oo (13)

where JB is a threshold current density above which
melting or evaporation of the dielectric material occurs

and FB is the breakdown field of the dielectric,

When the field strength is lafger, the nmost import—
ant term is the second one, at least for high frequency
gap dielectrics., In this field range P and E are
insensitive to the field strength and the fourth term
on the left side and the term on right hand side are
‘negligible in each case. Thus equation (13) turns out
to be

Py 3h oee * | (}) e (18)
' <A

It is remarkable to note thét the dependence
[FB a (%)'1/2] is appliéable for only high energy gap
dieiectrics‘and for not very large electron affinity. The
electron injection at the negative electrode being the
most important mechanism in thin dielectric breakdown,
the third term (log P) in the left side could be
predominant only for very large electron affinity. Consi-
dering this fact, the thickness dependence of the |
breakdown field strength should be proportional to

w—l/4, at least for the approximation assumed that the
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electron do not interchange with the lattice between

two next effective collisions. It was also shown fhat
this type of dependence holds if the effective height. of
the potential barrief is very low. This enables one to
conclﬁde that also for fields 1argér than high thickness
breakdown field, for thin films, the injection electrons
due to the tunneling travel along the bottom of the
éonduction band.‘Obviously, the behaviour expressed by
equation (14) is independent of the temperature because

of the basic mechanism implied i.e. the tunnel injection.

Experimental results consistent with equation (14)
have been found.for various inorganic dielectrics by
Budenstein and Hayes (48), Smith’and-Budenstein(49) and |
Budenstein, Hayes, Smifh and Smith(50). Recently reported,
thickness dependence data of Agarwal and Srivastava(51,52)
on the orgénic dielectric fiims (also chosen for the
present temberature dependent inVestigations) show results

perfectly in favour of the F-M theory.

The argument that sometimes the electron injection
is goverﬁed by Schottky  emission (44,53) rather than
the tunnel effect, changes the whole picture and brings
about an expression showing FB a>% which shows thickness
independgnt nature of Bréakdown voltage, maintaining its
validity,even if the voltage dfOps'in a nonlinear way
thromgh the dielectfic layer. In particular a transition

from tunneling to Schottky effect could be expected when
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the applied field is very large due to the predominant
role of electron image force on the shape of the potential
barrier, In this case equation (10) must be replaced by

the equation

eff /2
= A exp[ ] exp[{ Z-ﬁg?} (kT).Fl ]
o e o (15)
where A is the Richardson's constant, €, is the free space
permittivity and e is the dielectric constant of the
material under considerafion and k is the Boltzménn's
constant, Ihtrod@cing this value of Ji (eq.15), equation(12)
becomes '
' 3 1/2
q FBN_ ¢eff N Eq /(471880):' F]‘/z
B KT KT
= log JB , e s e (16)

+log P + log A

It is easily seen, as is done earlier, by means of
proper evaluation of orders of magnitude, that again the

two first terms are the predominant ones. Then

¢ e
o eff B 1
'FB - kT *qg ' w vee (17)

Bquation (17) practically means that the breakdown
strength varies inversely to the thickness of the dielectric
and decreéses linearly with increase in temperature due to
the fact that the aominating mechanism is a thermionic
injection. The first experimental evidgnce supporting the

above Schottky emission dominated dielectric breakdown
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has recently been given by Srivastava(54).

Very recently, a theory is proposed by Klein(55)7
in which breakdown is caused by local chance events,
such as a succesgion of avalanche at one.spot.”Successive
avalanches sustain the growth of space charges; the local
cathode field and the avalanche rate. He has shown that
when the cathode field becomes large gnough,to make
continuation of ayalanching, instabilitylwith current
runvay arises, causing breakdown. According to him the
breakdown develops in sequence of stages. The initiative
stage ihcreaaing the electrical conductivity leading %o
insfability causing'cﬁrrent runway and reéulting in
voltage collapse across the Specimeh with local melting
and vaporization of the insulator under test. This theory
tells that breakdowns occur over a range of fields with
their chance increasing very strongly with the field. The
breakdown is found to occur randomly in-Space‘and time
and the time_to instability on g breakdoWn event decreases

as some exponential function of field.

Klein in this theory-has attempted to explain the
thickness and temperature dependence of the breakdoﬁn
field. A decrease of the breékdown field with inoréasing»
thickness is shown by him. In very thin insulators, the
field at which the breakdown begin to occur is found to be

inversely proportional to the thickness of the insulator
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‘while for larger thicknesses, thé rate of decrease in

the breakdown field with increasing thickness becomes -
smaller. It is clearly implicit in Klein's thebry that

the temperature affects fﬂe.deVeIOpment of the breakdown
event in insulatdrs and some effects promote and other

oppose the development of‘breakdown, An indirect relation
for the case of thermionic emission, when instability

fequires two. successive avalanches is given in which the \
values for most of the parameters ére unknown. He, thus,

stated that-the temperature behaviour of the electronic

breakdown event is quite variable.

Thé.theoretical survey just presented séems to
indicate that the electron avalanche is the basic mechanish
- of breakdOwn phenomendn. Of all the breakdown theories
considered, F-M theory (44) gives the‘clbsest agreement
with the @resently carried out temperature dependence of
the breakdown strength.data and the thickneésudependence
data Of Agarwal aﬁd‘Srivéstava(Sl,SZ)»on long-chain organic
‘molecular films‘of fatty acids. The tendency of the break-

-1/2 relationship and its weak

down field to follow the w
temperature deperdence seems to be the strong evidence for

concluding about the nature of breakdown mechanism.

1.2 THERMAL BREAKDOWN THEORIES
Apart from few other proceéses'like electrochemical

breakdown, mechanical rupture etc., thermal and electronic

breakdown are well known and developed theoretically. In a

~
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sense all breakdown are a continustion of the conduction
process end these two types of breakdowns definitely
start with different mechanism of incfeasing the elect-
rical’con@uctivity but their behaviour at the end is same
i.e. destruction occurs by excessive jouie heat. Thermal
breakdown involves a temﬁerature fise by joule heat and -
dielectric loss followed by an increase in conductivity
whereas fhe electrical breakdown is a mechanism due t0
the direct effect of the electrical field increasing its
oonductivity involving a nﬁmEer of phenomenoﬂ such as
avalanche, tunneling and thermionic currents and intrinsic
breakdowyns as discussed earlier in the preceding section

(1.1).

The type of breakdown that has become known as
thermal, in general, occurs in two forms. The first one
in Whlch Joule heat and dlelectrlc loss cauSes 2 tempera-
- ture rise in the specimen with voltage causing destruction
.at the crtical temperature and the other one widely
observed is connected to the thermal instability arising
when the joule heat geﬁerated;by\the current flow and the
conduction of this heat away to the surrounding fromlthe
sample is not balanced, Thermal breakdown occurs at week
spots or wniformly over the whole area of the specimen,
which can be made uniform with respect to breakdown by
eliminating the weak spots with self-healing, non-
shorting breakdowns. Bven when the stability does not

arise between the heat input and that dissipated, thermal

-



~2%5-

breakdown process is still strongly dependent on the
increase of electricsl conductivity with temperature.

It is evident that the thermel-breakdown field depends
upon the time applicﬂtion of the field, size and shape
of the sample and on the geometry and thermal propertlee

of the electrodes and the amblent medium.

The ajtempts for the theoretical develOpment of the

subject of thermal breakdown were started in 1920 by

Wagner(56) and some other workers and the work on this
aspect is very adequately summa?iZed and presented in their
books by 0'Dwyer(57), Pranz(19), Whitehead(17), Semenoff
and Walther(8). & wide range of comparison of these theories
with the experimental observations have been done. Two of
 the main results of thermal breakdown theories which have
been verified experimentally in many cases are that the
thermal breakdown field decreases with the increase in the
thickness and with-increasing temperatures. Klein et'el(58)
have also proposed a theory and carried out measurements

of thermal breakdown field in various thermally-deposited
thin film systems. However, a detailed discussion of the
thermal breskdown theories has not been given here because
in the present work, the electronic breakdown processes
seem to be dominant. For a detailed and informetive review
of the whole subject, the reference can be made to the
recent revxew artlcles of Klein (58, 59) who along with his

coworkers has explored the thermal breakdown processes



very extensively.

The next chapter reviews in detail the measure-
ments of the properties carried out on thin films includ-

ing dielectric breakdown studies with particular emphasis.



CHAPTER II

OBSERVATIONS: OF DIELEGTRIC PROPERTIES OF FILMS

Thin films of dielectrics, a poorly defined yet
a major class of materials, have received considerable
attention during past few years because of fheir use in
making various dielectric devices, Electrical properties
of thin films of various dielectric materials such as
oxides; alkali halides, some inorganic and organic poly-
mers and glaéses.have been experimentally investigated
by meny workers. Among the electrical properties, most
extensively investigated is the dielectric Breakdown
phenomena in thin dielectric films. This chapter'reviews“
the expefimental work done on breakdown in thin films
and mainly provides information about the various results
related to the temperaturé dependent behaviour.of break-
down field. The studies of dielecfric constant, dielectric
loss and resistivity of thin films carried out by different

workers have also been reviewed briefly here.

2,1 DIELECTRIC BREAKDOWN STUDIES

The quest for practical applications has created
interest in the dielectric breakdown properties of thin
insulator films. Numerous investigafions have been carried
out on breakdown phenomena in various thin film systems

and ‘are categorised as eleotronic, thermal and destruetive
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breakdowns. These studies are discussed here under

separate heads.

(a) Blectronic Breakdown Observétions

As is implied by the name 'electronic breakdowh'
.is initiated by the action Qf electrons forming a highly
conductive path through the dielectric. An insulator

when provided proper contacté to inject charge carriers,
should conduct a current. Recently, an increasiﬁg number
of authors (60-62) are of the opinion that the low conduc-
tivity of orgénic insulating materials may'be caused by
carrier injection from the electrodes.lf a sufficiently
large value of the electric field is applied to metal-
insulator-metal structure, the barrier at the low end

" may be ﬁade sufficiently thin to allow an appreciable
probability to inject charge carriers into the conduction
band of the dielectric resulting in dielectric breakdown.
The electrical breakdown strength seems to depend littie
on breakdown voltage rise time, decreases with increasing
thickness and is also influenced‘by the electrode mater-
ials. The breakdown strength decreases slowly with
increasing temperatures in the higher temperature region
and at low temperatures it is temperature independent.The large
scatter in electrical breakdown results is usually due to
difference in specimen preparation, local mechanical
stresses, wéak spots and other experimental circumstances.,

i Among the extensively studied class of dielectrics
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evaporated films of $i0, $i0,, MgF,, Ge0,, Teflon, and
thin ‘built-up’ films of long chain fatty acids deposited
by the well known technique of Blodgett and Langmuir(60-62)
may be quoted.

There are two main experimental problems in the
breakdown investigations. lhe first is to detormine by
which of the theoretical criteria the first instability is
produced and the second is to investigate the processes. |
occuring in the discharge as it propagates through the
dielectric, While there is no clear cut line marking off
types of experiment thaf determine the nature.of the instab-~
ility from those that indicate the mechanism of the
discharge, it is perfectly true that investigafions of
the Hépendence-of breakdown strength on various parameters.
such as thickness, temperature, etc. give the most straight
forward indications of‘the nature of the instability. It
is, therefore, of considerable interest to study the varia-
tion of the breakdown field with these parameters. The
crystals of alkali halide had been a main part of electrical
breakdown investigations. Reference maj be .made to the

recent review article of Klein(58) for these invesﬁigations,-

The temperature dependence of the breakdown strength
of soda~lime glass, silica glass (fused quartz) and
}crystalline quartz was measured by von Hippel and Maurer(63)
using d.c., voltages. For the glass they found that the

- breakdown strength was neariy constant from 1iquid air
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temperature upto room temperature but after that it has
been recorded to fall rapidly. For the crystalline quartz
the temperature affects the breakdown characteristics
throughout the range. The breakdown strength of cfystall-
inevquartz has the same positive temperature characteristic
as the alkali halides and the breakdown mechanism is

probably siﬁilar,

The breakdown strength of certain alkali halides

a8 a function of temperature have been meagured by some
workers(64-66) for various values of the rise time of the
applied field. Alger .and von Hippel(64) carried out
measurements on KBr and showed thaf at sufficiently low
temperatufes'the breakdown field rises slowly with increas~
ing temperature and is independent of rise time, The break-
down of the alkali halides in this range of temperafure

was believed to be electronic in nature and was probably
due to eléctron emisaion from the cathode enhanced by a
}arge concentration of adjacent positive holes which are
themselves the product of collision ionization., The work

of Cooper and Elliott(67) and Paracchini (68) support this
hypothesis. At sufficiently high temperatures, the break-
down field in alkali halides was found sharply decreasing
with temperature increase(64). The breakdown was ascribéd
due to the thermal instabilitf. The breakdown was never
found to exceed about 1 MV em * in this temperature range.
In the iﬁtermediate temperature range, the breskdown

occuring within a short time interval after application of
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voltage and the process of breakdown is to be essentially
continuous with the low femperaturé one.Similar results
have been found by Konoréva and Sorokina(65) on KBr

films and by Kuchin(66) while working on NaCl films. Later
Hanscomb(69) have also showed that the breakdown of KC1
and KC1 doped with Sr012 upto 30000 to be a continuation
of the low=-temperature mechanism. This conclusion was in
agreement with the results of Watson and Hayes (70) on
NaCl upto 350°C but does not entirely agree with the
_results given by quper, Higgin and Smith(71) for KGl and
KC1 doped PbCl,. The average breakdown strength of KBr
varied from 0:54 t0 0.88 MV cm™ L as observed by Alger and
von Hippél(64). |

The current transport through thin insulators
have also been éxtensively investigated and have been-
reported in numerpus.reports (72-82). Hartman and
Chivian(72) sfudied the breakdown conduction in thin
‘dielectric films of aluminium oxide (41,05) sandwiched
"between aluminium electrodes, for oxide thicknesses less
then 354 using linearly rising voltages from O to 10 Volts
betweén temperatures 77°K and_BOOOK. A comparison of their
- results with Stratton's theory(é}) yielded qualitétive
agreement, Fisher and\Giaevert(74) measured the conductance
~of Al-A1,05-A1 gtructures with an oxide thickness less
than 1ooi. They observed ohmic behaviour at low voltages and
an exponential rise in the current at higher voltages.

 The observed current in his case was, however, several
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orders of magnitude lower than the calculated with

Holms (84) calculations. Tantraporn(85) has also attempted
the similar problem., The comparison of his calculations |
with the results of Advani etal(?é) suggested the
necessity of including the image force for an‘insulator.
thickness below 150 Z..Pollak and Morris(78) working on
similar lines obtaired an excellent agreement with
Simmon's equations éf tunnel current (86) at 300°K. |
Korzo(87) have elso investigated Al,05 films in different
thickness ranges giving a number of emperical formulae for
thickness dependence of the breakdown field. A power
dependence of the type Féa W a’ with a = 0.45-0.85 has been
obtained in the range 800-2000 A The breakdown strength

of plasma oxidised A12 3 Was recorded to be temperature

dependent as shown. by Nicol(88).

Electron transfer through ideal, single crystal
films of vacuum cleavyed mica was studled by McColl and
Mead (80). The current—voltagg data on 30 and 4OA thick
~ films were in good agreement with the Stratton's theory(83),
-kﬁowever,,at higher voltages (gréater than the barrier
.'height), the magnitude and.the functional aependence of
tunnel current departed markedly from the theory. The
’temperature depeﬁdence of the tunnel current was also
studied- by several workers (73,76;77), although, a greater
temperature dependence than that predicted by the theory

is observed.
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Thin silicon dioxide films, usually grown gither
thermally or anodically on silicon substrates and having
ah_evaporated metal counter'eleotrode haVe béen extensi%ely |
»étudied du}ing recent past. The electrical characteristics |
of silicon-~silicon oxide interface were.réviewed by'Lamb(89)
and Sze(90). The high field conduction properties of this
structure were interpreted by Lenzlinger and Snow(91) as
being due to Fowler;Nordheim emiséion(92). The vafiation
of the electrical strength of amorphous siliéon~oxide
films' with température-was studied by Korzo(93) in the
temperature range between 80°K and 323°K for pelatively
thicker films(4003—50002); The electric strengfh was found
about 10 MV per cm. for BOQ% thick samples and 20 MV per
cﬁ, for 803 thick sambles. The temperature depéndence of
.the breakdown field -was observed to be linear having a
flat meximum bgtween O and 50°C for 2000 & thick specimens
but témperature effect was negligible_fdr low thickness
samples. Kbrzo(94) also studied pyrolytic SiQ2 filmg in
the temperatﬁre range (72-233°K) and found a naniinear
dependence upon temperature and £ilm thickness.‘Thermally
grown 810, 1éyers were studied by Fritzsche(95) and Pratt(§6)
as a function of temperature, layer thickness etc. The
breakdown field was again found of the order of 10 MV/cm,
‘The d.c. breakdown étrength decreased slowly as the fempera—.

ture rose from -20°C to 100°C. Pratt(96) has shown that it
_0066

varies as d for films upto 10,000 X.

Electrical conduction and breakdown studies in thermally
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evaporated Si0 films formed between metal electrode

films have also become a sudbject o? vast reséarches since
last one decade;'Siddall(97) and Chaiken and St.John(98)
studied experimentally destructive breakdown in Al-Si0O-Al
capacitors but made no attempt +to relate their results
to any theory of bréakdoyn. Hartman et al(99), Schenkel(100)
and York(10l) made only passing references to breakdown
strength. However, these authors agree that the applied
field should be ranging between. 0.4 to 4 MV/cm for die-
lectrics of thicknesses 1000 to 20000 A $iddall(97),
however,found that dielectric strength is'greater if Si0
is deposited slowly. Budenstein and Hayes(48) who have
done an extensive work on dielectric breakdown phenomena
in thin films, undertook the investigations on Al-SiO- Al

| capacitors and studied destructive breakdown usigg'
transmission electron microscopy and electron diffraction.
Purely electrical breakdown has been observed with the
breakdowns originated at inhomogenefies in the dielectric,
Self-healing breakdowns were used in order to eliminate
weakspots and to take a lafge nunber of tests on a single
sample as sélf—healing brgakdown doeg not ‘cause a pérmanent
short circuit but & pinhole through the dielectric along'
‘the breakdown path and a larger hole in the metallic film
electrode(§0) . Electrical measurements carried out (50).
“revealed two well defined, polarity sensitive threshold
voltages, one for the 'onset' of breskdown and the other

for ceasation of breakdown. The onset breakdown voltage
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was found to decrease with increasing temperatures in
the range (77°K -380°K) and vary approzimately as w—l/z
in agreement with the Forlani-Minnajabtheory(44). The
voltage threshold for the cessation of breskdown was

temperature independent.

Nishimura et 2l(103) investigated the breakdown
characteristics of Si0 film and found 1t to be affected
by gas adsorption and depending upon dépoSition condit-
ions.The dielectric breakdown voltage was found increas-
ing with the lowering of pressure during deposition.
Inagaki and Nishimura(104) later studied the'large‘effect
of the dielectric breakdown voltage charapteristics
through gas adsorption associated wi*h the deposition}
conditions. Inagaki et al(105) also used Al-Si0-Al type
film capécitors and showed that the breakdown voltage
increases with slower deposition rate, with thinner films
and, with decreasing pulse width. They, however,proposed
the avalanche mechanism as the basis of breakdown in
810 films; The dielectric étrength”is very little dependent
upon temperature and the nature of breakdown was stated

10 be non-thermal.

Budenstein alonglwith_his coworkers(50) later studied
thin films of some inorganic dielectrics (SioO, MgF,, Cel,
and Teflon) evaporated thermally between temperatnres
80° énd 380°K and found all of‘these independent of.

prebreakdown a.c. and d.c. conduction. The threshold field
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for the 'onset' of breakdown was found independent of
temperature and varying with film thickness as w'l/z.

The cessation voltage for breakdown was found typically
between 10-20'v01ts for all the samples under test. They
observed that light is emitted during destructive break-
down and sﬁggested that breakdown conduction is due to
gaseous arc. In another report (49) Sﬁith and Budenstein
presented their studies of d.c. conduction and break-
down phenomena in thin film capacitors of Can, Mng,
NaF and LiF. A decrease of breakdown fiéld (FB) was found
for temperatureé‘-ZOOOC to 100°C and the breakdown field
found of the order of 10° V/em. Similar to the results
‘'on 8i0 of Budenstein and Hayes(48) the voltage threshold
for the cessation of breakdown was ~15V yhich is again
thickness and temperature independent. in general Bﬁdeﬂ—

stein's work on dielectric breakdown is in conformity

with Forlani-Minnaja's theory(44),

Recently, an extensive study of dielectric break-
down and electrical conduction in thermally grown 8102
films on silicon was carried out by Osburn and Ormond (106,
107). These authors found their breskdown characteristics
to be varying witb a number of parameters such as tempera--
ture, oxide thickness, electrode thickness, sample prepara-
tion etc. For thin aluminium electrodes, they recorded only
the initial, self-healing breakdown voltage and the final

destructive breakdown voltage ignoring any intermediat.c
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breakdown event.The maximum breskdown strength was found to incr-

ease slightly (by about 8%,) with increasing temperature

'}in the range -196°C to BOOOC}and vary with thickness as
07021 pelow 800 4 and constant from 1000 o 2000 A, The

'initial self-heaiing breakdown'were largely independent

of materials and measuring parameters such as electrode
thickness and oxide thickness etc. On the basis of theif
experiméntal findings, fhey_have established that the break-

down mechanism with these films is electronic in nature

rather than thermal,

The dielectric breakdown of polymers have been
studied very extensively and reviewed by Whitehead(l7) and
by Mason(108). Low field conduction in polymers has been
interpreted as ionic or electronic depending on the poly-
mer in question and on other conditions such as temperature
étb. Ieda etal(109) meésﬁred the}temperature dependence of
the low field conductivity of low density polythene, both
pure and with metallic salts as impurities. Seanor(110)
investigated the conductivity'of Nylon-66 from room tempera-
ture upto 150°C and found protonic conduction in the upﬁer
portion of the temperature range while electronic conduction
dominated in the lower part. Taylor and Lewis(1ll) investi-
gated conduction in‘pdlytheneterephthalate and polyethy-
léne without any excitation of carriers 'and using current-
voltage measurement techniques. They found a. long term .
decay of current for a steady applied voltage and their

results were explainable by Schockleystheory(42,112),
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The breskdown strength as a function of temperature
is recorded generally of the same form for all the polymers,
that is, almost constant at 1§w temperatures and falling-
‘off at higher temperature(44,113,114). Later, extensive .
investigations carried out by Riehl, Baessler, Hunklinger,
Spanning and Vaubel (115) who developed a technique of non=-
destructive breakdown study similar to'the self~hgaling ,
~ breakdowns observed by Klein(102) in Si0, Near 4K, the
prebreakdown ourreht wags ildentified with Fowler-Nordheim
emission of electrons from the cathode over a barrier of
1.8 oV which agrecs reasonably well with the velues obtained
by Lilly, Lowitz and Schug(11l6) for thermionic cmission at
higher temperatures. showing the electrical naturc of the

breakdown observed.

One of the most interesting recent dielectric break-
down studies is on thin '"built-up' Langmuir films of some
soap metals, Interest in4these studies have becn gtimulated
beéause‘of their promising use in device applicationé and
because of certein advantages with these films suéh as‘easy
reproducibility, uniformity of layers and godd thermal
stability etc. Porter and Wyman(11l7) studied breakdown in
these films having different number of layers. The films
were covered with a drop of mercury and were subjected to.
a variable d.c. voltage with a galvanometer in series, With
films of higher thickness there was no observable deflect~

ion in the galvanometer until a certain critical breakdown
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voltage was feached. Race and Reynolds (118-120) also
carried out similar type of measurements on barium
stearate films. The vbltage was varied from 0.01 volts

up using a fine poténﬁiometer and measured by a high
resistance voltmeter, For a.c. measurements the voltage

was supplied by a beat frequency oscillator. The output
voltage‘was controlled by a potentiométer on the osciliator
panel and was measured with a vacuum tube voltmeter., They
found that'thé diélectric Strength measurements were

not vefy reproducible even aftef taking considerable

care to préﬁent the inclusion of dust in the multilayer
films. Holt(121) measured the maximum dielectric strength
of multilayer films and found its value varying from
l.3xlO6 V on ™t 6

0 (0]
at 225 A to 2.6x10° 7 em™t at 3700 A.

A knowledge of the effect of‘the temperature on the
breakdown strength in thin 'built-up' films of barium
‘stearate etc., which have been studied by the author in
the present work can be of considerable importance in
théoretically understanding the mechanism of dielectrie
breakdown. Equally important are the thickness dependent
 studies in these films in determining the breakdown
.mechanism. Recently, Agarwal'and Srivastava (51 )have
studied systematically the thickness depenﬁence of di~
electric breakdown in barium stearate'in the thickness
range (25-2000 R) at room‘temperature'(298OK). For the
range studied, the breakdown sfrength was found to bq,a

power dependent function of thickness varying as d~ >,
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4 being the thickness of the dielectric film, -For larger |
thicknesses(corresponding to 10 to 80 layers) the |

resuits were in very good agreement ﬁith the avalanche
breékdown theory of Forlani and Minnaja(40) which predicts
the value of « to be 0i5. In the lower thickness range |
(1-10 1éyers), the valﬁe of « was found to be about 1.00

for all the films studied(51,54). A.C. breakdown studies
(122) of barium stearate film have also been carried out

as a function of frequency, in theé range (10-200 KHzs) and
thickness in the range (100-1500 2). A1l the measurements
were taken at room temperature (298°K). The a.c. breakdown
voltage wés found to be increasing with increasing frequency
énd with the'thickness, varying aé v with d = 0,68, Based-
on their measurements, they have concluded that the breaks
down processes in these Langmuir films are e%eétronic'in
nature rather than thermal. In all this work, the authors,
"h0wever; have not studied the temperature dependent behav-
iour of the breakdown field in ‘built—up‘ films; as attempted

in the present work (Chapter VI and VII).

(b) Thermal Breakdown Observations

In insulators, thermal breakdown has been ObServed
both at weak spots and uniformly over the Specimeh.
Klein and his coworkers (2,58,59,12%3-128) have done very
eitensive work to describe thermal breakdown procgsseé’
in thin films, particularly on'éilicon oxide films and

“a number of papers have reported in the literature
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concerning their thermal breakdown studies.

Klein and Gafni(2) studied d.c. breakdown in Si0
films at room témﬁerature eliminating the weak spots
of the specimen end found a good agreement between
their theoretical ang experimental vélues of maximum
voltage. Si0 specimené (4100 3 thick) cleared of weak
spots were studied by Klein and Lisak(123) in the’temper-
ature range (4.2°% to_4150K) and a quasi exponential rise
~in the current with temperature was obéerved above 70°K
as predicted theoretically (2)., Recently, Brestechco and
Kléin(124) found a slight decrease in the magnitude éf
the d.c. thermal breakdown field in vacuum as compared
to that at atmospheric pressure. For a sample'of thickness
4.5%10"° oms,the breakdown strength was recorded to be
2.9 MV/cu and ‘1.5 MV/cm for 1.5x107° cm. thick specimen

of silicon oxide at room temperature.

A.C, thermal brezkdown was also reported by Klein
and Lavanon(125) on Si0 samples in the frequency range
(10 to 50,000 c/sec.) and the breakdown voltage was found
to be frequency independent upto 1000 Hzs and then dec-
" reasing linearly with frequency owing to dielectric losses.
A.C., breakdown strength was, however, found to be 10-207
larger than the corresponding d.c.ones. Klein and
Burstein(126) carried pulse breakdown studies for 5x10'50m.
thick 810 films and found a good agreement betﬁeen the

observed and calculated values.The study of the switching
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pheﬁomena in thin films has also been undertaken by
Klein and his results on switching are reviewed ih his
papef(59); For detailed information regarding thermal
breakdown reéults and processes, the reference may be

made to an excellent review article of Klein(58).

(¢) Destructive Breakdown Observations

Destructive breakdown phenomena has been a subject
of vast researches since last two decades and a congider-
able amount of work has been done. The destructive break-
down which is rather é complex process, is influenced by
temperature riée, by melting process, by drastic reduct- -
jon of the potential barrier at the metél-dielectric
interface (junction) and possibly by large current densi-
ties which are responsible for the event. The électrodes
usually melt or evaporate formiﬁg some kind of conducfing

bridge, thus leading to the shorting of electrodes.

Klein and his coworkers(2,125-128) studied in detail
tﬁe mechanism of destruction on self-healing thin films
of 5i0. Various—types of breakdowns were observed by them
. whidh were distinguished as 'singie hole', ‘'popagating'’
and 'maximum voltage' breakdowns. The first two were attri-
buted to localised‘fiaws in the dielectric destroying a
small and large area of the specimen, respéotively and the
third was regarded as bulk property deétroying the whgle

" capacitor, simultaneously. Single hole breaskdown is associated
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with 1elatively large valued series resistors and small
.applied'voltages and oftén occured at fields below 1 MV/em
is followed by rapidly increasing breakdown with increas-
ing voltage as was observed by Slddall(97) In all this

work self—hedllng breakdowns were used in order to eliminate
weak spots and if the electrodes are thin enough, & small
hole in the dielectric and a larger hole in the electrode
were observed(2). If the eleotrodes are of d1ss1mllar
thlckness, a pit in the substrate, a small hole in the
dielectric and a large hole in the oOunter-electrode have
been reported(128,129). When breakdown occurs, the voltage
decreases 1o a minimum during the. discharge and then

since the brezkdown is self-heallng, the capa01tor recharges
from the supply through the series re81stor in the circuit.

- Klein assumed (l28)-that the destruction occuring durlng
the breakdown was due to discharge of the energy stored

in the SlO cap301tor. If the applled voltage is further
raised or the series re81stor is reduced, propagatlng"break—
down was recorded, Klein observed that the propagating
breakdowns oceur at adjacent sites, probably, because the
_dielectrio is weaker at the hot perifery of the previous
breakdown. This occurs in three stages. In the first stage,
a conducting channel is formed in the dielectric due to
high electric field, in the second stage, the stored charge
of the sample discharges through the channel_ﬁriggering to
the third stage of prOpagation of the breakdown from power

sources leading to the destruection of the film,
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Extensive investigations of the destructive break-
down in thin-films have recently been reported by‘BudQnstein
and his coworkers(48-50) in their pioneering work. Unlike,
in the work of Klein and Gafni(127), Budenstein ¢t al made
use of SCR circuit. .ccording to them the mechenism involved
here is governed by a gaseous arc. Budenstein and Hayes (130)
on the bésis,of %heir experimental findings, concluded-
that the classificetion of breakdown, proposed by Klein and
Gafni, is purely phenomenological . According to them,maximum
- voltagé breakdown represents an ultimate dielectric strength
in a special circuital context but the destruc tion occurs
throughfmany single'breakdowns. The sides of the region
of destruction increases with the area of the capacitor
for a given thickness of thé dielectric and the breakdown
is, essentially, electrical rather than thermal in nature.
however, the phénomenon of destructive breakdown is still
in a state of confusion and is not fully understood in all

details .

2.2 DIELECTRIC CCNSTANT MEASUREMENT S

A étudy of the dielectric constant of thin insulators
like 'built-up' molecular films is of potent ial importance
for the development of thin film capacitors. The dielectfic
constant of thin films was measured by a number of workers
in different thickness and frequency ranges. The temperature

dependence data of the capacitance is, however, scarce.
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Early studies of dielectric behaviour of 'built-up'.
stearate multilayers were carried éut by Porter and
Wyman(117), Race and Reynolds(118-120) and Zahl and
coworkers(131). Porter and Wyman(117) measured the capaci-
tance of the '"ouilt—-up' multilayer films by placing a
smail droﬁ of'mercury which forms the upper electrode

of the capacitor. Film of organic layer was deposited

on the aluminized slide forming the lower electrode of

the capacitor.The capacitance was measured at radio
frequencies using a radio frequency bridge and was found
almost independent of frequency, The thickness dependent
behaviour of the capacitance-was also studied by these
authors and the capacitance ﬁas found to decrease with
thickness. The average value of the dielectric constant

of stearate films as reported by these authors is approxi-
mately 2.5 which is very close to the bulk phase value.
The dielectric constant obtained was varying from 1.9 to
3.5 for.fhé thickness range 1753 to 3525% (i.e. 7 to 141

monolayers).

The capaciténce measurements of 'built-up'® barium
stearate films were also carried out by Race and Reynolds
(118) over the frequency range 40-106 Hertzs by means of
'special guarded bridge(119) using small area probe method.

From these measurements, dielectric constant (K) and
dielectric loss (tand) of the films were calculated using

the equivalent parallel circuit(120). They found that. the

-
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‘dielectric constgnf was independent of the film thickness
and also-with the frequency upto 106 Hzs. However, no |
temperature dependence behaviour has been giveﬁ by these

authors.

Buchwald, Zahl and their coworkers (1%1) made an |
attempt to meaéure the insulating properties of stearate
| filmslby immersing multilayer coated metal rods into
conductive salt solution. A decrease in capacity was
| observed with increasing number of layers. However,»they
found atleast two-fold variation in apparent dielectric
-~ constant which were influenced by the choice and concen-
tration of the electrolyte. These authors have not atfemp— ‘

ted temperature dependence study of the capacitance.

Recently, Handy and Scals(132) investigated the
electrical properties'cf barium stearate films using the
evaporated metal electrodes rather than mercury drops to
sanddach the organic films deposited on aluminized slides.
According to these authors, the evaporated metal elect-
rodes lead to a higher incidence of shorts through defects
in}the films but,fhey provide a realistic test of film |
uniformity and of the practical utility of Langmuir films
fdr uée as ultra-thin insulating films, They found the
dielectric constant to be varyihg from 2,1 to 4,2 with an
average value of 2.5, which is évideﬁtly same as reported
,by‘earlier ﬁorkersJon étearate films. The capacitance was

also measured as a function of fregquency and a slight

change in the capacity with fre&ueney was observed.
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Drexhage and Kuhn(133) who have studied the
capacitance as a function of thickness of cadmium stea-
rate films have shown the constancy of the dielectric
congtant with thickness. Mann and Kuhn(134) calculated
the dielectric constant of monolayers df cadmivm salts
of fatty acids of different chain lengths containing
18-22 carbon atoms.The capacitance was measured with a
L-C preﬁision bridge of Rhode ahd Schwarz at a frequency
of 1000 c.p.s. and the dielectric constant was found %o
be increasing with decreasing chain length, According
to-Beék(lSS), the capacitgnce of the fatty acid mono- |
layers is reproducible within 3. . Recentiy, Holf(l2l)'
have alsoc shown that in general the standérd deviation
in capac¢itance per unit aiéa of each film being as low
aé 3., that is, of the same order as the accuracy to
which the areas of the electrodes can be measufed. He
has not given dependence of capacitance on temperature
but have shown no variation in capacitance with frequency.
Horiychi et al.(136) have also carriéd out similar
measurements on barium stearate films and shown indepen-
dence of the capacitance with the frequency over a wide
range (1KHz-1MHz). The dielectric obnétant was calculated
from the capacitance of barium stearate films equal to

2.5 as has reported in earlier studies.

Recently, Khanna and Srivastava(137) have also
carried out measurements of capacitanéé of 'built-up!

films of some fatty acid salts, as a functidn'of thiékness
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" and thereby, calculated the dielectric constant of
these filus. For a monolayer of barium Stearate, they
have obgerved a &alue 1.62 while for thicker films, the
dielectric constant was found to be 2.72. This value of
dielectric constant is evidently is in good agreement
with bulk phase value. These authors have not carried
out temperature and frequency dependence of the dielec-

tric constant.

2.5 DIEIBCTRIC LOSS MEASUREMENTS

Dieléctric loss is essentially a bulk property of
a substance and is generally . = - measured gimultaneously
with the measurement of the dielectric constant. The
dielectric losses in anodic oxide films have been studied
exteﬁsively and are reviewed by Young(129). These films
generally display a constant loss factor at audiq fre-
quencies, A little work hi#s been reported of the dielectric
loss in thin films as a function of frequency and temper=
ature (138,139). At higher temperatures above about
200°C, depending on the capacitor materials, the diffusion
of the film electrodes into the insulator film is signié
ficant producing a rapidly rising dielectric loss(138).
The loss in the evaporated film capacitors of ZnS, MgF2
and 510 is found to increase with fféquency in the range
10 to lO4 HZS(140), The dielectric loss in ZnS films:

exhibits peaks at about 210 and 475°K which correspond
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to activation energies of 0.16 and 1.18 eV, respectively.
Weaver has also studied the dieclectric properties of thin
films of alkali halides, (CaF,, LiF, NaF, NaCl, RbBr and
MgF,) and has reviewsd his work in ecveral articles(l4l-
144); Capacitance and dissipation factor meazsurcments
over a frequency range from 0,01 cps to 100 Keps showed
that at room temperature the diclectric losses decreased
steadily with aging time after deposition and both
i.es dissipétion factor and the capacitance incroaéed
toward the low frequency fange.-Marked increase in the
capacitance and loss factor was reported as o result df
adsorbed moisture, cﬁen for water insoluble MgFZ. However,
this type of losses were not observed in. bulk single
crystals (145). Weaver suggested thaf the basic loss
mechenism in alkali halide films are duc to the excess
vacancy concenfration and the later observations (146) have
éhown that the_losses are produced by the motion of cétion
vécanciéé; If these vacancies arc assunmed tc.condense
at the intercrystalline boundaricés, their observed rate
of.condcnsatiOn is in grod agrecment with the calculated
rate for anicn vacancies, using the activaeticn encrgies

obtained from independent measurements.

| In single crystal epitaxial films,»thé,lossés are
expected to be lowor. The results (147) for (100) epit-
axial LiF films deposited cn an epitaxial silver film

-~ deposited in turn on a rock salt substrate confirm this
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conclusion., Hirose and Wada(l48) neasured the diclectric

2 to 107 cps and cbsgerved

losses in S8i0 films from 10”
a loss peak &t.0.1 cps. This peak corresponds to an
activation energy cf ~0.4 eV, a valﬁe also »>btained from
the d.c. conductivity data. Rocenfly, Budenstcin etal(48,50)
havevalso carried out dielectric lcss measuremonts of sone
thermally evaporated ionic films as a function of tempera-
ture. Peaks are found for the dissipation factor in CeFB,
CaF, and Ce02 films and thesc peaks increasés as temper-
ature increascs. The bchaviour of the variation of capaci-
tance and diésipation factor with tempersature is found
similar in MgF, filns and in gencral loss incrcascs asg

tenperature is higher,

The dielectric censtant as well as the dielectric
loss measurements were also made by Race and Reynolds(118)
for 'built-up' stearate films and it was found that these
are %he two ihdependent properties of the films. The plot'
of the dielectric lqss against frequency show larger
'deviations. However, these deviations éppear to be random
and show no dependence on thickness and frequency. The'
order of magnitude of tand measured was low(than 0,001,
with & éfan&ard deviation of 17%, ) with those obtained
by Haskins and his coworkers(149). Assuming equivalent
parallel resistancc and capacitance of fhe filmé,-their
data indicate a tWo~fold vaeriation in dielcctric constant

and 15-fold variation in tand as a function of thickness
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~and fhe order of magnitude of tand in their_case Wasi

1000-10,000 times-higﬁéf'fhdn the value‘dbtainéd by
Raceland ReynoldS(iIS). The wide différence in their -
valﬁos was causcd bj the electrolyte in which the film

was'immersed

Recontly, Holt(121) and Handy and Sc~lﬁ(132) havo
carried out detailed studics of the Qiciéétrlc be hav1our
of Langmulr fllms. Holt(l2l) also measured thb 10ss angle
(tand) for the thickness range (225A-37OOA) and found that
the values dropped from 0.2 at 225A to 0.006 at 37002
showing thé standafd'deViétion of 25%. . The variation in’
loss angle with frequehcy follbwed normal thin film
behaviour., Handy and Scale(132) showed the veriation of
dissipation factor with frequency. They observed = slight

meximum near 700 Hzs and interpreted suggesting the preSehceA
of weak polar adsorption mochanlsm with a chnrﬂcterlstlc
rolaxatlon time’ of 0.03 u soc. At higher frbquun01es

(%10 KHz), thc measurenent uncortqlnty in the dlSSlp%flon
factor become comparable with the observed values. However,
.fhese‘authﬂrs have not studied the temperéfufé dependence

of the dissgipation factor in Langmuir films,

2.4 RESISTIVITY MBASUREMENTS

Thin anodized as well as thermally oxidized films
of some inorganic materials and some organic polymer films

are generally gcod insulators with high resistivities. The
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resistivity measufements of thin films heve been cerried
out by several workers on various film systems. Zahl and
coworkers (131,149) have measufed the resistivity of organic
nultilayer films ond an increase in resistance was observed
with increasing number of ﬁonolayers. However, there was
several orders of magnitude variation in resistivity which
was influenced by the choice and concentration of electro-
lyte. Small area probe measurements ﬁsing water or mercury
dropletslwere more successful. The variaticns observed in
resistivity values were generally ascribed to inhomogeneties
or voids in the films. Porter and Wyman(1l1l7) also measured '
the resistance of stcarate 'built-up' films and found that
resigstance increases with the increasc in thickness.The
values of resistance at i MHz were definitely less than
thogse at the lower frequency. Recently, Hondy and Scala(132)
have also measurcd tho resistivity of bariunm stcarate films
at low voltages (below 50 nV) where the ccnduction behaviour
is ohmio. They plotted the resistivity égainst thickﬁess
and found that the points were‘épproximétely uniformly distr-
ibuted over a certain limited arca of the plot. For a given
thickness, the upper limit of resistivity was corresponding
to those layers which possess the smallest frection of
voids. They foﬁnd that there was a wide range of variation
of resistivity values for the same number of layers which
supported the contention that the organic films posscss
.porous struéfure.They,glsc concluded that at low thicknesses,
/085 9
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- the resigtivity values were the characteristic of the
oxide layer as the fracticnal arca of the oxide film

| remain in direct contact with the upper electrode, Handy

and Scalazthen arrived at sone general conclusions that

the reproducibility of the e¢lectrical prepertics of-the

films was pcor, apparently because of voids and inhomo-

genecities in the organic inSulating films.,

The next chapter describes the fundamental character-
. istics of monomoledular films, on which, is bascd the B
developmont of the woll known Blodgebt-Langmuir technique
of 'building-up' nolecular films of metalic salts of some

long chain fatty acids, studied in the present work.



CHAPTER-III

MONOMOLECULAR FILMS

Insoluble monomélecular-films on liquids have heen
studied for many years because of their possible use for
both‘teghnological and scientific purposes. For example,
-films which reduce evaporation losses at water surfaces,
are of particular interest, In thesc processes,‘the ulti-
mate film, which ié only one molecule thick, plays the
most important rolé. Such.a film is known as monomolecular
‘ film or monolayer. The monomolecular spreading»on liquids
is one of the most fundamental Qhenomena in the realm of
physics and chemistfy of surfaces. A wide occurrenée ‘
of insolubie monolayersvof nany organic substances is now
well known (Adam,194lj. Monolayers at a liquid-gas inter;
face‘qan be comtrolled, manipﬁlated and exanined under
far better conditions., That is why,Athe monolajer at the
water-air interface has becn cxtensively studied inAthe
pionéering work of Rayleig@, Langnuir, Adan, Rideal,
Harkins and other workers'ﬁroViding much basic infbrﬁation
on such monolayers.'Here,\partioular stress has bech given
'tq the understanding of mcnolayer properties because the
5bui1t~up’ £ilms which'have.been‘studied extensively in the
présent work, have been deposifed simpiy by transféring"

these monolayers cn to solid surfaces.
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This chapter provides information about the surface
tension phenonena and spreading of organic substances on
water. The interpretation given by Lord Rayleigh of
Pockel's observaticns on monolayer spreading of olive
0il on'olean water surface and the effect of oily contam-
ination 6n surface tension of water has been discussed
in detail, The existence of short.range forces and the
nechanism of ﬁonolayer spreading on water surface have
been discusseéd in brief. Some fundamental information about

individual molecules, such as the length of the molecule

obtained by these experiments are also described.

3.1 SURFACE TENSION AND MONOMOIECULAR
SPREADING

(a) Surface Tensicn of VWater

Some anmount of wbrk has to be decne in bringing the
molecules from the interior of the 1iqﬁid to its'surfaée
due to the intermolecular cohesion? This work done 1is
stored as-frée_ehergy of thus created new liquid surface.
The free energy, thus stored per unit area of this newly
formed liquid surface is termed as"the 'surface tension'
of the liquid. It was supposed for a long time that a

liguid surface resembles a 'stretched skin under tension'’

but it is not so and thus the.term 'surface tension'

is_a misnomar. However, the two definitions of the surface
tension that it is the force (dyns/crm) acting normal to

a unit length in the liguid surfsce and the other .stated

as the free energy per unit area of the liguid surface.
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are equivalent,

" The surface tension of water is lowered duc to
its oilj'contaﬁination. The amount.of this.lowering was
first measured accurately by Lord Rayleigh(150). He
found that surface‘tension'is reduced by 21 dynes/cm
when 0.91 ng.cf olive 0il was added to a surface oovering
an area of 555 sq.cng.of water.surface. He had alsd
estinated the average_thickness of thin oil film on
water to be about 162, with the help of area-density

method, to be described in secticn 3.1(c).

Using a very'simple apparatus, latef, Miss Poékels(lSl)
had made a detailed and systematié experinental study of
the effect éf 0ily contamination on the surface tension
of wiater. The apparatus used by her was consisting of a
long nafrow tfough filled to the brim with water and two
rectangular metal strips called 'barriers’, ﬁhich rested
across the long edges of the trough. These movable-barfiers
were used to sweep-off the impurities of the surface and
a desired area of the surface could be selected by drawing-
out'or drawing-in.these barriers across the lqng edges of
the trough. The desired area of water surface, thus enclosed
between the barriers, could now be contaminated by_placing.
~a small drop of qlive 0il on the water surface. This.olive
0il cah nét leak through-the barriefs because they touch
the water surface all along. The contaminating 0il- remains

confined on the large or small area of the weter surface by
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pullinngut or puiling-in the barriers along the long
edges of thejtrohgh.

Miss Pockels(151) observed that the surface tension
of water reﬁains unchanged if no excess cil in the form
of small drops remain on the contaminated water surface
permanently. When a very small amount of olive oil is
added tc conteminate fairly large area of thc water
surfacé. The ccnstancy of surface ténsion of the cpntamin— '
ated water surface(equal to that of a clean water surface)
was found upfo-a cerﬁain critical area and below this
critical area an abrupt fall in the surface tenéion was
noted when the area of this contaminated surface was
reduced by'gradually drawing in the barriers, This
critical area depend upon the anocunt-of olive oil placea
on the water surfnée. Pockel's also obscrved that if the
amount of 0il is less than that enough to give a
critical thickness of about lOX to contaminate a given area
of water surface, the surface tension of water reﬁains '
uneltered but the surface tension of the water surface
falls rapidly as 'the amount of olive oil is incroased
beyohd this limit, Using érea—density methed (sec.3.1.,c),
the aﬁount of olive 0il enough tc contaminate the Qritical
: area‘or to give the critical thickness of 102 can be
_estimatedAif the density’of the olive 0il and the COntaf

ninated area are known,



~56-

(b) Monomolecular Spreading of Olive Oil
on Water Surface 3

Few years later, Lord Rayleigh(152) repeated many
of Pockel's experinents to confirm her interesting observa-
tioms outlined abovﬁ. He suggested that when clive vil is
placed on the weter surface, it spreads cut forming a
nonomolecular layer on the surface and moleculgs of oil
in the critical area observed by Pockels remain}closely
packed just touching each other. These ingenidus suggest-.
iong of Rayleigh thus.originated the fascinating subject
of monomolécﬁlar films. The thicknéss of the films cones
cut to be nearly equal to known length of the nolecules
as observed by iord Rayleigh(152). But his detoiled explana-
tion of Pockel's observations, as has beeh givéh in next
paragraph,'clearly shows that the monomclecular theory'
rests not merely on a2 numerical coincidence but igs based
on far firmer foundation cof the iden of 'tangible floating

nmelecules'.

, ‘.All of the-Pockel’s‘obsorvations can be explained

very well in the light of Rayleigh's suggestions as follows.
The molecules in a drop of olive cil, ‘when placed on the |
water surface, spread out quickly formiﬁg a-monoriolecular
layer on the water surface, The cause and the meohanism1of
the'spreading'phenomoncn is descfibed in Sec.3.3(a).
Obviously, the area ¢f the waterISurface availablc for the

spreading of 0il molecules can accommodate as many: of them
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a8 can be closely packed in a completed monolayer.The‘
number 'n' of the molecules spread on the water surface

is given By-the area of the available water surface divided
by the cross-sectional area (scc. 3.3(c)) of the molecule.
If the number of molecules in the amount of the oil placed
on the area of‘water surface is grecater than 'n', the 'n!
molecules will spréad to form a close packed moholayer and
the excess 0il in the form §f lenses ¢f considereble thick-
.nesées is left permanently on the water surface. GonVerse;y,
if the a#ailablé‘number of 0il molecules is less than 'nf; |
all the'molecules will spread out on the water surface
leaving no excess oil in the forn of lenses on the surfacc.
ﬁhe spreading of the oil in this case will be incomplete

- in the sense that the molecules in the spread layer 4o not
touch each other and are free to move about on the water |
surface relatively independently, In the former case, the
nolecules in the layer aré closcly packed touching each
other over the whole water surfaceileaving no excoss-space'
on the aréa for the molgculos to- move about and hoﬂcé the

spreading is complete in the former case.

It is thus'clear from the above that in Pockel's
experimentvthe spread oil molécules do not form a complete
»closed packed molecular layer in areas greater than the
criticai area. In all these stages of compression of the
'ﬁonolayer by drawing-in the barriers which are gradually

'reducing the area of the contaminated water surface, the
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0il ﬁolecules do not touch each other and move about
on the surface due to the excesg space available, 1f
the area_in‘which the spreading of oil takes place is
greater.than the critical area the molecules rémain
sufficiently for apart from each other and therefore
the electrostatic repulsive forces between the molecules
do not come into play. Hence, no work is required %o
be done in‘comﬁressing the monolayer by barriers in
diminishing the area of the conteminated water surface
upto the extent of the critical area. The free energy
of the underlying water surface will, therefore, remain
intagt‘ahd‘the.surface tension thus does not change
upto the crifical area,lAs soon as area of the contamina-
ted water éurface equals the critical area on compress-
ion:by drawing-in the barriers, the molecules in the
cohpreséed monolayér becomes closelyjpacked and'just
touch each other. The mutual electrostatic repulsion
between the molecules at this stage, comes into play
rather abruptly aﬁd the first resistance to'compfession
ariseé due to which the molecules start experiencing an
outward pull tending to spread them., This outward force
exerted (because of the mutual repulsion between the ’
molecules) on an element of unit length in the monolayer
is known as ‘'surface pressure'’ (dynes/cm) of‘the mono-
molecular £ilm. For_compressiﬁg thé monolaYer,fﬁrther—
more, even slightly, some work is required to be done at

. this critical stage when the intermolecular repulsion
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just cones into'play‘and the required energy for this
work comes from the free energy of the underlying water
surface. Therefore, when the aréa of the contamihated
water surface is reduced, below the critical area, the
surface tension of water falls abruptiy. From the

. energy cansidérations Adanm (15%) has shown that the
reduction.of,sdiface tension is equal to the surface
pressure of the filﬁ. ObViously, the critical area value,
will depend on the amount c¢f cil placed on the water
-surfaée. Hence, the critical area having closely
packed molecules just touching each other will be

greater if the amount of the oil or the number of avail-

able molecules is greater.

~ In the experiments described above, the amount
of the contaminating c¢il was kept constant and the area
of the contaminated water surface was varied while in
the Pdckels experiments on surface tension, she kept
area of the water surface constant and contéminated it
with increasing amount of olive oil. Here, 80 long as
the area of the water surface is contaminated with an
amount of 0il less than cne whiéh}cdntain 'n! molecules
(Secesl,1.b), the molecules in tﬁe spread monolayer will
not be closely packed. The surface tension does nct 
change as the intermolecular repulsicn at this stage
» does not come intc play. The gpread nmonolayer beéome~
closely packed when this area of water surface is contam-
inated with just 'n' molecules of Qli&e 0il. When the

amount of oil is Slightly increased to this critical
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linit, the intermolecular cchesion just ccmes ints play
and therefore the surface tensicn falls rapidly. The
average thickness cf the mcnclayer in the critical stage,
as observed by Pcckels in her experiments wes nearly 10 EL
In this way all the Pockels cbservaticons can be explained

0llowing Rayleigh's suggestions.:

A simple interpretation cf the f211 in the surface
tensicn due t- the cily contanination of its surface can
elso be given as follows. The surface tensicn of water with
a clean surface is determined by the.cohesion cr attract-
ion between its surfrace molécules and thoée lying under-
neath, Because ¢f this attraction, the surface nclecules
experience an inwérd pull in 2 direction perpendicular to
the surface becaﬁse_of the attracfioh. Vhen 0il drop is poured
on th: surface cohesion or attraction between the surface
water molecules and those lying underneath ié cpposed by
1 the adhesion or attraction between the 0il melecules
and the watet nolecules in the SQrféce, as a result of this,
the inwérd pull cn the surface water mclecules is bit
?educed and ccnsequently the surface tensicn of water with
contaminated surface is less than that «f the cloan surface.
The reduction in surfzce tension will obvicusly depend on
the adhesion or attraction between the contaminating
 mo1ecules and the water molecules. The greater is the
adhesion, more will be the reduction in the surface tension

.

and vice-versa., But, in case adhesion equals the



—61-

intermolepular cohesion (between\the water molecules
itself), the interfacial surface tension would vanish
and the contaminating molecules would become completely
miscible with weter molecules and all of them slowly

- g0 into the solution with each other,

Raleigh's monomoleculérltheory (152), thus explains
‘all the experimental observations in a most rémarkable
way. His ideas ncw seem to be absolutely indispensible
for interpreting the basic phenomena of surfaces. This
phenomenon of monomolecular spreading has come to stay
as most fundamental one in the field of Physics and

chemistry of surfaces(153).

(c) Spreading of other Organic Substances on_Water:
ixperimental Evidence for Monomolecular Spreading

As has been shown above Rayleigh's monomolecular
theory(3) provided a powerful tool for interpreting the
basic surface phenomena which could be studied gxpéri-
mentaliy by using an extrenely simple apparatus,iwhich
.was first used by Pockels., In fact Pockel's application
of ﬁévable barriers to éonfine films to compress them or
to removq any undesirable surface contamination laid =
‘the foundation for nearly all the work with films on |

liguids (153-155).

It was realized from the Rayleigh's successful

explanation of Pockel's observations that a close study
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of monomolecular layers would yield the fundamental
informations about individual molecules e.g. length of
‘the molecule, their cross-sectional area, the strength

of intermolecular cchesion and of the polar group etc.

The promise of glimpse intc the fundamental aspects of
individual molecules with fhe use of very simply appara-
tus has constantly inspired the extensive experimental
investigaticns c¢f. the monomolecular films. As the mono-
molecular films can be regarded as a two dimensional matter
existing_in all the three states, solid, liquid and
gaéeous(153), a theoretical study of these monomodle~

: 'cular layers has also been very attractive, Thus, investi-
gations in the field of mononolecular films are. most

interesting and fascinating ones,

The méchanical, electric;l,_optical and‘chemical
properties of molecules in an oriented array had'already
been revealed by a large number of experimental methods
which‘charaéterize monolayers and have contributed much -
informafion about the shape and size of molecules. All,
of course, depend on the formation of a suitable film for
study. The successful organic substances known for spread-
- ing as monomolecular layers on water surface are fatty
aéids, alcohols, estérs, ketones, sterols, dyes, chloro-
phyll, ﬁroteins etc, (153-157). Among these substances
nost thoroughly investigated are the long straight chain
fatty acids e.g. palmitic acid, steafic acid etc.(153).

Layers of these acids have a molecular structure-consisting
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of a lohg hydrocarbon chain with a nonpolar (hydrophobic)
me'bhyl(CHB) group at éne end and a polar (hydrophilic)
.funétional-carbbxylio (COOH) group at the other one. The
parent hydrocarbons do not spread to form monolayers but
the presence of this polar group at the end of long
hydrocarbon chain causes the spreading of these fatty T
acids. The mechanism of spreading is descr;bed in'Se033.3(a);
Devaux(158) studied a number of materials with
simple but elégant experimental method and noted that
the behaviour of the films is sometimes as solid and some-
times as liquid. Hardy (159) found that oils which do not
contein polar functional group do nof spread in the same
- way as thé animal and vegetable oils.
The first stﬁdies on the fatty acids were made to
confirm the monomolecular spreading of these acids on
water surface. Langmuir (160) justified the monomolecular
spreading and the formation of monolayer on ﬁater surface
by estimating the thickness of the spread film using
‘simple'areé-density method, If a spread film occupied
an area 'A! of the Waﬁef surface and 't' is the average
thickqess of the film, A x‘t = V is, obviously; the volume
occupied by it. This volume V’multiplied by the density d
of the film, gives the ﬁass m of the material of the acid
spread. From a knowledge of A, d and m, the average thick-
ness of the film t can easily be’estimated. When the area

A is reduced down to the critical area, the corresponding

value of t now obtained will be equal to the length of .
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the molecule. This is so because the molecules stand
perpendicularly on the water surface due to the close
packing of the molecules. Thus, the length of the
molecule in monolayer could be estimated from experi-
mentally determined critical area and the correspdnding
amount of acid spread. A check of the basic assumption
of monomolecular spreading,of.the fatty acid could now
become possible by fallying the length of the molecules
thus measured with the values of the chain length
obtained by other methods e.g. X-ray diffraction measure-
ment of the chain length in bulk crjstals of the fatty
acid. Thus, the estimated thickness of fatty acid mono-
layer on water surface by the above discussed area-
density method, ere in agreement(161,162) with their
corresponding chain lengths in bulk, studied by X-ray
diffraétion (163). Thislwork thus supports the Rayleigh's
hypothesis(152) df monomdlecular spreading and has
established that the spreading of fatty acid on water is
monomolecular in nature. Many other substances e.g.
alcohols, esters, ketones, sterols, dyes, chlorophyll,
proteins etc. have also ‘been found to spread monomole cu~
larly. Thus, Rayleigh's hypothesis of monomolecular
'‘spreading originally put forward for the case of olive
0il only, now seem to be applicable in general for®all

the substances stated above.

The study of the nature of spreading of the fatty
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acid on water surface by estimating the thickness of

the spread layer by the area-density method, however, is
open to objection. One. of the objections against the area~
density method, discussed above, is that the density of
the layer has ihvariably been assumed to be equal to that
- of the substance in bulk. However, this assumption is
justified only when the substance_in bulk has closed
packed layered‘structure similar to’that in‘the mono-
molecular film which in general is not true. Therefore,
the area-density method can not be expected to yield
accurate value of the thickness. However, Langmuir and
Adan ha§~great cecnfidence in the area-density method in
studying the nature of spreading of fatty acids on water
and conclusions drawn by them for the monomoleculér
spreading are essentially correct, because the density

of the mondlayér of the fatty acid happens to be very
close to that of the acids in bulk. |

3-2 SHORT RANGE FORCES AND ADSORPTIONI NON~OCCURRENCE
OF POLYMOLECULAR FIIMS '

To provide strong support for the idea of molecular
orientation of surfaces and the short range of molecular
forces which was developed by Langmuir (164) and Harkins(165)
separately, Langmuir performed some classical experimenté
on adsorption of hydrogen and oxygen in highly evacuated
bulbs containing heated_tungston filaments. He also believed

that the short range forces are responsible for nearly
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all types of adsorption. Thus, if tﬁe surface of a
solid or ligquid is covered even by a single layer of
'foreign.atoms or molecules, its adsorption properties
completely change since the molecules in the consecutive
layers can be in cohtact with{those in the preceding one

only and not in contact with the substrate.

The concept of short rangé forces, therefore,
leads directly to theimonomglecular spreading of the
‘insoluble fatty acids, having hydfoPhillic (water loviﬁg)
carboxyl groups in confact with the water surface and
- the hydrophobic (water hating) methyl groups away from
the water in a vertical pqsition. The attachment and
orientation of polymolecular chain will not take place in
- the absence of long range surface forces because the hydro-
phillic groupé in the second layer could not come into
contact with water. Thus, Langmuir's postulate of short
rangé forces, which'is responsible for adsorption on
1iquid surfaces also can be regarded as the theoretical
Justification for Rayleigh's idea of monomolecular spread-
ing (152),The occurrence of monomolecuiar 1ayers of a
large number of insoluble substances on wafer, also give

- strong support to Langmuir's postulate.

In his work on molecular orientation in surfaces,
Hardy(166) believed that the cohesive forces between the
molecules to be of long range in nature, often acting

through distances of several thousand Angstrom units
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and thus thought that the orientation extended through
many layefs.of molecules, The observations of Rothen(167)
on adsofption involving largé molecules,'provide definite‘
evidence for the existence of long range molecular forces.
Theréfore, now it séems that Langmuir's postulate of
short-range forces being involved in adsorption phenomena
may not be generally applicable and that Hardy's long-
range molecular forces do exisf in the case of some large

molecules.

3.3 FUNDAMENTAL CHARACTERISTICS OF MONOLAYERS

(a) Cause and Mechanism of Spreading of
- Monolayers on liquids

A nonvolatile substance insoluble in a ligquid spreads
on its surface if the adhesion‘(or affinity) between the mole~
cules of the sgbstance and that of the liquid is greater
than the céhesibn(br affinity) between the molecules of
the substance itself(153). The mechanism of the spreading
6f the substance on liquid surfaces is expiained here taking
the case of olive o0il on water. Water molecules are in
constant motion along the surface'diffusing long distances
and the motion-of these surface water moleculés cause
the expanding movement of the 0il drop. 0il molecules
adhers to the water molecules and are carried outwards
élong the surface because of the surface diffusing motions.

The surface diffusing motions of water molecules go on



-68~

continuously underneath the oil drop and the oil molecules
which spread first are continuously pushed out farther

by the outward sﬁrface pressure of those just leaving

the 0il drop. Obviously, the spreading of a liquid on solid
surface can not take place by the above méchanism since the
(surface) atoms or molecules of solids remain practically

fixed up in their positions.

The spreading and the stability of a foreign mono-
layer at the liquid-gas interface under given conditions
is dependent on a aelicate balance among the properties‘
of the substances involved. The substances like long chain
fatty.acids and alcohols, have a moiecular structure
composed of a large nonpolar or hydrophobic portion 'the
hydrocarbon chain' and at the other extremety a polar or
hydrophilic carboxilic or hydroxilic (~COOH or -OH) funct-
ional gfoups. The polar groups tend'to confer yater solu-
bility, while the nonpolar part prevents it and the forma-
tion of an insoluble monolayer is determined by the balance
" between them. Short chain fatty acids and alcohols such
as acetic acid and_methyl or'ethyl alcohols, are of course,
._eompletely miscible‘with water but the solubility of these
. substances in water deoreases-as the length of the hydro-
carbon is increased. Thus, in the case of the spreading
of stearic acid on Water, the adhesion(or_affinity).of the
stearic acid molecule,containing a polar cafboxyl group
to the polar water molecule is greater than the cohesion

(or affinity) between stearic acid molecules themselves.
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Thefore, the stearic acid molecules thus apread ouf

due to the surface diffusing motions of water molecules
will attach themselves to the water molecules by their
hydrophilic (water loving)carboxyl group (heads) and
since thelnonpolar hydrocarbon chains with hydrOphobic
(water hating) methxl group are very weakly attached by
water molecules, they remain more or less vertically
oriented with the methyl groups (tails) on top. The
presence of polar groups in the chain ﬁay result in its
slight tilting. If the polar or hydrophilic group is not
present in the substance, its Spreading on water.és not
possible as‘is the‘Case with long chain hydrocarbons such
as decané(ClOHQQ) or betane(Cl6H36) and liquid petroleum,
These substances do not spread at all, on water. A drop
of such oils remains on the water surface as;a leqs of

~ considerable thickness without spreading. Further, the
interactions between and with?n the molecules forming
monolayers are also importan%._lf the intermolecular
interactions are strong enough, its'spregding as mono-
layers is difficult even when a suitable polar group

is present.

The factors as measured above affecting the Spréad-
ing depend mot only on the nature of the film forming
material but also on the nature of both the liquid and
gaseous phases. These various factors are also important
in governing the structure and stability of an insoluble

A
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monomolecular film. To study a certain compound which:
does not form an inscluble monoléyér on pure-water, it
may be possible to.spread it on some other subphase.

While the concept of opposing iﬁsolubility of a hydro-
carbon chain and solubility or water éttracting power of
a polar functional group ig adequate for understanding
the formation of monolayers on air-water interface, on
the other liquid subphases, other kinds of attraction
than the strong dipele-water interaction can be effective.
It appears, for example, that n-octacosane, the 28-
carbon saturated hydrocarbon, will spread to form a stéble
'monolayer on mercury(168). Presumably, in this -case whére
the liquid subphase has a very high surface tension,
dispersion forces are adequate to provide attraction .
betwéen the organic compound and  the surface, and a film
is formed in which the molecules are spread out flat on
mercury. There are aléo some fluorinated organic compbunds
which can spread toiform insoluble monolayers on organic

, liquidg. Ip these cases, parts of the molecules are
attracted to the subéhase while other parts prevent

complete solution.

%3.3(b) The Formation of Spread Monola&ers |

In a conventional manner, the process of spreading.
of a monolayer with the aid of SOme volatile solvent; can
take place in two ways. Some substances, for example,
fatty, acids in hexane or petrbleum ether on water spreads

© CENTRAL LISRARY UNTVERSHY OF ROORNEF
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to form a thin layer whose interfereﬁce colours are
visible. The monblayer forming molecules ﬁake up fhe
positions at the solvent water interface and the solvent
then evaporates leaving the monolayer on the water
surface. In the second method, the drops of the spreéd—
ing soiution do not spontaneoﬁsly thin out as the case

of dilute benzene spreading solutions, but a dilute |
mixed film of monolayer forming material and solvent is
shed from the edges of the droplet, to spread over the
available surface. As solvent evaporates from the mixed
film, nore film spreads from the reservoir of spreading
solution droplets. The relative interfacialftensions‘
depend on the nature and concentrations of gll the compo-
nents in the system and in fact change during the
spreaaing process as solvent evaporateSu‘The important
aspect of these processes is that at the moment of
spreading, thé monolayer forming molecﬁles are in environ-
ment composed largely of solvent,veither’as an ovérlying :
thin bulk phase or as the diluent in.a highly'diluted

mixed film..

Spreading can'also be performed without a solvent
iﬁ some cases,VWhen a material which does not spfead
spontaneously, such as a droplet of oieic acid 6r a small
erystal of cetyl alcohol,is placed on a water surface,
molecules leave the bulk phase and diffuse out over the

liquid, the process of spreading may be hastened by
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convective flow in the.liquid and, in some cases, by
vapour phase transport, With sufficient material, the
spreading will continue'until the surface pressure has
fisén to the 'equilibrium.spreading pressure', TQ;S equi-
librium value depends on the relative magnitude of the
forces tending’to hold the molecules in a-monolayer at
the air-water interface and those .favouring their reten-.
tion in the bulk droplet or crystal. If the surface

available is large enough, the material applied to the

surface gpread out completely;

3. 3(c) States of Monolayers |

Henri Devaux(lSB) shortly after 1900, pointed. out
that the molecules in the monomolecular films may exist
in many different fOphs corresponding to the threé states
of matter viz. solid, liquid and gaseous. He showed that
the fluidity of a monblayer can be qualitatively estimated
from the mobility of talc particles dusted onto the film,
Various monolayer states represent different degrees of
molecular freedom or order resultlng from the inter-
molecular forces in the film and . between film and sub-

phase. The state and stability of the monolayer depgnds

. on the amount and distribution of the lateral intermole-

cular adhesive forces and the strength of anchorage of
the molecules to the surface respectively. If the anchorage
or the perpendicular attraction between the film molecules

and the liquid is weak, the film may not be formed at all 
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or it will tend to crumple up under small lateral
compression but if the ahchorage or the attractioh
betﬁeen'the molecules in the monolayer and that of the.
liquid i8 sufficiently strong and the lateral adhesion is
smallvthe film molecules move sbout independently on the
surface partaking in the translatory motion of the under-
lying'liquid molecules. Such a film resembles a gas or
1iquid solution on the surface and is called a gaseous

or vapour film, A strong 1étéra1 adhesion makes the
molecules adhere together into large: coherent islands

~of film and restrains their free thermal motions on the
surface. The exisfence of the state of monolayer‘depends
on a delicate balance of intermolecular attractive or
repulsive forces. The film is liquid or solid depends on
whether the molecular movement is less or more restriéted,
determined by the amount énd small details of distribution

of the intermolecular adhesive forces(153).

3. 3(d) Fundamental. Information About Ind1v1dual
Molecules from Monolayer States

Langmuir's film“balance (153) whose range has recently
"been considerably extended by the use of an electron micro-
scope and radio isotopes (169), remains the'piinoipal
instrument for basic studies on monomolecqlaf films, With
the,usé of this classically simpie de&ice, the primary
ﬁeaéurementé of the size of the molecules, the estimation

- of their shape, their cohesion ahd the locétion and strength
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‘of their charged active groups can‘be'obtained.

| The film balance esgentially consistéfbf;a smali
shallow waxed trough filled with watér on which the
monolayer of substance dissolved in a volatile solvent

is spread. A barrier in the form of waxed rectangular
brass bar is laid across the long edges of the trough
behind the monolayer, The film is made to push against

a delicately sﬁspended floating barrier which measures
the surface pressure exerted by the film as the film is
compressed. The pressure of.the film against the float is
balancéd by twisting the torsion wire- to which the‘float
is aftached. ihe degree of twisting required to keep the
- float stationary is a measure of the surface pressure.
Greatest care‘has to be taken to minimise the temperature
variation, accidental contamination, vibrations and dust

particles, which may cause major errors in the experiment.

& simple éurve plotted between surface pressure
and area (pressure-area curve of the monolayer) yields,
among other fhingé, the cross section and length of the
molecule, and the approximate location and strengths of -
its polar groups. The approximate strength of the inter-
molecular cohesion or the compreséibilify of the mono-
layer can also be obtained by the slope of the pressure-
ares curve showing decrease in surface area with the

increase in surface pressure. Experimentally it is found
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that the monolayers can be cbmpréssed to pressures
higher than their equilibrium spreading pressures. It

is found impossible to increase the surface prassure
further and the area of the film decreases if the
pressure is maintained cohstant_or the pressure fails

if the film is held at constant area. This condition is‘
referred to as the collapse point of the’monolayer.‘Thé
moiecules in the monolayer near the coilapse pressure
are tightly packed together and the film collapses on
slightly increasing the pressure., The cross-sectional
afea of the molecules can be determined with a prior
knowledge of the number of molecules in the monolayer
i.e. the number of molecﬁles in the amount of the subs-
tance spread. The length of the molecule or the thickness
of the monolayer can be found by the area-density method
eready deseribed(Sec.3.1d). The collapse pressure

gives both the strength of anchorage of the film to the
surféqe i.e; the strength of the polgr group and the

strength of cohesion.

Stearic acid, for example, has been found to have
avcross-éectional-area of 20 sq.angsfroms and a chain
length of 25 angstroms. The monolayers of stearic écid
_have a high collapse pressure of 42 dynes/cm'and low

compressibility (or high molecular cohesion).
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3.4 INHOMOGENEITY OF MONOLAYERS

It was long ago that the investigators assumed-
the monolayers to be homogeneous at all stages of
compression. Zocher and Stiebel(170) by their simple
appératus first examined the monomolecular £ilms to
show them to be inhomogeneous at low sufface pressure
and sometimes evén'in the region of collapse pressures.
His gpparatus consisted of a powerful dark field illumina-
‘tor mounted in the bottom of the trough and focussed on
‘the surface of the liquid bearing monolayer. A micro-
scope was used above the éurface to detect inhomogeheity
of the film. This technique was later.improved by Adam(171),
who suggested that varying the liQuid level in the troﬁéh
provided a simple means for accurate focussing. The ultra-
microscope has also been used by Braum(172)in an-interest,
ing study of collapsed films., The method, however, was
capable of detaching only Q?oss impressions of the sigze

and shape of fhese aggregates.

Later, Freundlich, Bouchet, Tronstad and others
have used the elliptically polarized light reflected
from surfaces covered by the monolayers, for studying
the structure of the films, However, this metﬁod couid
nbt}oontributé much regarding the structure of monolayer
“because of the difficulties in the intefpretation of the
optical effect of the films in terms of the individual

molecules but is capable of indicating the inhomogeneities
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in the film(173).

Measurements on sufface potential, which arises
from the surface field of force due to the unbalanced
forces of molecules in the surface and therefore varies
‘with molecular concentration or packing in a ﬁonolayer,
definitely established the inhomogeneity of the films
(except gaseous)(l75).ln‘this me thod also, the fine
structure of the monolayer could not be resolved because

of the dimensions of the electrodes used.

An extensive study of the structures of ‘the mono-
layers has recently becn done by direct electron micro-
scopy by Epstein(175). He showed that it was pogsible
.to detect fatty acid monolayer films, after depositing
them on glass slides and shadowing with an evaporated
metal film. Ries(169) and his coworkers refined this
+technique to study the monolayer structures at various
stages of compresgion. The electron microgrgphs taken -
by them clearly. show that at alow pressure the film is
inhomogeneous-and with incfeasiﬁg compression or pressure
large homogeneous'areas_of cohtinuoas monolayer appear.,
These miciographs also suggested the cdllapse mechanism
and has also been used to determine the thickness of
monomolecular films by the shadow casting technique(169).
More information about mixed films or monolayers with .

two or more components was obtained using combined film

balance and electron microscope technigue in conjunction
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with radio-active racer techniqué(l69).-The‘results

obtained are of biologics1 importance,

The next chépter describes the technique of the
building=-up of the multilayer films by tranéferring mono-
layers on to solids (glass slides). The nature and
structural properties of such 'built-up' films and the
methads of their thickness determination have also been
deséribed,'Deposit;on technique of Y-type films is given
in detail as these are used for the present ihvestigations.

X-ray and electron diffraction studies are also discussed.



CHAPTER IV

JBUILT-UP' MOLECULAR FILMS AND THEIR PROPER&IES

As has been discussed in the preceding chapter,
monomolecular films are of great interest because of their
formation at surfaces or interfacés. The deposition of
multilayers.by trénsferring these monolayers on to the
solid surfaces is also equally interesting. The experi-
mental méfhod of 'building-up' of the multilayer films and
the nature of sﬁch 'built-up'-fiims ig described in this
chapter, Particulariy, the 'building-up' process of Y—type
- filmg has been diécussed in detail because these films
have been used for investigation in the present work.

.The prOperties and structure of 'built-up’ films as
observed by eclectron diffrac@ion snd X-ray diffraction
studiésvhave been given here and ac?urate_methods of
detsrmining their thickness which.is one of the most
important aspects for studying the film properties have

also been described.

4, 'BUILDING-UP' OF MULTILAYER FILMS

(a) Bxperimental

The ‘deposition of mono and multimolecular films
of ldng chain fatty acids can be done by the well known

technique of Blodgett and Langmuir(60-62,176). The techique
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has_been described here in detail for the metal stearates,
specifically for barium stearéte._However, the same |
method of deposition has been followed for'the other
substances 1ike barium palmitate, margarate and behenate

which have also been studied in the present work.

The technique for 'building-up’ of these.films,
uses a very 51mple apparatus as illustrated in fig.l.
A long narrow trough T heav1ly waxed from inside is first
labelled with the help of the screws prov1ded with it and
then the trough is filled with deionized water (specific
resistancé of the order of 6x10° ohms cm.) to its brim.
’The surface of water is now cleaned by repeatedly'swéeping
the barrier across the long edgés of the trough and a j
waxed silk thread is attached by a small clip C-to the
edges of the trough and the thread is then placed upon
the weter surface in the form shown in fig.l(a).. The
thread is carefully made to touch the water surfaée at"
“every point to avoid any leakage of the film. Stearid
acid (or palmitic, margaric, and behenic) dissolved in
benzene (concentration almost 3x10-4'by'weight) is placed
on the surface near G, This now spreads and pushes the
thread before it, as shown in fig.1(b). After the séreading"
has completed, the thread igs fastened to ﬁhe gdges of the
trough by two small clips F(fig.lc). A small drop of
oleic acid (surface pressure 29 dynes/cm) is how placed
on the surface at P to exert a constant pressure on the

gpread monolayer of fhe stearic acid. Undeér these conditions,
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FIG.1 DIAGRAMMATIC REPRESENTATION OF THE APPARATUS
| FOR BUILDING UP THE FILMS -
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the monolayer of oleic acid and stearic acid pres

- against each other and the thread acquires an equili;
brium shape és shown in fig.1(d). The stearic acid mole=-
cules'in the monolayer are now relatively close packed
and stand upright as‘a resulf;of oieic acid compression.
The use of the thread S, (fig.1(d)) for prevenulng any
accidental oleic acid contamination to stearic acid
monolayer near G was not found necessary because it was
always ensured that the thread touches the watér surface
at 2ll points along it and thus, theré was no chance of
leakage of oleic acid. The deposition by traﬁsfef of
monolayers gpoﬁ the solid plate dipped into the water

at the position marked '6' is then started. In successive
depositipns as some of the stearic scid monolayér is’
used up, the thread moves forward towards the plate
thiough an area equal to total (front and back) area of
the plate.The final shape of the thread, as it gets,

is shown in fig.(le).

For ‘buiiding?uﬁ' of barium stéarate multilayers .
and the mﬁltilayers'of‘other substances most eaéily, a
low concentratlon (about 3 x 105 M). of barium 1ons is
added by dissolving 3 x 10 5M barlum chloride in the
deionized water. The solution is made alkaline and pH
‘of the solution is adjusted by the addition of potassium

bicarbonate to the deionized water already containing

| BaCl, in it. The divalent barium ions in the solution
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undergo surface reaction with stearic acid (or palmi-
tic, margaric and behenic ac1d) molecules (whose
carboxyl groups touch the water surface) to form
~barium stearate (or palmitate, mérgarate and behenéte).
The barium stearate(or palmitate ete.) moholayer is now
transferied frdm the water surfgce on to the solid,
'moving.across it by a repeatedly dipping and withdrawal
process. The ambient temperzture during the 'building-up'

process should be maintained at abqut 22%¢,.

Under these conditions a layer is transferred
on bdth the downward and the upward journey of the
slide which is suitably rendered hydrophobic and the
built-up film is Y-type. The pH of fhe solution is held
at 7.2 by adding a fixed quantity of potasium bicarbonate
(4x107*M). If the solution is made more alkaline (ph=9),
the layers are deposited during the déwn-trips only and
not 1n the up-trlps. Such layers are known as Xklayers.
The layers are preferably depos1ted at the rate of about

20 to 30 layers per minute.

Before pufting the drop of oleic acid on the surface .
of water the state of the stearic acid molécules which
spread monomolecularly on water surface is shown in
fig.2(a). Due to relatively large space évailable‘for
the molecules, some of them may tend to bend over the
water éurface instead of standing upright. As soon as
the dleic acid drop is poured on the water surface, the

stearic acid molecules in the monolayer closely packed~
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FIG.2 DIAGRAMS SHOWING STEARIC ACID
MOLECULES ON WATER SURFACE

(a) MQLECULE BENDING
{b) N?OLECU!_.ES STANDING CLOSE PACKED e
(c) STEARIC ACID MOLECULE STANDING ON WATER

(SMALL SPHERES REPRESENT HYDROGEN ATOMS AND THE BIGGER
ONES REPRESENT CARBON ATOMS)

® -CARBON ATOM s - HYDROGEN ATOM QO - OXYGEN ATOM

%
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together andlstand upright as a result of oleic acid
compression (fig.2(b)). Figure 2(c) gives a pictoriéi
representatidn of the orientation of a stearic acid
molecule on the water surface with their polar carboxyl
groups touching water surface. The circles in the
figures represent polar carboxyl groups of the molecules
,whiie the nonpolar hydrocarbon chains are representea by
the straight lines. It is important to note here that.the
homdgeneity and density of the stearic acid monolayer

at tﬁis stage would bé corresponding to its surface
pressure 29 dynes/cm., which is far apart from its coll-
apse pressure (42 dynes/cm) in the region of the closest

nolecular packing.

(b) Nature of Deposition of X,Y,Z Types of Films

From agueous substrates,the experimental possib-
ility of transfering the monolayers onto solid surfaces
by a simple dipping and withdrawal process was first
realised by Langmuir(177). Miss Blodgett and other
~ subsequent workers(60-62, 176-178) have since carried
out detailed investigations of this phenomena,‘the bagic
points of which are now well established.Thus, it has
been shown thét by successive depositions of monolayers,
multilayer  films with desired number of layers can be

'built-up' on solid surfaces (Sec.4.l(a)).

2

Only condensed monolayers, which do not tend to

spread indefinitely as the surface pressure ig reduced
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‘fo zZ8ro i.é. no compression and thus act as two dimen-
sional solids or liquids rather than gases(60) afeafound
to exhibit the phenomenon of dgposition on glaés or
metal surfaces. Initially fatty acids condensed bf'
means of’calcium; or barium ions in fhe substrate were
used for investiéations (61,62) but subsequently;méqy
other types of organic compounds have been employedyé.g.

I'd

-esters, ketones, phenols, proteins etc.

 Langmuir(60) and Bickerman (178;179) pdinted out
that the nature_of deposition of monolayers on a solid -
_surface'depend on the oontact'angle between the solid
and the film covered water surface. To facilitate the
Atransfergncé of molecules of the monéiayer onto the'
solid surface, the film and the mOnolayer is supposed -
tb be kept under constant COmpression.during_debosition
(Sec.4.1a). When a glass or metal slide is being dipped
acréss a fatty acid monlayer on water, for examﬁle, the
cufye-of contact between the water and the slide suyface
advénoes relative to the slide which gives the 'advancing'
coniact angle., When the slide is taken out of theiwater
_‘actbss the monelayer the cﬁrve of contact recedes
l'reiative to the slide thus giving the 'receding' angle
' of contact. Obviously, when the slide is entering into
the water and the advancing angle is obtuse, the water
surface will’fold_down naturally on the‘SOlid.Surface

'-thﬁs turning the uppermost groups of the monolayer i.e.
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FIG.3 DIAGRAMMATIC REPRESENTATION SHOWING THE
MOLECULAR ORIENTATION IN A X- TYPE FILM
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FIG. 3 DI‘AGRAMMATIC REPRESENTATION SHOWING THE
MOLECULAR ORIENTATION IN A Y-TYPE FiILM

FIG. 3 DIAGRAMMATIC REPRESENTATION SHOWING THE
MOLECULAR ORIENTATION IN A Z-TYPE FILM

(IN THE ABOVE DIAGRAMS THE SMALL SPHERES REPRESENT METHYL GROUPS
AND THE BIGGER ONES REPRESENT CARBOXYL GROUPS)
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methyl groups towards the solid surface. The molecules
- will be deposited with their methyl groups in contact

with the slide and the surface of the deposited mono-
layer will be compésed of carboxyl groups (sec.3.lc).
This orientation of the monolayer with the methyi groups
towards the solid surface and carboxyl groups away

from it is termed 'exotropic'. As the adhesion,of the
methyi groups to the solia sﬁrface is relatively 16w,
the slide should obviously be lowered into the water at
a slow Speed for deposition of the monolayef. The methyl
ngups in the monblayef remain turned away from the
solid>surface if the advancing angle is acute and.there.
will be no deposition when the slide is entering the
watér surface. Thus, a monolayer can be deposited on

a slide at its first entry into the water only if the
‘slide surface has been rendered fairly hydro?hobic ;i.e.
non-wettable by:water, thus giving a large contact
angle. Bging easily wettable by water (low contact
anglé) no deposition of the monolayer therefore takes
place on the first immersion of an ordinary glass sglide

into the water.

When the slide is being taken out and the reced-
- ing angle.is acute the water surface folds up on to the
slide thus turning the lower most polar carboxyl group
towards the slide surface. The water molecules which

are sandwiched between the carboxyl groups of the mono-

layer and the solid surface are slowly squeezed out
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because of the strong affinity between the polar
éarboxyl groups and the solid surface. The polar
carboxyl groups in this deposition rémain in contact
wiﬁhvthe solid surface and the surface of the deposited
monolayer consists of methyl groups (sec.3.lc). This
type of oriented monolayer in which the carboxyl group
is attached with the solid surface and the methyl
groups away from it is termed ’endétropic'.’Evidently,
when thé:receding angle 1is obtﬁse the polar carboxyl
groups of the molécules in the monolayer remain_turhed
away from the solid surfaég and there will be no deposi-
_tion'when the slide is taken out from the water surface,
Thus ,a monolayer can be deposited on a hydrophilic sClid
surface i.e. easily wettable by water -and thercfore
having a low contact angle, like that of an ordinarj
"glass slide, on .its withdrawal across the water surface.
Ih practice it can easily be seen that if the speed.of
withdrawing the slide is high, the sandwiched molecules
will not be efficiently squeezed out and there will be
no deposition, The squeezed out water molecules are forced
to come down on the surface of water not due to gravity
but because of their replacement by fatty acid molecules
in the monolayer whose polar carboxyl groups have strong

édhesion'tO'the solid surface.

From above it is thus clear that if both the

advancing and receding anglés are Obtuse deposition of
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the monolayer will %take place only on lowering the slide
across the water surface. This'type of deposition or the
film thus 'built-up' is-termed X-type. Obviously, the
X-type film will be made up of a series of extropic
layers which have already been defined to be oriented

in such a way that the methyl groups of the molecules

are towards the solid surface and carboxyl groups away
from it and thus the surface of the X-type film will be
composed of cerboxyl grqups..since heré the molecules in
the adjacent layers are oriented ih the game direction
the distance between the successive_planeé containing
carboxyl groups will clearly be equal to the chain iength
of the molecule (assumihg that the molecules are oriented_
perpehdicularly to the solid surface, fig.3(a)).

When the advancing angle is obtuse»and the reced-
ing angle is acute the deposition willAnaturally take
place on both lowering and withdrawing the slide across
 the water surface. This type of deposit ion or the film
thus 'built-up' is called Y-type. A Y-type film,thus,
will be made up of a series of alternating %xotfoPic and
endotropic iayers. Sincé,in the endotropic layer, as has
already been defined, the molecules afe to be oriented
in sﬁch a way that the carboxyl groups of the molecules
are towards the solid surface and the methyl groups away
from it, the surface of g Y;film will be composed
of methyl groups. The distance between two success-
ive pianes containiﬁg carboxyl groups in a Y-type

film will clearly be equal to twice the molecular chain



-91-

length because here the molccules in the adjacent

1ayérs are oppositely oriented(fig.3b).

When both the advancing and recedihg angles are
acute the depdsitioh will obviously take place only on
withdrawing the slide écross the monolayer, This type
of depoéition, which is rather uncommon or thé film
thus 'built;up' is termed Z-typo. Clearl&, a Z-type
film be made up of a series of endotropic laygrs and
'thefofore the surfgce of a Z-type film will bo composed
of mefh&l groups. Since the molecules in the adjécent
layers'are-oriented in the same direction in thié type
of film, thé distance between the successive planes
containing carboxyl groups will clearly be equal to the

molecular chain length (fig.3ec).

Sincé the contact angle between the film covered
water surféce and the solid being dipped is well known
Até depend on the natufe of the film forming substance,
the rate of dipping o;'withdrawal, the surface preséure
of the film ahd the pH value of the water etc., clear cut
experimental conditions ha&e tb be laid down for the
deposition or 'building—up’_of any giVQn type of filﬁ

i.e. X, Y or Z; Blodgett ahd,Langmuir(62) have done this

for the case of Y-films of metal stearates.it sbould alsg‘be~

noted that the contact ahgle between a ligquid and g solid
is considerably modified (153) by any contamination,

greasy or otherwise,of the solid surface and also by
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its rcughness. Therefore, a great_care has to be
taken regarcding these factors alsc 'while performing

experiment for 'building-up' a particular type of film.

(c) Deposition Retio of Monoleyer

The éarly studies df Bikerman(178) who algo
studied the deposition ratio of monolayers .showszd thatA
when a close packed film under high surface pressure
is transferred to a solid surface, the érea of the film
deposited is}equa1 to the geometrical area of the solid
i.e. the deposition ratio ié one., Deposition ratio of
a moholayer is defined as the ratio of the appareht area
of the slide coated to the aréa of the monolayer thué
removed.Sinca the surface of a2 solid is, in genefal,
rough on an atomic scale its apparent area i.e. the one
usually measured, is always}less then its real avea. At
the moment of deposition the film bridges over thelsurface
roughness of the s01id(178). The deposition ratio of the
monolayer was.found to be unity within experiﬁental error.
'_This was found té be so even for artificially grooved
surfaoés and fine wire gauges showing that the deposited
monblayer~is, in any case initially,'stretchediovar thé

surface undulations just like a soap film would be,

4,2 THE BUiLDING—UP PROCESS OF Y-FILMS -
Mono and multimolecular films of long chain comp-

ounds (metal stearates) can be 'built-up'by the technique
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"described by Blodgett and Langmuiﬁ(61,62). The process
for 'building-up' of Y-films by'depdsiting successive
mohoiayers, as have been usedlin the present work, is
~illustrated in fig.4. In this case the slide has suitably
been rendered hydrophobic by depositing a thin aluminium
layer in a @iéh vacuum by thermal evaporation. If the
deposition is to be done oh glass slide, it is made
hydrophobic by placing some molten ferric stearate on
the éurface and rubbing it vigorously with a clganjpiace
of muslin leaving just one layer of ferric stearate mole~
cules. Figure 4(a) Shwa the lowering of the slide across
the monolayef on the water surface with polar carboxyl
groups (as shown by circles) touching the water molecuieé.
Under these conditions, the first layer is transferred |
on to the slide on the first down trip (fig.4b), The

- following up-trib causes the deposition of the second
layer (fig.4c), the next down journey (fig.4d) gives fhe
third layer and so on. Obviously, the film thus formed .
_-oh'the slide will contain only even number of layers.

For getting a film having odd ﬁuﬁbervof layers outside

- water, the slide is first dipped into the water and then
the spreading of the monolayer is done on the surface

of water. In this dase when the slide is taken out, first
layer will be deposited on it. Subsequent deposition made
by withdrawing the‘slide will give thé second, thiid
layers and so on, If multilayer film having odd number of

layers is to be 'built-up', the previous procedure of
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FIG. 4 DIAGRAMS SHOWING THE BUILDING-UP
PROCESS OF Y-TYPE FILMS
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dipping and withdrawing of the slide is continued.
Obviously, in the deposited Y-film containing evén
number of layers, both the upper.and‘lower surfaces of
the»filﬁ are made. up of hydrophobic methyl groups and in
those}having odd numbér of layers, the uppef surface
consists of methyl groups while the lower one is made

up of hydrophilic carboxyl groups.

4.3 BXPERIMENTAL DETAILS AND PRECAUTIONS

In the present investigation exfremely'pure éamples
(Price's Bromborough's) of palmitic, margaric, stearic
and behenic acids were used. Oleic acid, benzene and_
wax used were of E Merk's grade. Barium chloride, potéss-
ium bicarbonate being of bnalar grade. Deionized water
was produced by passing the doubly distilled water,
through the columns of a portable 'Permutit' deionizer
'mérk 8' supplied by M/S Ion Bxchange(India) Ltd. . A
line diagram of '"Permutit Mark-8' is shown in fig.5.
The first column of the deionizer contains the cation
exchange material converting cations, such as calcium,
magnesium and sodium, into the éorrespbnding acids and
the second contains anion exchange material which reﬁoves
the acids formed by the former. The deionized water thus
produced is free from the dissolved salts and other solids
and is used for experimentation, The,requifed concentrat—
ions of solutions were achieved by weighiﬁg‘the chemicals

on an extremely sensitive chemical balancei The pH value
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of the solution was checked by the standard Beckmann

pH metre. Film deposition is carried out in a room which
is air-conditioned and frec of dust. Its temperature being
maiﬁtained to the required value (22°C) with reasonably
small variations by cooling it with an air cooler.
Greatest care at all stagés dqring deposition was taken
against any contamination accidental or otherwise by
ensuring‘and meintsining thorough cleanliness of all
parts of the apparatus. This is of great importanceAas
the phenomenon under stud& being on molecular level-and
the tochnique of depqsition is delicate. Also, during

the cxperiment much care was taken to avoid any vibration
or the disturbance of the trough, which if occurs would
crack the spread monolayer and thus produce unevenness
in‘the deposited film. Thc fébrication of the entire out-
fit of the apparatus for depositing the films under Study
was performed by the.authér himself and a photograph of

the same is shown in the lebelled fig.6.

4.4 PROPERTIES AND STRUCTURE OF 'BUILT-UP' FILMS

(2) General Properties

The 'built-up' film of barium stearate deposited
by the technigue of Blodgett and langmuir, have been
studied in detail (60-62,180). The films consist of super-
posed sheets of oriented molecules and have been shown to
form positive uniaxial birefringent crystals, with the

optic axis perpendicular to the plane of the film. In
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the condensed layers of long chain fatty acid soaps,
the molecules stand very nearly perpendicular to the
plane of the solid surface(181,18%). Electron diffraét-
ion investigatiéns (182) show that -the film actually -
form hexagonal crystéls with the symmetry axis i.e. the
'optic axis, perpendicular to the plané of the film,
X-ray diffraction studies on the films also proved that
the films are crjstailine in nature forming'very thin

crystals having known number of molecular layers.

The.fbﬁilt-up] films of these fatty acid soaps,
say, bafium stearate can be of X, Y or Z type depending
on the molecular orientation in adjacent layers of the
filme as has already been discussed in Sec.4.1(b). There
it has shown theoretically, that the surfaces of Y and
7Z films should be composed of methyl groups while those
of X films should consist of carboxyl groups( in the
case of barium stearate, diValent barium ion is substi-
tuted for hydrogen.atoms of the carboxyl groups). Since
the methyl groups are hydrophobic i.e. bracticglly no
affinity with water, the surface of Y and Z films are
expected to be hydrophobic i,e. nonwettablé by water
h@ving large contact angle. On the other hand the surface,
of X~film should be hydrophiliclhaving very low contact
angle with water as it consigts of hydrophilic (wettable
by water) carboxyl groups. However, Langmuir(60) experi-
mentally found that the surfaces of both X and Y films

(no work seems to have been done on Z films whose
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deposition is rather_uncommon) have almost the same

" contact angle with water, Also X-ray diffractionlstudies

- of the built-up X and Y-films of barium stearate(184,185)
have shown that the lattice spacihg normal to the film

is the same in both types of films and this spacing is
equal to the distance between\two successive planes contain-
ing barium atoms i.e. carboxyl groups (sec 4.4c). It has
already been shown in Sec.4.lb that for XFfilms the
diétance between the two successive'barium atonms shduld

be half of that for Y-films. The contact angle and spac-
ing anamolies regarding X and Y-films of barium stearate
films as described above have been explained by Langmuir
(lé6)hin terms of'thq overturning of molecules in adjacent
layers.of the X-fiim, just after dépoeition. This over-
tufning of molecules in the layers of the‘X—film'which'
results-in a molecular reoriéntation or a sort of fecrys-
tallisation in.the film, according to Langmuir arises
because of the thermal vibrations. This moleoular»re-
orientation can be possible at ordinary room temperatures
because the molecules in the films are bound togethér

with very weak Vander Waal's forces as the films have

low melting points. The molecules in the first and.ééiold
layers of a Y film are'strongly anchored with their polar
carboxyl groups face to face (fig.3b) forming a stabie
configuration and hence the reorientation of the molecules”
in these films is not at all expected. This anchoring in

the case of X~films is relatively weak due to the
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 methyl(inert) and carboxyl groups being face to face
(fig.%a), and unstable configuration., This unstable‘

, structural oonfigﬁration of X~film tends to attain the
stable structure of Y-film by the gradual overfurning
of mblecules in the layers of X-films under the:
influence of thermal vibrations until the molecules in
the first and successive double layers of the X~-film
become strongly énd‘stably anchored with their carboxyl
groups face to facc. TherX—film' thus becomes identical
to Y film and gives the same contact angle (with water)
andrnormal spacing as the Y-film, However, there is no
difect'experimental evidence to support Langmuir'é idea,
his theory of overturning of molecules in X-films

accounts for the anamolies as described above.

The -surface potantial measurements of the X;type
films of barium stearate carried out by Porter and
Wyman(187,188) show that the films are exotropic in
nature and are in the initially unstable structural
configuration‘contrary to the‘X-ray evidence, Later by
his experiments, Langmuir(60) has -shown that these
surface potentials arise because"of some surfacec electri-
ficétion produced by the récession of water from the
hydrophobic surface during the withdrawsl of the slide.
However, in the case of Y-films, there is no recession

of water taking place.
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(b) Studies on Thickness Determination

Mainly two typés éf methods.have been used to
detefmine the thickness of a monomolecular film of &
long chaig organic suﬁstance. Either the thickness was
determined by the area-density method (Sec.3.1d) which
requires the film to remain on the water surface or by
using the well known optical methods which require the
£ilms to be deposited on the solid surface. These methods

are discussed here in detail.

(1) Area-Density Method

The area—density'method for measuring the thickness
of monomolecular films on water surface is based on the
statemsnt of Dervichian(189) that the lattice structure
and tilting of the molecules in different forms are the
same in two or three dimensions. The general validity of
this theory was, however, questioned by Harkins and
Boyd(190) and by Alexander(l9l).—Alexander(157) while
working on condensed -monolayers has confirmed such crit-
icisms and has shown that the molecular chains in the
~least compressible region of the monolayer are vertically
oriented and are closely packed but not quite as tightly.
as is possible in the three dimensional crystzl. The
least compressible region of the monolayer is the one
in which it can not be further compressed without making
its collepse. The surface pressure of the monolayer in

this region is very near to its collapse pressure. Since
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- the built-up films are obtained only with condensed
monolayers, the deﬁsitycfthe monolayer can not, in
" general, be assumed to be equal to that of the substance

in bulk and as such this method is thus open to objection.

(ii) Optical Methods

(4) Interferometric Method

Blodgett énd Langmuir(61,62,180 ) have determined
the thickness of 'built-up' barium stearaté films by
interferencé of monochromatic polarized light reflected
by the fllms. In this method the angle of incidence is
varled until the reflected 1ntens1ty becomes mlalmum. The
thlckness of the film is calculated from a knowledge of
this angle of incidence, wavelength of the monochromatic
light used and the ordinary refractive index of the film,
Later, Jenkins and Norris(192) also determined the thick-
ness by.the samé‘method..ln their work they kept the angle
of incidence constant and vafied the wavelength until
the réflected intensity'recordea by a spectrophotometer
reduced down t0 minimum. Holley (184) made use of a Michelson
Interferometer in ancther attempt for thickness détermina~-

tion,

(B) Polarimetric Method

To measure the thicknesses very precisely, Rothen
and Hanson(193-195) have used an apparatus named 'ellipso-
meter'., This apparatus is very sensitive and is capable

of giving even very small increments in film thickness
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This polarimetric method is based on the measurement
of the change in ellipticity of light reflécte& from -
the film, The films of stegric acid or barium stearate
of known number of layers were used as optical gauge
for comparison purposes. Mattuck(196) in 2 more recent .
work has used an interference reflector of barium

- stearate itself to determine the thickness by Hartman's
polarimetric method (197) utilising white light inter-

ference fringes.

It can easily be seen that these optical methods
involved the refractive index of the f£ilm and required
the use of standard reference films with optical character-
‘istics. These methods give the optical thickness of the
film unless an accurate value of ﬁhe refractive index is
ﬁsed in the calcuiations for determining the thickness
of built-up barium ste‘arate films. As has already been
shown that the refractive index of the films can not be
assuméd,to be equal to that of the substance in bulk,
hence an unambiguous determination of the refractive index
of the films is heceééaify for evaluating metrical thick-
ness of the films. Also, any differential phase changes
upon reflections have to be eliminated to avoid spurious

gffects in thickness determination.

(¢) Multiple Beam Interferometric Method

Tolankskyfs multiple beam interferometric technique

(198;199) was first used by Courtney - Pratt(200,201) for
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determiging the thickness of molecular films. He applied
this method to molecular layers of fatty acids spread by
the droplet retraction technique on mica cleavage surface.
Tﬁis method making use of doubly Silvered mica, forming
the interfernce system, does not directly yield the
metrical thickness as it requires the knowledge of the

" refractive index of the film, Moreover, the differential
phase changés upon‘feflectidns at mica-silver and mono-
layer—silver interfaces are involved which are not unambi-

gﬁously known.

An accurste determination of the metrical thickﬁesé
of 'built~up' films of bafium‘stearaté and other substances
have recently been carried out by Siivasfaﬁa and Verma
(202,203) using multiple beam interferometric technique
G98J99LTM§J*method is independent of the optical propert-
ies of the film and therefore directly determines the
metrical thickness. Also,the differential phase changes
have been eiiminated'by using the standard reference film
of barium stearate itself, this yields the true metrical

thickness of the film.

(e) Lattice Spacing 'c': X-ray Diffraction Studies

The studies of X-ray diffraction on 'built-up'
'films of various long chain organic compounds have baen
carried out by many workers(184,185,204-211) making use
of the conventional seal-off X-ray sourcé. These Xsiay

diffraction studies have shown that the 'built-up' films
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are crystalline in nature and the process of building-
up the‘films is merely mechanically growing the crystal
layer by layer. Indeed, the building-up technique can
sometimes be used for crystallisation of some otherwise
interactable substances, for example, unsaturated acids(209).
Most of the workers in their X-ray diffraction studies

used relatively thick built~up films having large number

of layers while Bisset and Iball(212) investigated barium
stearate and palmitate films contéining only few layers.
They, from their detailed irtensified work have established
an analogy between optical diffraction frdm ruled gfatings
and X-ray diffraction from these layers. Clark and
.Léppla(213,305 ) studied a few layers of lead stearate.

The lattice spacing of 'built-up' lead stéarate films
ﬁas'also measured by Stephens and Turck-lep(2l4) using

electron microscopic technique.

Holley and Bernstein(206,207) and Fankuchen(185)
measured the latfice spacing of 'built-up' barium stearate
films perpendicular %o the plane of the film, The lattice
spacing in both X and Y types of films was found to be
the same., Since the moleculés in thé X~-films ére uni-
directionally orientéd,their spacing normel to the film
should be half to that in Y-films in which the molecules
in adjacent layers are oppositely oriented.Langmuir (186) was
able to explain the‘identity in spacings of X and Y films
of barium stearate in terms of overturning of molecules

in adjacent layers. As the molecules in adjacent layers in
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8 Y-film of barium stearate are oppositely oriented
(fig.3b) the barium atoms are located close to pgrallel
planes having = spacing equal to twice thé molecular
chain length. Since_scatterihg of X-rays from carbon and
hydrogen atoms can be assumed to be very small as cbmp-
ared to that from barium stoms (large atomic number),
fhe lattice spacing nérmal.to the film méasured by X-ray |
diffraction must correspond to the distance between
adjacent planes containing barium atoms i.e. unit cell
height 'e!'. Therefore,.half of the léttice spzcing ‘c!
must be equal to the chain length of the barium stearate
molecuie or the metrical thickness of the monomolecular

- film of barium stearate.

Recently, Srivastava and Vermé(203) studied the
X-ray diffraction effect in 'built-up' filme of barium
palmitate, margarate, stearate and behenate and measured
the e! Spacings of these films. A microfocus -X-ray
source of the;kihd described by Eﬁrenberg and Spear(215)
waé used and the-diffracted Spectra were recorded on a
Bragg-luller spectrograph. Films were 'built-up! on
silvered microscopic slides and it wes found that the
silver coating of the slide, forming the supporiing base
fof built-up films do nét produce any diffraction effects
to confuse or interfere with the interpretation of the
pattern obtained from the film. The monomolecular spreading

of film on water is also supported by the good agrecment
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found between the measured value of thickness by inter-
fefence and the chain length measured by X-ray diffract-
ion. They also found that the lattice spacing perpendi-
cul%r to the uupportlng surface. is double the thickness

[ 4

of the monomolecular fllms.

(d) Bl:ctron Diffraction. Studlos. Determination of
Structure

Blectron diffraction investigations have been carried
out by Germer and Storks(182) to study the structure of
mono and multimolecular films of barium stearate and |
that of stearic acid. They have shown that the 'built-up'
Langmuir films of barium stearate, actually form hexa- |
gonal crystals with the symmetry axis perpendicular to
the plane of the fllm. The reflection method was used for
investigating layers deposited on the clean metal surf-
aces and the transmission method for those deposited'on'
thin orgsnic supporting foils. It has 2150 been showm
that in a 'built-up' multilayer film of stearic acid on
a metallic surface the structure of the layer in Qontaét
with the surface is identical with thé structure of first
layer in a built-up film of.barium stearate i.e. hexa-
gonal. The structure of the upper layers in the stearic acid
acid film is characteristic of the stearic acid itself
i.e. monoclinic. This shéws that the layer of stearic
in contact with the metal surface undergoes chemical
reaction to form the metel stearate which has a struct-

ure similar to that of berium stearate layer in its
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'built-ub' £film(182). Germer and Storks(182) found

that the hydrocarbon chain of barium stearate molecules
are separated by 4.85 K. Recently, Stephens and Turck-lee
(214) also used electron diffraction technique for
studyihg the structure of 'built-up' lead stearate

films and suggested a monoclinic or orthohombic struct-

ure depending on the Spac§ group.

Optical studies of barium stearate films have also
ghown that the multilayers constitute uniaxial crystals
with the optic axis perpendicular to the plane of the
film. The birefringence is re=dily demonstrated(62) by
placing a 1000 layer film, built on glass, 5etween
two crossed nicol priems or crossed polarised screens.
The film being placed at aéimuthal angle 45°. The investi;
gation of the birefringence of a 1000 layer film of
barium stearate has also becn done, léter(62) using an
ired-gypsum plate in the usual way and the results
show that the film behaves as 2 positive uniaxial»cry—
stal. Such uniaxial crystals are characterized by two
refractive indices., The refractive indices measured by
Blodgett and Langmuir(62) are found to be n;=1.491 and
n3:l.535 for 'built-up' barium stearéte films. The
equations used describe the refraction of extraordinary
ray, the intensity of the ray reflected from the upper
-surfdce and from the film so0lid boundary, the phase
change af the boundaries, Brewster's angle and other

properties of birefringent films. Lucy(216) also measured
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the refractive indices of barium stearate 'built-up!

films and found the values, nl=l.4l9 and n3=1.550.

Faucher et al(217) have also developed a theory
using Drude's equations f§r|determining the optical
constants of 'built-up' barium stearate films on micro-
glass slides coated with chromium. Using anvincorrect |
value (48%) foridouble layer thickness of barium
stearate film, they have shown a good agreement bétween
their theoretical formulae and the experimental measure-
ments. However, the aﬁthor has shown (218) (repriﬂt
attached) that the agreement is not so good with the
use of the correct'meﬁrical thickness (25.75 %) for the
barium steérate as measured by Srivastava and Verma(202)

in their detailed work on these films.

Recently, Tomar and Srivastava(219) have also
measured fhe refractive index of thei'built—up’ barium
stearate filmé and other substances by using détector
reflectometer consiétihg gfwa dec. differential bridge
instead of the usual differential amplifier in the photo-
muitiplier circuit. Their recent measurements (220) of
reflectance and transmittance on such 'built-up' films
have tested the vaiiditlef Shopper's formulae(221) and
have indeed confirmed that these films are ahisotropic;

A theory of refractive index of the 'built-up' films

hap also beengiven by Khanna and Srivastava(222).

The succeeding chapter describes the desirability
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and sdventages of the 'built-up' films which led to
their extensive elcctrical investigations. Method of
selection of substrate, cleaning procedure, fabrication
details of the cxperimental set-up are discussed. Sand-
wich fabrication and measurement techniques of d.c.

and a.c. breakdowns have aléo beén described,



CHAPTER V

STUDIES OF DIELECTRIC BREAKDOWN OF "BUILT-UP".
MOLECULAR FILMS, EXPERIMENTAL

The capacitor is one of *he many circuital componen-

%8 readily fabricated by vacuum deposifion and other
teohniques{'Because‘of ease of deposition, low cost of
materials and good temperaiure stabiiity theée components
fre@uently have the construction 6f metal~die1ectric-
metal sandwich structure. The dielectric properties of
such}a dévice ‘built—up‘ usiﬂg-Lahgmuir.films of long
~ chain organic compounds such as barium stearates etc.
have been expérimentally investigated by many workers.
These 'built-up' molecular films seems to be very |
promising for making thin film devices in creating

insulating barriers, capacitors etc. This chapter gives
| in detail the information about desirability of these
"built-up' films, fabricatioﬁ technique of capacitor,
the experimental set-up and the method of.d.c. and a.c.

measurements of dielectric breakdown field.

5.1 DESIRABILITY AND ADVANTAGES OF *BUIIT-UP" FILMS

The possible use of thin 'built-up' films in the |
development of miniaturised solid state devices like
field effect transistors, microelectronic and integrated

circuitory and other devices, currently enhanced a
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widespread intérest towards their electrical properties,
such as, electrical breakdown etc. Particularly,
interesting are the dielectric breakdown studies of thin
Tbuilt-up' films of barium salts of long chain fetty
acids [OH5(CH,) ,C00d] of different chain lengths (n is
the number of carbon atoms in the chain of fatty acid]
such as palﬁitic (n=16), margaric (n:17),-stearic(n:18)
and behenic (n=22) acids etc. and the dependencé of the
breakdown field upon certain conditions such‘és tempera-
ture of the film etc. The study of the variation of the
.dieleotric,bréakdown field with tqmperature is important
for the theoretical development of the subject and also
- from fhe devices point of view as the devices are required
to operate at various tempera ures. Incidently, the
’built—up'-films of barium stearate have récently been
proved very promising for making some of the interesting
devices(132,136,223,224). Miles and McMahon(223) have
shown that barium stearate monolayers may be used as
tunneling sandwich befween superconductors and their use
aS.dielectric layers has also been shown by Holt(l2l)4
’Theée films héve been chosen for study because of their
fhighly'uw@forﬁai}mcknesgs' which are'controliable’and
have already becn very accurately measured by Srivastava
and Vérmq(202;203) using Tolansky's multiple beam inter-
>ferometric technique. The uniformity of thickness of 4he
'"built-up' film which, obviously, forms an important

factor for the present-investigafions, ig achieved by
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increasing number of monolayers(121) which improves the
degree of uniformity. Easy reproducibility of +these
monolayers and their high structural perfection(225)

are the additiohal advantages of these films.

The films have been deposited using a delicate but simple
technique of Blodgett and Langmuir, as described eérlier
in the preceding chapter (Sec,4.2). The films having
desired numbef of layers and hence the films of desired
thickness could be built-up by -this technique Simply by
repeated dipping and withdrawal process. The 'fogged'
a?pearance of these films, when the thickness is considér—
ably large (50-500 layers) may be checked by the addition
of some copper salt to the solution. The addition of copper
ions to the solution also minimise the cracking tendency
of the films which increases as the thickness of the
film incresses, usually commencing at 300-500 layers.
However, these problems did not arise in tha present
inveétigations‘as here films of sméll thicknesse§ have
been used for the_study. The monomolecular films of fatty
acids thus formed, consist of long hydrocarbon chain
perpendicular to the plane of the film with very weak
binding fofces between continuous chains. These films
are structurally well defined consisting of supefposed
sheets of oriented molecules forming pogitive}uniaxial
birefringent crystals with their optic éxis perpendicular
to the pléne of the film(62). These films are crystalline

and can be regerded as almost 'two dimensional' crystals.
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The 'building-up'’ éf the monomolecular 1ayefs,as a

special case can be thought to be a layer by layer

growth of a crystal. Since the transfer of monomolecular
1ayér from weter surfsce onto the slide requires afhigh‘
surface pressure, the molecules inithe"built-up’ film
remain closely packed touching each other. The films

thus formed have been reported to be of high structufal
perfection(225) and to be free from gross defects, |
porosity and weak spots unlike to that with the evaporated

film systems.

It has-already been shown by Holt(121) and others
that these layers are stable under vacuum and are also
thermally stable. Handy and Scala(132) and Mann and
Kuhn(134) in their recent studies on these films have
shown that it is possible to evsporate metals like alumin-
ium over the deposited films without any demage to the
- film, This has also been confirmed by the author in his
| recent étudies (226) on the same-monomolecular film
system. Holt(121) has shown that these films can be
heated to in damp éir over prolonged periods withbut
damage and observed no change in their electrical proper-
ties, even if they are repeafedly and rapidly cycled from

" 1liquid nitrogen temperature to 50°C.

‘-

As is well known, thickness énd temperature are
| Two crucial factors in the measurements of dielectric
breakdown strengths, as the former hélps inﬁfindihg the -

permissible limits of operating voltages and the latter
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is useful from the point of view of device applications
because the devices may be reguired to operats at var-
ious temperatures. While studying the thickness depend-
ent behaviour of dielectric étrength, Agarwal and
Srivastava (51,52) found that these.'built—up' films
have d.c. onset BrgakdOWn voltage of the ordef of several
(0-5) volts which has later been confirmed by the author
in his temperature dependehce studies on the same film

- system. This leads to their high dielectric strehgth of
the order of megvolts per centimetef (MV/cm) . This,
therefore, shows that these organic films are highly
insulating in behavidur and can be used as good insulat-
ors. The microscopic study of the breakdown occufed also
revealed thaf these films are'free from gross imperfect-

ions.

It, therefore, seems desirable that under carefully
controlled conditions (sec 4.3) 'built-up' films are
eminently suited for such dielectric breakdown studies

as have besn carried out by the author in the present work,

5.2 SELECTION OF SUBSTRATE AND CLEANING PROCEDURE

Proper selection of the substrate is of major
'importanoe:because the desired high degree of unifofmity
of 'built-up' films studied ié also gov;rned by the
surface structure of the substrate. In the present ﬁork,
therefore, a considerable attention has been paid tq the

selection of proper substrates with smooth surfaces, to
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minimise_the appreciable ,variations in the electrical -
propérties. Primarily becaﬁée of its smooth surface,
chemical inertness; rigidity and ease of cleaning, highly
smooth 'Gold-Seal' microglass}slides, having ho scraches
were carefully selected and used. The deposition was
preceded onto these Substrates. after oleéning them with

the procedure as discussed below.

The‘standard method of matching the cleansd slide
surface with a master optical flat (198) ﬁas>used to see
the planeness and smoothness of the slide surface. On
yroper illumination, the formation of reasonably.straight,
aquidistant, parallel and smooth fringes have.shown that:
he slide is almost plane and its surface has n;t much
urvature. This is, for example, revealed by the absence
f 'wriggle' in_tﬁe fringes of equal chromatic order,
aken by SriVastava‘and Verma (202,203) on a four-layer
barium stearate film(thickness about 100‘%). After
performihg such extensive investigations, it was found
that the 'Gold-Seal' micro-glass slides, in gensral do

not have sharp projections and waviness.

The micro glass slides after selecting by the
above discussed procadures are, first of all, physically
cleaned.b& soap solution in deionized water and subseq-
uently rubbed and rinsed with carbon tetra chloride to
remove any dirt and visible fringe prints. After washing

with carbon tetra chloride, these slides are stored in
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warmed and freshly prepared chromic acid (35 c.c. of
potassium chromate and 100 c.cVooncentrated.sulfuric _
acid, both of highly pure quality) fdf about one hour,r
which igs the most effective cleaning agent. TheSe.slides
are now washed with deionized water and boiling it in
water for about ten minutes. After washing it in de=-
ionized water and soaking in freshly laundered old linen,
,(it is rubbed vigorously and smoothly with clean dry
cotton wool until no 'breath figures' are obta%yed by .
.heavily breathing'oﬁ it. Thése thoroughly cleaned glass
slides areAﬁow ready for sandwich‘fabricétion ag will be
discussed later(Sec.5.3). To ?emove‘the metal electrodes
- (aluminium films) from the 0ld used slides conceﬁtrated
nitric acid is used and then the slides are prepéred for
use by the above said pro&edure. These cleaned slides
were presefved in a thoroughly cleaned glass container

till these were loaded in the vacuum chamber.

5.% FABRICATION OF FILM GAPACITOR

The desired shaping of thin film involves any or
all deposition and masking techniques in a veriety of
sequences. For the sake of simplicity physical masking
technique is used in which the mask is mounted between
the evaporant source and the substrate in contact with
the>1atter. The cleaned and carefuily selected micro-
glass slides as discussed in the preceding section are-

used for fabricating the £ilm sandwiches of the type
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Al-Film-Al, For obtéining the required séndwich structure,
about two-third part of the slide was first aluminized
by using a flat mask which is made of a thin copper
" foil of 0.125 cm thickness (about 2 cms. long and 1 cm.
broad»inldimensions). The aluminium was deposited on the

-6 Torr)

slidé by therﬁal evaporation in vacuum (‘310
with.the help of Edward's 'speedivac' ﬁodel 6E2 coating
unit (fig.7 ) which provides safe and easy evaporation
facilities in a compact unit. This unit 1s equipped for
evapqratlon, sputteriag and ionic bombardment. It consists
of a four inch silicon oil.diffusion pump with a water ‘
cooled baffle backed by a mechanlcal pump . Gensrally»two
hours are required to pump the system down to about

10_6

Torr. The deposition chamber is a'pyrax glass bell-
jar which rests oﬁ finely grinded surfacé with a rubber
10! ring, The diameter of bell-jar was 6 inches at the
base. Inside this bell-jar the work holder is fitted
above tungsten filament.‘The distance between thé filament
and the work holder surface at which thé slides were
"placed was always kept fixed equal to 4 inches. A line
diagram of the evaporation set-up is also shown in fig.8.
Tungsten baskets of the type H140/121, as shown in fig.9,
have been used for evaporation of aluminium whicp were
supplied by M/S Edwards High Vacuum ILtd., SuSsex,Eng}and.
. After proper mounting of filament and slide holder

in the work chamber, it is sealed and evacuated-by

operating the unit in subsequent steps. The high tension
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bombardment current is switched on to clean the chambef
interior and work surface (slide). After the evacuation
process is completed and the pressure gaugé indicates -
a required pressure of fhe order of J.O"'6 Torr, the low
tension current to the evaporation source is switched
on and increased by means of a 'regovolt' cbntfol unit
very slowly till the a1 uminium piece placed gets evaporated.
99.9%. pﬁre aluminium wire supplied by M/S Johnson
and Mathey was used for gvaporation and making electrodes
of the sandwich structure.The thickness of the aluminium
electrode was roughly kept constant every time by keeping
the distance between the filament and the work holder
fixed and placing the same amount of aluminium and the
same low tension cﬁrrent is passed for a fixed time, for
its'evaporafion. AnhydrousAphosphorous pentaoxide of
Anélar grade was used every time when the eVacuafibn is
done and high vacuum is creafed in the bell-jar to remove
any moisture in the work chamber, By controlling all
~these factors, thin aluminium (A1) electrodes were

evaporated each time.

The built-up films of barium salts of long chain
fatty acids of different chain lengths like palmitic,
margaric, stegric and behenic are then deposited on these
partly'alumihimaiglassslides having desired number of
layers by using the Blodgett-Langmuir techniqué as
dispussed earlier (Chapter 4‘Sec.4.ia). Y-type films

have been used for study because their characteristics
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are well understood. In this deposition, the slide into ’
the Water.is dipped keeping aluminized po?tion of the
side upward and the film is deposited on about 2/3rd

part of the slide., The upper Al electrode is then
‘evaporated on the film repeating the above discussed
procedure when the film is dried-up. The uppef electrode
is deposited in such a way that sandwich structure of

the type Al-film-Al is obtained. The lateral and trans-
verse views of thé sandwich structure thus fabricated

is shown in fig.10. During the evaporafion of upper
Al electrode, ionic bombardment cleaning is avoided which
causes local heating of film, resulting into the melting
of the organic;films having molecules bound together by\'
weak Vander Wall forces.It has already-been established
that the the rmal ovaporatlon in vacuum does not cause any
damage to the deposited film(lZl). The film sandwiches of
the area approximately equal to 0.4 cm2 are nbw obtained
which are ready to use for electrical breakdown meésure~
ments. The area of the film capacitors were measured using

a travelling microscope.

5.4 FABRICATION’OF THERMAL PROBE, CRYOSTATIC,ARRANGENFNT
AND EXPERIMENTAL SET~UP :

Determination of the strength of the materials at
cryogenic temperatures is virtually 1mportant to pe rmlt
the efficient and safe design of cryogenic equipment,

since low temperatures have marked effects on the properties
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of many materials. For variable temperature measure-

ments of the electrical breskdown characteristics of the
"puilt-up' thin films, a su&table cryostatic arrangement
was designed and fabricated by the aufhor. The arrange-
menf consists of a thermal probe (a photograph of thel
thermal probe is shown in fig.ll)_and a heat shielded,
white painted wooden box, well insulated from the surround-
ings to minimise the heat loss. It also consists a finely

silver polished Dewar flask.

The thermal probe was a big cbpper rod(l2“'1bng
’and %3/4"diameter) whose one end was sealed after passing.
comecting leads through it. The ceiling was made using a
low melting point solder known as 'woods-metal' (Bismuth
50%, lead 25%., tin 12.5%. and cadmium 12.5%.). This is
used with ZnCl, as flux. Over this a coating of araldite
(a high power adhesive) is done to become sure of its
'being air tight. An opening is also made in the copper rod
to which the high speed rotary vacuum oil pump 'Leétrum'
(Apee Electricalé, India) was connected with a rubber tube
having a two way glasg valve in‘between the pump and the
rod for the purpose of creating vacuum or passing air into
the probe sjstem as desired., At the other end of the metal
rod a copper capsule (3"diameter and 3"long) was welded.
This is facilitated by a 1id which can be opened and can
also be sealed-off with the help of ’woods-metal‘ aﬁd
‘plasticine’, Thé capsule consigts of a copper support

(test specimen holder) which is fitted tightly with the
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1id of the capsule. Over this metsl plate, two springloaded
silver point contacts were made to rest which are exter-
nally connected with the measuring circuit and iﬁ the
capsule the test specimen is placed below these silver
point contacts., The special advantage with this type of
arrangement is that the film always is under same constant
"pressure touching the dooled surface very tightly. The
spring loaded system make proper contacts of the 1éad ‘

with the test sample and the p0581b111ty of disrupting the ‘

film at the place of contact is reduced to minimum,

ThermOdouple device in which a pair of dissimilar
netals (e.g. COpper-constantan) generates a vbltage-at a
junction being easier,to.build‘and to read have been used
for measuring the temperature 6f the test specimen when
‘placed in the metal capsule 1in conjunétion with a highly
sensitivé deCe microvoltmeter system having a sensitivity
of 1 microvolt per division. Calibration curve of the thermo-
couple system is given in fig.12B. The e¢alibration curve
was obtained through the courtesy of Low Temperature

Division, National Physical Laboratory, New Delhi, India.

The specimen holder ié fitted with a terminal of
the thermocouple used through a2 small piece of samelmicro~
glass slide onto‘which the test sanmples are fabricated and
the heater wires, all forming a cémpact structure (the line
diagram of the test sémple,is given in fig.10% The other

end of the thermocouple system is used as a reference
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‘junction and is kept always in an ice bath (i.e. at 0°0C).
The heater wires are connected with a variak. (variable
output power transformer) to éroduce the required heating
of the specimen which after sometime acquires steady.
temperature. The temperature of the film sample is then
read with the help of a sensitive 'Phillips' d.c. micro-
voltmeter. To rémove the moisture from the'capsule, highly
anhydrous 'Analar Mark' phosphorous penta oxide was

used as drying agent.

The test sample is placed on the slide holder under
spring loaded pressure leads and the contacts were made
through mercury drops. Direct contact of the aluminium
electrodes with the leads was avpided because of the |
possibility of disrupting the film from the place of
bontact._After putting a small quantity of fresh phos-
phoroué penfaoxide (PZOB) ingide the capsulé, it is
sea%ed very properly to make it air tight from ail the
sides with the help of wood's-metal and plasticine and
thén 1t is evacuated with the help of a motor. This probe
is now placed very gently inside a Dewar flask which is a
double walled vessel with a2 high vacuum between the walls
and ?ery finely silvered from in and outside. This is
enclosed iﬁ a heat shield of véry thick sheets of thermo-
‘cole whose thermal conductivity is as low as 0.02 cals/°C.
The whole system is placed irla‘whife painted wooden bOX
containing cotton wool allvaround it to further insulate

~

the system from the surroundings.
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The capsule is cooled with the liquié nitrogen
~and its temperature could be varied between 77°K and
320°K, 4 photographic representation of the whole set-

up is given in fig.13.
\

5.5 ELECTRICAL BREAKDOWN MEASUREMENTS

| For testing the fabricated capacitors, first’of
all the resistance of the samples is checked with the
help of a sensitive 'Philips! multimeter and only those
samples were selected for breakdown tests which showed. a
'high resistance. The testing of the sample is done at very
low voltages (C.l volts). The d,c¢. breakdown measurements
on,fhe 'built-up' molecular film sandwiches were made
using silver probes through mercury droplets to contact
the aluminium electrodes at both the ‘ends of the sand-
wich. After the sample td.be tested has acquired the requ-
ired teﬁperature and steady state has been resched, elect-
rical stressés are applied to the sample with the help of
appropriate electrical circuits designed and fabricated
by the author himself.

a4

(2) Direct Current Measurements

The d.c. measuremsnts of the breakdown voltages
and the current-voltage characteristics were carried 6ut
using a 90 volts 'Bvercady'! mark battery across the sample
with and without a series resistor‘({j 4,7 X) between the

source and the sample.The voltage is swept-up from its
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low vaiues by feeding it through a linear Wire wound
potenticmeter 'helipot' ﬂg lOOK) and the sample is,

thus, expoged to linearly rising Voltégé. The breakdown
voltage (Vy) correspondihg tc the onset 5f breakdown,
shown by an abrupt rise'of current; the destructive |
breakdown voltage (de) at which a large area of the
film capacitor geté destroyed and the current ceased

to flow;in the circuit, were measured with a precision
V.T. V.M. having =z sensitivity of 0.02 volts per division,
The current was recorded inrthe nondestructive phase
(starting from onset breakdown voltage) using a sengi-
‘tive 'Philips' ampere meter (sensitivity 0.5 micro-
amperes per division),The circuit diagrem is shown in
fig.14. The deétruotive breakdown events were accompanied
by the sparks-produced across the capacitor. The destruc-
tion of the film was observed under a nmicroscope ’Cgrl
"Zeiss Jena(Germany)' with a canmera attachment and magni-
fied photomicrographs of the film destruction were fiaken
uéing this camera‘attachm@nt in transmission. The photo-
micrographs were also taken using reflection technique
with a projection microscope 'Neophot-2(Germany)' with

a plate camera attachment with it. 'Scientia' films supp-
lied by 'Agfa-Gavaert' were used and an exposure of about
5 minutes was allowed every time when transmission photo-
grephs were taken while an exposure of 1 minute was

‘given while working with the reflection microscope.
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The measurements of the breakdown voltags have
also been taken by changing the polarity of the bottonm
and top aluminiur electrodes of the symmetrical structure,
Al-Film-AL, presently investigated.'The breakdown voltage
in both the cases is found %o be the same., It is thus
concluded that the oxide layer which is formed on the
upper surface of the bottom electrode of aluminium (due
to its exposition into the air) does not play any role
in the conduction rechanish of these organic mono-
moleculgr layers. These observations have been supported
by Mann and Kuhn(134) who have measured the conductivity
of these monomolecular multilsyer system with and without
taking account of oxide layer and have shown that the
conductivity remains same aven when the-alﬁminium electrode

is annealed in air at 300°C.

(b) a.c, Breakdown Measurenents

A low distortion audio oscillator (Philips) was
used to measure the a.c. breakdown voltages. This has
been used in conjunction with a stabilized power source
and the resultant output voltage of the a.c. source,
swept-up from its low values, was applied across the
sample having a stendard series resistor (~10 K). On
linearly increasing the volfage, an'anOrmous rise in
the current at fixed voltage was observed which is known
to be the 'a.c.onset breakdown voltage'. The voltages

are again recorded by a precision V.T.V.M. having



=L 50
sensitivity 0.02 volts per division. The circuit

 diagram is shown in fig.15.

The next chapter describes the results of detailed
and'systematic temperature dependence study of d.c.
breakdown characteristics of the 'built-up' Langmuir
films. The results have also been discussed and an
att-mpt is made to interpret in terms of the existing

theories.



- CHAPTER-VI -

RESULTS ON D.C. BREAKDOWN AND DISCUSSION

This chapter describes the results of detziled
andvsystematic measuremgnts on d.c. breakdown strength
taken on 'built-up' Langmuir films of barium palmitate,
vmargarate, stearaté and behenate using the procedure
discussed carlier in the last chapter. Tywo types of
greakdoWn events widéiy different from eéch other were
observed, one for the 'onset'! of breakdown at which the
current through the insulator'shoots;up suddenly from
ite low values and the 6ther 5maximum breakdown voltage'
at which a large area of the insulating film gets>
destroyé& and is also termed as ‘'destructive bfeakdown
Voltage'. The results conoerning thé temperature depeﬁd—
ence stﬁdies of these two breakdown events are described

and discussed here.

6.1 RESULTS

(a) Temperature Depéndence of Breakdown Field.

The d.c, 'onset' breakdown studies have been
cairied out er the films of Barium palmitate, margarate,
stearate and behenate [UHg(CHy) _,000] ,Ba, with different
chain lengths 'n' (n gives the pumbér of carbon atoms

in the hydrocarbon chain). The measurements of the
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temper;ture dependence of this breakdown voltage

and heuce the breakdown field have been taken over a
range of temperatures varying from about 77°K to 320°K

-~ {1iquia nitrégen temperature to room temperature) with
different number of layers i.e. with different thicknesses
both at moderate film thicknesses (20 layers) and also

in the ultrathin range (1-10 layers). Graphical represent-
ation of the temperature dependence of the d.c. 'onset!
breakdown field (F,)(the field is obtained by dividing

the breakdown voltage observed with the thickness of the
film in éms.) in 'built-up' barium palmitate films |
(0<16) has been shown in fig.16. Plots 4, B, C and D

are the 'best«fit“experimental curves for 2,4,8 and 20
layers thick barium palmitate films.The curves A', B',

¢! énd D! also‘plot%ed on the same figure and shown

with dotted lines give +the calculated breakdown field
for‘2;4,8 and 20" layers barium palmitate if the injection
" of electrons is governed purely by the Schottky emission(44).
These curves have been shown for purposes of later compar-
ison with theory and to interpret the results obtained
“here, Thevtheoretical cur#es corresponding to the tunnel
emissioh have not‘been given because the temperature,
independence of the breakdown field is implicit in the
Forlani-Minnaja‘theory(44). In this electron injection
process (tunnel emission) temperéture-dOes not affect

the mechanism of injection and hence the breakdown field

fairly remains constant in the tunnel emission dominated
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temperature range. The values of the monolayer fhick—
nesses of the 'built~up' films used here have been
givén in Table 1. Similar curves between the ‘'onset'
breakdown field (Fb) and the temperature have also been
plotted for the 'built-up' films of barium margarate
(n=17), stearate (n=18) and behenate (n=22) and the
behaviour of z.c. onset breakdown fiéld in each subs-
tance is showﬁ in labelled figures 17,18 and 19

respectively.

As is clear from these figures, the onset break-
down field is virtually independent of temperatﬁre at
lower temperatures below about 200°K. Above this temper-
ature, the breakdbwn field is found to decrease with
increasing temperature. The breakdown field was of the
order of MV/em as reported by Holt showing highly insulat-
ing.nature_of the 'built-up' molecular films. Tha scatter
of the experimental data about the mean values of a few
number- of obsefvations have. been shown in all the graphs
. by vertical bars. To determine the scatter, a number of '
observations have been made at the same femperature and
for the same film thickness of different samples of the
same substance. The dots in the experimental plots corres-
pond to the mean values of few observations taken under
similar conditions. The variation of the 'onset' break-
down field over the entire témperature range fof various

film thicknesses is given in Table II.
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(b)'Current-Voltage Charscteristics

The typiéal current voltage‘éharacteristics of all
the four substances in the nondestructive phase have been
'shéwn in well labelled and Self—explanatory figﬁres 20 to.
23, After the onset of breakdown, indicated by an abrupt
rise ih the current,linearly rising voltage aC?osé the
film capécitor'was'continued ti11l the voltage collapses
and the destruction of the film commences, Before the
onset of breakdown had occured, the current flowing in the
circuit was very feeble. This value of current has nét
'been recorded and the curves have been plotted starting
-ffom onset breakdown voltage. Near the destiucﬁive break-
down voltages, currents could nét be recorded very properly
due to the fluctuations and hence the curves are plotted
only in the nondeétructive phase. The V-J curves (figs.éo-
23) are the representative ones and have been plotted

for 4 and 20 layers of each substance with temperature‘

as the parameter. The curves have also been drawn with a
resistance in series with the film capacitor and voltage

. source. The point 'a' in each curve correSponds‘to the
initial abrupt rise in the current, yielding onset of
breakdown voltage. The‘current-density 'J'has been calculated
by dividing the cﬁrrent(i) flowing in the circuit by the
area (A) of the film.caﬁacitor. The results have been

summarised in Table III.
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(¢) Destructive Breakdown Field

Measurements of the'temperature dependence of the
d.c. destructive breakdown voltage (Vab) have been carried
out for all the four types of 'built—up’ Langmuir films
~in the range from liquid nitrogen temperatures upto the
foom temperature. At this voltage, a large area of the
capacitor gets destroyed. Figures'24,.25j 26 and 27
give the best fit curves of the destructive breakdown
field as a function of temperature for different thick-
neSses of the films of barium ﬁalmitafe, margarate,
stearate aﬁd behanate-reépéctively. Here, also the dots
coffespond to the mean values of few observations taken
at the same temperature with the’films of same thickness
possessing almost same capacitor area and deposited under.
similar conditions. The rela@ionship between QOts and bafs
is the same as stated for the case of 'onset' breakdowh.

The results have also been given in Table IV.

(d) Optical Microscopic Examination of Destructive
Breakdown -

. Anvopticél microscopic study of the destruction of
the 'built-up' film éystem under high electrical stresses
has been made on a large number of capacitdrs by kgéping
» them under a suitable microéqopé with a camera attachﬁent,
if was observed that the destruction of the film readily
commences after the threshold voltage (de) and no de=-

-

truction is seen for voltages lesser than.Vab. A numbef of
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Barium Behenate

10—

CURRENT DENSITY , J(

Ny | | | N

0 12 _ 8 12 T
VOLTAGE (VOLTS) ——

FIG.23V-J characterstics of Barium Behenate fl!m .

A 77 K4Layers) _—— At 77°K (20L oyers)
—o-—At 297 K(ALoyers) —o— At 291° K(QOLoyers)
~—0— At 291°K(4 Layers) : —8— At 291°K(20 Layers)

(with seriesresistor=4 71 . (with ceries recictar= £ 7174
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(c) Destructive Breakdown Field

Measurements of the temperature dependence of the
d.c. destructive breakdown voltage (de) have been carried
out for all the four types of 'built—up’ Langmuir films
in the range from liquid nitrogen temperatures upto the
foom temperature. At this voltage, a large area of the
capacitor gets destroyed. Figures 24, 253 26 ahd 27
give thefbeSt fit curves of the destructive breakdown
field as a function of temperature for different thick-
nesses of the films of barlum palmltate, margarate,
stearate and behenate respect1VGly. Here, also the dots
correspond to the mean values of few observations taken
at the same temperature with the films of same thickness
possessing almost same capacitor area and deposited under.
similar conditions. The relationship between dpts and bars
is the same as stated for the case of 'onset' breakdown.

The results have also been given in Table IV,

(a) Optlcal Mlcroscoplc Examlnatlon of Destructiive
Breakdown

v An optical microscopic study of the destruction of
the 'built-up' film éystem under high eslectrical stresses
has been made on az large number of capacitdrs by kgéping
- them under a suitable microécopé with a camera attaéhﬁent,
if was observed that the degtruction of the film readily
‘commences after fhe threshold voltage (V b) and no‘dee-

truction is seen for voltages lesser than. Vab. A number of

-
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photographs are included to illustrate the nature of -
the breakdown patterns., Both transmifted and reflected
light were used to capture a maximum amount of detail.
Some representative transﬁiggjon and reflection photo=-
micrographs showing destruction of the film capacitors
of barium~palmitate, margarate, éteafate and behenate,}
~over large areas, have been shown in figures 28 to 43,
The photomicrographs did rnot show the occurrence of
'single holes' and 'propagating breakdowns' as obgerved
by Klein and his coworkers in his studies on evaporated
- film systems. The destruction of the film was éccOmpanied
by emission of light through spafks. The details of each

photomicrograph is summarised in Table V.

6.2 DISCUSSION:COMPARISON WITH THEORY AND INTER-
PRETATION OF RESULTS '

The_phenomeha of dielectric breakdown in thin films
is though interesting but not yet fully uhderstood and
the mechanism of electrical breakdown}in the dielectric
films still seems to be an argument of debate for the
investigators of this field. The theories of dielectric
breakdown. primarily dlstlngulsh three aSpects Intrinsic
breakdown,thermal breakdown and ‘Forlani's avalanche break»
down (Chapter I). First,the intrinsic breakdown is a
property of an infinite dielectric immersed in 2 uniform
eleétric field and the magnitude of this electric field is

a function of temperature. Once the critical field is
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FI1G,.28- TRANSM%SSION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 93 A THICK BARIUM PALMITATE FIIM TAKEN AT

(4) 77°K end (B) 291°kx
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FIG.29~ TRANSMI§SION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 465 A THICK BARIUM PALMITATE FILM TAKEN AT

(4) 77°Kk and (B) 291°%k
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G.30~- REFIECT%ON PHOTOM_ICROGRAPHS SHOWING DESTRUCTION
OF 93 A THICK BARIUM PALMITATE FILM TAKEN AT

(A) 77°K ana (B) 291°Kk
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reached, breakdéwn>ié virtuélly instantaneocus. In
thermal breakdown processes, a gradﬁal heating of the
dielectric due to the field produced currents is obtained.
At the critical field electrical energy is converted

to thermal'energy fast enough to—cause a éontinuing.
'témperétureirise and eventual destruction. The last

said mechanism of breakdown has been described $0 be due
to the formation of an electron avalanéhe wherein
carriers absorb from the electric field sufficient energy
to géneréte other‘carfiers which in turn generate others.
This mechanism .0of breakdown has generally accepted to be
the pr?me agent of electrical breakdown while the other
two r?}er to macroscopic maﬁifestations. The thickness
dependent.studieé of dielectric breakdown in the present
,film systems as has already been reported by Agarwal and
Srivastava(51,52) and the temperature dependént-s%udies
as presented here also permitted to choose the avalanche

mechanism as the predominant one.

The data on temperature dependence of the break-
down field, presented in Sec.6.1 and the earlier thick-
ness depehdent studies (51;52) in 'built-up' molecular
films are suitable for comparison with the various break-
down theories.The validity of.the above referred types of
breakdown with refergnce to the.present fiim systém is

critically examined here.

The original theories of von Hippel(24) and
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Frohlich(25) which were later reviewed by Franz (26, 227),
Stratton(20) and O'Dwyer(2l,27,28), ascribe breakdown,

in insulators to electron avalanches produced by impact
ionization. These older theories established the concept
of the intrinsic breakdown field which is independent

of dlelectrlc thlckness,lln dlsagreement with the present
fllm system studied(51,52). Here, breakdown occurs at
that field at which the energy gain of the conductlon
electrons from the fleld can not be balanced by phonon
collisions. The breakdown field is found to depend
strongly upon temperature and an 1ncrease is seen in the
breakdown field with decreasing temperatures in accord-

| A/T 1/2

ance with the term [1+2/(e®/*=1)7T]  , where 4 is a

constant peculiar to the dielectric used(228).

A comparison of the curﬁes (between F and T) flotted
‘using the above relétion derived from the conoepts of
intrinsic~breakdown'theories was made with those plotted
using our ekperimental data on the 'built—up' Langmuir
film system and it is seen that the theoretical curves
always have a ﬁositive slope whereas the slope of the
experimental curves is negative. Thué it is concluded that
this intrinsio'breakdown theory can not explain the

breskdown in our film system.

O'Dwyer(229) had also presented a theory of intrin-
sic breakdown in amorphous dielectrics due to Frohlich.
According to this theory the electrons are assumed to be

distributed over numcrous energy levels in the valence-



FIG.32- TRANSMISS%ON PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 96.2 A THICK BARIUM MARGARATE FILM TAKEN AT

(4) 77°K and -(B) 291°K



FIG.33= TRANSMIS§ION -PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 481 A THICK BARIUM MARGARATE FIIM TAKEN AT

(A) T7°K and (B) 291°x



FIG.34- REFLECTION PHOT OMICROGRAPHS SHOWING DESTRUCTION
OF 96.2 3 THICK BARIUM MARGARATE FILM TAKEN AT

(4) 77°K and (B) 291°x
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FIG.35~ REFLECTION PHOTOMICROGRAPHS SHOWING DESTRUCTION

OF 481 A THICK BARIUM MARGARATE FILM TAKEN AT

(4) 77°K and (B) 291°k
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conduction band gap of the diélectric.Thesé-levels
are known as traps. The breakdown voltage is found to

AV/2KT

vary with temperature as e where AV is the spread

of the trab levels and k is the Boltzmann's constant.

era&‘diffraction studies.(203) made on the present
Vfilm system shows the orystélline naturé of the dielectric
film, Also, Germer and Stork's(182) have shown by eléctfon
‘diffraction technique that the film forms uniaxisl hexa-
gonal crystéls wifh the.symmétry axis perpendicular to

the plaﬁe of the film thus giving two refractive indices
as 6bserved by Blodgett and Langmuir(62), Two reffactive
indices of the film'have also been siudied by,Engelson; |
with their coworkers(230) aﬁd by Tomar.and Srivastava(231).
TheSe,observatiQns-show that the films studied are not

- amorphous and therefore the above O'Dwyer's theory is not

expected to be applicable in the present Case.

- However, a glance at the.nature of thé breakdown‘.;'
observed seems to preclude any possibility of the break-
- down occured in our film system being classified as
thermsl. This indication is further substantiated by the

following observations,

An investigation of the frequency dependence of the
a.c. breakdown field has been carried out for‘built—up!
film capacitors (Chapter VII). The Eurves (fig.48) have
 shown that the field increases as the frequency of the

applied electrical stress is increased. Klein and
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~ Lavenon(125) héve also plotted similar curves on their
specimens (8i0) fabricated on gléss slideé.by the eva-
poration technique: The frequency-dependence_of the break-
downhstrength calculated on thermal breakdown theory
tﬁrﬁs out to be opposite to the one, experimentally
observed here. Thercfore, it is concluded that the break-
dbwn observed here in our film.system is non—thermalAin
nature. Agarwal and Srivastava(122) have also earlier
shown the nonthermal naturé of the breakdown in the
present film system. Also the bendover in the current-
voltage characteristics obsérﬁedvare found to be opposite
‘to the onefexpected'in the case of thermal breakdowﬁ(59)f
This also shows the.nonthérmal nature of the breakdown
observed. The mostéuccessful approach scems to be that
of Forlani and Minnaja(44) (Chapter I) who haye recentlyv.
developed a theory of breakdown in thin films. Their
theory has already been supporﬁed by a number»of ex?eri—
'-__mentél measurements taken by:Budenstein et al aﬁd many

other workers.

Forlani and Minnaja(40) have .developéd a field
emisSidn theory of dielectric breakdown assuming,that the
eléctronvinjected at the contacts, for sufficiently large
| value of the electric field, travel along the bottom
of the dielectric conduction band. The main physical
hypothesis of this theory is that the diélectrio is an
ionic crystal and the electrons ére free in the conduction

bang of the dielectric. Particularly at low
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FIG 37 - TRANSMISSION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 515% THICK BARIUM STEARATE FIIM TAKEN AT

(A) T77°K ana (B) 291°k
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B x 16OUA

FIG.58- REFLECTION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 103 A THICK BARIUM STEARATE FIIM TAKEN AT

(4) 77°K and (B) 291°k
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'1G .39~ REFLECT%ON PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 515 A THICK BARIUM STEARATE FIIM TAKEN AT

(4) 77°K and (B) 291°k
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temperatures (44,113), they thus proposed that breakdown
in thin specimens occurs by @h avalanche initiated by
tunnel emission of électrons at the cathode into the
conduction band of the dielectric. Breakdown field is
found independent of temperature and is a power dependent
function of film thickness varyiﬁg as 0% where @ = 0.5

" for high energy gap‘diélectrics(40) and for not very:
large electron affinity (w is the thickness of thé
dielectrié). This relation fits very well in our film
system and thé volue of « ié found to be very ncarly
egual to'O.S in 21l the four substances (51,52). Measure-
ments of the breskdown field on the present 'built-up'
film system in the temperaturé region,}beloW’about 200°K,
are in perfect accord with the above theoretically
predicted temperature independence of the break@owﬁ
field (figures 16 to»l9). As the highly insulating films - -
7of7bariﬁm ﬁalﬁitate etc., presumably, have higﬁ energy

ga? and the electron affinity involved is not vary 1arge;
presently observed results seem to be in ﬁery good agree-
ment with Foflaﬁi-Minnaja theory. One of the basic aséump—
tions of the F-M thecry that the.film be an ionic crystal
is also justified in the case of ‘buiit—up'~films stu&ied.
Since the sosps or metal salts‘of.long chain fatty acids
are ionic subsfances (232) forming stable insoluble mon0—4
vlayefs, "pbuilt-up' films of barium palmitate, margarate,

‘stearate and behenate must indeed form an ionic crystal.

At higher temperatures (above about 280°K), the



- glectron injection is found to be governed by Schottky’
mechanism rather than by tunnel effect. In this case,
thermionic emission of‘electrons takes place and the
breakdown field decreases with increase in temperature
due to the dominant role of electron image force on
'the»shape of the potential barrier. The breakdown field

varies with temperature in accordance with the relation

Q)
eIl

F eff ;

-
<l
g~

where deff is the effective height of the barrier at

the metal-insulator interface, E is the difference
between the mean energy of thévelectrons able to

ionize the dielectric and the mean energy of the elect-
rons.emiﬁted from the event, k,q and g are the Boltzman's
constant, electronic charge apd‘thickness of the insul-
ator respectively. Theoreticzl curves of the breakdown
field as g functioﬁ:of temperature~(above;about 200°K)
have beehrpiotted using this relation (figures 16-19).
The value'of'(ﬁ) was determined using the temperature
‘independent formula of tunnel dominated breakdown(44) énd
is uged here since the value of (ﬁ) is not known for the
film system studied. This pr0cedure_is_justified because
in these very film systenms the tunnei emission dominated
breakdown has already been established in'the appropriate
range(5l,52).‘As can be seen from figures 16 to 19,

~ the above relation is found %o hold good in the present
case. Thickness dependence data (54) of breakdown field

on the present film system which provided the first



FIG.40- TRANSMISgION PHOTOMICROGRAPHS SHOWING DESTRUCTION
0F120.2 A THICK BARIUM BEHENATE FILM TAKEN AT

(4) 77°K and (B) 291°k
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FIG.41~ TRANSMISSION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 601 A THICK BARIUM BEHENATE FILM TAKEN AT

(A) 77°K and (B) 291°k



F1G.42= REFLECT%ON PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF 120:3 A THICK BARIUM BEHENATE FILM TAKEN AT

(4) T7°K and (B) 291°k



'‘1G . 43- REFLECTION PHOTOMICROGRAPHS SHOWING DESTRUCTION
OF. 601 A THICK BARIUM BEHENATE FILM TAKEN AT

(A) 77°K end (B) 291°K
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evidence for Schd%tky emission dominated dielectric
breakdown at room temperature (™ 298°K) strongly support

-

the results obtained here.

It is thus clear from above that there should be
some intermediate temperature range in which both processes
i.e. tunnel as well as Schottky emission(thermionic
;;ission) should becoﬁe effective. In such a temperature
range, the breakdown field is, therefore, expected to
decreaée slowly with incrcase in temperature. Our experi-
mental data (figures 16 to 19) strongly support the above
expectation in the temperature range above about éOOOK gp%o .
 280°K. Because of the comﬁéncement of the Schotﬁky‘effect
also in this tempera.ure range, the breagéown fiél@ is
expected to decr%ase as observed. A quanfitaﬁive inter-"

- - -

pretation of tﬁb‘f}esent data in the intefmediaje.tgmpera—
ture range (2000;&£5 2§OOK) in.which both the'tunnel as
ﬁell as Scho%%ky eﬁission play their role éouid not be
'giveﬂ be?ause the corresponding formulation in this range.

could not be obitained.

ﬁ;ndy and Scala(l32) in their pionecring work on
prebreakdown conducfion‘in_the present film system(metal |
stearates) have also found ?ie tempegature~independence of
the current through.the—film’(ét:a fixed Voltage).bélow

about 175°K. This constancy of the current with temperature

was attributed by them to be due.%o'the.conduction of
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électrons being dominated by turneling at low temperatures.
In the temperature range of about 175°K to 315°K they found
the current to increase with increase in temperature. This
they attributsd to the conduction being governed by both
tunneling as well as thermionic emission. Thus the results
on temperature dependence of breakdown field studied here
are consistent with those of Handy and Scala. The above
discusgion incidently, shows that the breakdown observed

in the present film system is electronic in nature.

The maximum voltage breakdown, most.coméonly‘termed
as the destructive breakdown voltage (Vab)’ which deter-
mines the 'practical ultimate dielectric strength' of the
‘dielectric,used for preparing the films (barium palmitate;
stearate.etc.) has also bern studied here as.a function
- of temperature. The destructive breakdown event, in our
film system, is accompanied by light emission starting
-~ at the cathode jﬁsf ﬁriér to the voltage collapse as was
observed by Cooper and Eiliot(67) in élkali halides.These
authors have ascribed the light emiSsién to the recombina-
tion processes of carriers produced by impac?d ionizétion
indicating that breakdown stértS;hy avalanching . This also
shows that the breakdown presently observed is essentially

electronic in nature.

Klein and his coworkers (2) classified in detail
the destructive breakdown in self-healing A1-5i0-Al film

systems as single holes, propagating and maximum voltage.
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They regarded the first two types, to be due to fhe.
localised flaws or “weak.spots" in the dielectric
destro&ing a small arez (hole type) and large ares
(propagating type) of the dielectric and the third

one wag attributed to the characteristic of the ultimate
dielectric strength of the bulk materiasl. Using small
areé capacitors (0.02-0.2 sz) they found that whole

of the}capacitorAgets destroyed at'their maximum break-
down voltage.In their study, the tests were made using
d.c., voltage which was slowly incresased until an isolated
brezskdown occured and repeated‘it several times till

the negative resistancé region.in their current—voitage
'charaéteristics was attained. The mechaniém in_their work |
is that.on applyihg electric stress.acrOSS the éapacifor,
the leakage current rises because tﬂe capacitor can
sustrain a higher voltage and the heatipgrthus,océured,

destroys the whole capacitor. -

Budenstein.and coworkers(48750) also studied the
destructive breakdown phenomena in a variety of evéporatéd
thin film systens. Using a different procedure from that
of Klein et al. they have drawn some different conclusion
in their studies on A1-Si0O-Al capacﬁiors..Théy‘émployed
large area capacitors (0.33-0.72 cmz) and used a silicon~
controlled rectifier (SCR) circuit enabling them in
terminating the applied voltage after each breakdown.

The slowly increasing voltages wers gpplied to remoVe .

the 'weak spots' by single hole breakdown events and
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found that tﬁe voltage dropped at the threshold vbltage'
when breakdown finally occured.They found that this
breakdown event was indistinguishable from any other
single hole breakdown in appearance or waveform etc.

They glso showed that whole of the capacitor area does
not get deétroyed even at this maximum breskdown voltage.
‘This is also confirmed from the photomicrographs taken

on the present film syétem (fig.28 to 43), These authors
have further showed that the breakdown did not necessgarily
occcur in the hottest part of the specimen and the entire
process could be repeated in vhichvbreakdowns could some-
time occur at voltages smaller than those at the previous

'weak spots'’.

As the results of their experimentai observations,
Budenstein and Hayes(lBOj have concluded that Kleih'é
'mgximum voltage breakdown' is not = basic phenomena but
éénrbe regarded as a limitétion in s particular circuitél
context. They believe that only one form of dielectric
breakdown, the 'single hole breakdown' is respoﬁsible
for the destruction of the capacitor. The above referred
classification of the destructive breakdown, as propossd
by Klein and his coworkers was supposed to be purely
phenomenological and the 'maximum voltage breakdown' was
not charaoteriStic of the bulk dielsctric. According to
them, the mechanism is that the breakdowns are initiated
as a single hole breskdown and the total destruction

occurs through a series of consecutive and many single
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breakdown events each of these beirg localised.

The film capacitors of the tyﬁe Al-film-Al having
thin aluminium electrodes and comparstively large areas
have been employed in the present work. The 'built-up'
films of long chain compounds_e.g; baiium stearate etc.
studied here possess high structural perfection(225),
These films can fherefore be regarded as free from
'grogs defects'(225) and 'weak spots' unlike the evapora-
ted film systems have. When a slowly increasing d.c.
voltage is applied across the film capacitor, non-
shorting self-healing breakdowns occur. ‘At the' threshold
of 'onset ©breakdown voltage', the breakdown pérhaps
evaporates a hole throughvthe dielectric and an equal
-or larger hole through one of the electrodes only. This
event is not observable in the microscope in transmission
as the hole may-ﬁeevapprafed in one of the electrodes
only and thus the film'remains quite opague not to pass
light through it. VWhen the electric stress is further
increased, the cursent slowly increases till thz destruct-
ion of the film is started. On slightly increasing the
applied voltage (beyond the voltage at which the destruc-
tion in the film just commences) it was obéerved that the
voltage collapéed and the film considerably gets destroyed
over large areas due to sparks at a certain 'maximum ‘
breakdown voltage'. The whole capacitor area doss not get

destroyed as is cléar from the photomicrographs(fig.28—43).
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If required, large scale destruction of the film can,
however, be avoided by simply cutting-off the supply

voltage within a few microseconds of breakdown.

The 'maximum breakdown voltage' observed hefe is
not the same and to be distinguished from the 'maximum
voltage breakdown' observed by Klein aﬂd coworkers.The
'maximum vbltage breakdoﬁn‘ of Klein and Gafni(é) was
based on the appearance of the bendover in the J-V
characteristics (rather than on the voltage at which
destrﬁction occurs) which tﬁey assumed to be an indica-
tion of impending breakdown. Budenstein and Hayes(48,50,130)
later pointed out that the behdover is essentially
independent df the occurrence of destructive breakdown
(in capacitors of large afeas) which can be attributed
to regiors where thers isvconsiderable heating. As the
whole area of the capacitor is not destroyed in the case -
of present film systom, even at this 'maximum oxr destruct-
ive breakdown voltage', it diffefs basically from that of
Klein and Gafni. It determines the 'ultimate dielectric
strength' of the dielsctric for a2ll 'practical' purposes
from the poiant of view_of device applications but is
not the characteristic of the bulk as stated by Kiein
et al, 'Single holé'}and 'propagating' breakdowns of.the
type Klein et al have obs=rved in their work, are also
not observed ir the present temperature dependent studies

as the film system under study was free from gross defects
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or weak spots unlike those in evaporated film systems.
This fact seems to be supported by Budenstein et @l
who have considered that the breakdown observed is not
necessarily due to the weak spots in the fiim, As the
modern theories of electronic breakdown, referred to |
earlier, do not describe the actual mechanism of
destruction, no attempt has been made to give a more
detailed interpretation of the above results on destruct-
ive'breakdown. Also,since these theories do nof include
the conduction mechanism after the onset of breakdown.
(in the post breakdown region), the current-voltage
¢haracteristics in the nondestructive phase could not
be'interfreted.Howévef, all the results’shown here, may
prove useful in the device applications of the 'built-up'’
films which have already been shown to be promiéing_from
this point of view (132,136,223,224). o

The next chapter presents the results and discuss-
ion of the temperature and fregquency dependence studies»
of a.c. breakdbwn field ih "puiltenp! molecular Langmuir

film systems.
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CHAPTER-VII

RESULTS ON A.C. BREAKDOWN AND DISCUSSION

As has been stated earlier, 'built-up' films of
metallic salte of éome long chain fatty acids(e.g.
barium palmitate, stearate etc.) have recently been
shown to be prémising fbr making.some miniaturised solid
state dielectric devices (132,1%6,223,224) like tunneling
sandwich between superconductors etc. First detailed
and systematic study of the d.c. breakdown characteristics
of such 'built-up' dielectric films have been done'by |
the authér as repdrted in the preceding chapters (Chap ter
v and_VI). The a.c. breakdown charactérist?os of present
film systems are known to be equally impbrtant from the
_point of view of device applications and particularly
interesting is the first i.e. the 'onset' breakdown event
..in these filmsf Only few efforts to investigaté the
breakdown field with alternating voltages‘have been done
by the pioneering workers of this interesting field and
the only a.c. studies reported in the literature are by
Anno(2%3), Chaiken and St.John(234) and by Klein and
Levanon(125). Thickness and frequency dependence of a.cC.
breakdown field (at room temperature) in'built-up' films
have been reported by Agarwal and Srivastava(l22).Anno
hes taken his meésurements on mineral films whereas Klein‘

and Levanon have investigated‘thermally evaporated silicon
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monoxide films sendwiched between two aluminium elect-
rodes. Even in the studies of these authors, no systema-
tic temperature dependence of breakdown field has. been
reported which, obviously, is important from the device
application point of view. As the temperature in most of
the deﬁices plays an important rolé, the present tempera-
ture dependent investigations in 'built-up' film systems
night have proved very useful for this purpoée.These
films have already been shown very suitable for carrying
out present investigations (Chapter V). This chapter
describes the resuits of a detailed study of the tempera-
ture and frequency dependénce of a.c, 'onset‘.breakdown
field in 'built-up' films of barium palmitate, margarate,
stearate and behenate and the possible interpretation of

the results is alsQ discﬁssed.

""" 7.1RE&HES'
Measurements of the breakdown field in 'built-up’

thin films of the metal salts of fatty acids e.g. barium
palmitate, margarate, stearate and behenété have been -
cafried out under alternating field conditions as a func-
tion of temperature in the range from liquid nitrogen
temperatures to well above the room température (320°K)
at a fixed frequency (30 KHz) and for four layers and 20
layers thick fllms. The measurements were also taken for
varylng frequencies 1n the range from 10 KHz %o lOO KHz

at two fixed temperatures, 77° K and 290°K for two thicknesses
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of the films (4 and 20 layers).

The sandwich structure of the type Al-filmJAi

with 4 layers and 20 layers thick films were fabricated
with the technique as described earlier in the Chapter V,
The bregkdown field (which is the ratio of the breakdown
voltege to the thickness of the film)was measured using |
’the circuit given in Sec.S.S(b). The leheiled_figures 44,
45, 46 and 47,‘shows graphical representation'of the ‘
a.c. 'onset' breakdown field as a function of temperature and
with the thickness of fhe film as a paramefer for 'built-
up'! films of barium palmitate, margarste, stearate and
behenate respectively. The varigtion of a.c. breakdown
field with frequency of the applied electric stress is
presentea,in figure 48 for all the four substances at
77°K, It is found that the breakdown field increases

e rapidly with frequency while a slight decrease is obséfved
with the increase in temperature at higher temperatures
(above about 200°K), A1l these curves have been plotted
using 'best-fit' of +the experimental points. The dots
in the graphs corféspond to the mean values of the few
observations taken on simiiar filme fabricated under
identical conditions and the scatter in the experimental
data has also been shown. The nature of the breakdown
with a.o.voltages appeared to be similar to that'of d.Cu,y
however,Athe 8.C. breakdown voltageé are found lesser
than the,correspondiné d.c. ories. The results obtained

on the temperature dependence and frequency dependence
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of the a.c., breakdown field have also been given in

table VI and VII respectively.'

7.2 DISCUSSION

Mainly three typeszof destructive breakdowns were
distinguished by Klein and Levanon (125) in selffhealiﬁg
A1-Sio-Al film systems as was done by Klein and co-.
workers in their d.c. studies(2). As the ’bﬁilt-up‘
films of some organic compounds studied here, have been
reported to possess high structural perfection and to be
free from gross defeéts(225) or 'weak spots', the results
obtained on a.c. bréakdown voltage, . are sﬁitable to be
compared with theoretical predictions as in the d.c.
‘gtudies. Here, also, one of the two general bregkdown
 mechanisms i.e, thermal and electroﬁic can be effective.
Accidently; the freqﬁency dependence of the breakdoﬁn
strength caloulated on the basis of the thermal breakdown
theory (According to which the- breakdown field should-
decrease wit@ frequency) turns but to be opposite(125)
to the one e%perimentally observed here.showing that
the breakdown observed here can not be thermal in
. hature. It has already been shown in d.c. studies
(section 6.2) that the results on d.c.‘breakdown are
best expiainable with the electronic breakdown theory
of Férlani and Minnaja which is based on electyon ion-
ization avalanchesin‘ionic crystals. Therefore, it can
safely be concluded that thevbreakdown observed here,

is nonthermal and is presumably electronic in nature.
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Since the theory of a.c. effects in electronic break-
down processes has not yet been explicitly formulated,.
the obgerved frequency and temperature dependence of
the a.c. dielectric breakdown-field could not‘be
interpreted in greater detail. However, the:results may
prové uéeful in.the a.c. device applications of the
"built-up' Langmuir films, ianiVing self-healing, non-

shorting capacitor systems.

The next and the last chapter describes the
concluding remarks on the studies reported on 'break-
down field measurements'. A summary of the results with
their importance for the subject and electronic tech-
‘nology is given. Some suggestions for the possiblé work

which may be carried in future have also been given,
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CHAPTER-VIIT

CONCLUSIONS

8.1 SUMMARY OF THE RESUILLS

Sincevthe mechanism of dieleétrip breakdown in
thin insulator films is little understood, it is there-
fore, is a subject of many theofetical_and experimental
investigations. Owing their use in making and developing
thin film solid state devices like thin film capacitors,
‘tunneling sandwich structures etc., all the data presented
in this dissertation may prove important. The purpose of
the present study was to show the suitability of theA
'built-up' thin films of long chain fatty acids for the
fabrication of high dielectric strength, high velue -
capacitors and to relate the conditions such as teﬁperat—
ure, with the breakdown events. The results given here
provide new evicence in support of Forlani-Minnaja's |

electronic breakdown theory.

The capacitor structures of the type Al-Film-Al
were fabricated uging 'built-up’ Lanémuir films of
metallic salts of somé long chain fatty acids (e.g. barium
pélmitate, margarate, Stearateland behenate) as the
insulating media between fwo thermally deposited alumin-~
iuwnm films of nearly constant thickness under high vacuum

with the help of a 6" coating unit suitable for this
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purpose, Insuleting filﬁs were built-up by a delicate.
“but easy technique. of Blodgett and Langmuir(61,62) frém
which even the films of molecular thickresses can Ee
built-up by trangferring them from the highly cleaned
water surface under a constant surface pressure. These
films are found very suitable for the present studies
carried out because their thicknesses are closely
controllable in low ranges and are accurately known (202,
203) . Structurally these Langmuir films have been
reported to be free from gross defects (225) and weak

spots (unlike the case with the dielectric films deposited
by the thermal evaporation technigue) forming hexagonal
-crystals with the symmetry axis (optic axis) perpend-
iculéf to the plane of the film(lBZ)LThese‘films»havé

also been found to'possess some additional advantages

like high dielectric strength, uhiformity, reproducibility
“and good‘thermal stability wﬁich, of course, . was ﬁecessary
fof the investigations carried out by the author. The
thermal evaporation does ﬁdt cause any change;in the

deposited film(121).

It is shown that when a film insulator is used
between two thin metal electredes, a high breakdown
sfrength of the system is observed. A detailed and
systematié study of thé temperature dependence of the
breakdown field‘haS'been carried out by the author in
the most workable énd.uséful temperature range for the

devices from well above the room temperature (313°K)
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down to liquid nitrogenAtemperatures (77°K). Two break-
down events widely different from each other were
observed, one for the 'onset' of breakdowﬁ (Vb) at

which the current through the insulator shoots-up sudden-
1y from its low values and the other 'maximum breakdown
voltage! at which a large area of the insulator £ilm

gets déstroyed and is also termed as destructive break-
down voltége (Vab)‘ Both the breakdown events were

studied using linearly increasing d.c. electrical voltages
applied to the capacitor. The variable temperature measure-
ments were taken wifh the help of a self~designed and
fabricated thermal probe which forms a part of the heat

~shield cryostat.

At lower temperatures, below about 200°%K, the
injection_Of $he ¢lectrons from the cathode was}found
to be dominated by the tunnel effect and the breakdown
field virtually independent of temperature.'AboVe about
280°K, a shift in the current to higher levels is noted,
indicating the existence of the Schottky bafriers at the .
electrode—insﬁlator interface. The breakdown field in
this temperature range is found to decrease with tempera-
ture due to elecfron injection being governed by the
Séhottky émission or thermionic emisgsion. In the inter-
mediate temperature range (between 200°K and 280°K) both
the tunnel as well as Schottky emission were found to |
play their role. The bregkdown field in this range

decreases slowly with increase in temperature in
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‘quantitative agreement with theory(44).

A comparisoﬁ of the breakdown strength data with
published theories showed that the best agreement was
obtained with the electron ionization avalanche model
as deveioped by Forlani gnd Minna ja(44). Their power
dependence of the breakdown field on thickness w(F a w™©+9)
fits the experimental dataAof the present film system;
Their theofy is based purely on field emission showing
_that the breakdown observed in the preéent case.was

eléctronic‘in nature. Other theories of breakdown (intrin-

‘sic, thermal etc.) are not in peyfect agreement with the data
sbserved. | | |
A étudy'cf the 'maximum breakdown voltage' or the
'destructive breakdowﬁ voltage' was made and thé destruct-
ive breakdown field vs. temperature as plotted in the
figures( 24-27), shows‘a decrease with increasing tempera-
tures. The destructionﬂof the film was accompanied by
light emission starting at the cathode just.prior to the
voltage collapse as was observed by Cooper and Elliot in
alkali halides indicating that the breakdown starts by
avalanching. In the destructive breakdown process as whole
area of the capacitor does not get destrbyed even at |
this magimum or destructive breakdown voltage, it differs
basically from that of Kieins and Gafni(2) who have class-
ified the deétructive breakdown in Al-3i0-Al film systems

as 'single holes', 'propagating' and 'maximum voltage'.
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As was stated by Budenstein and Hayes(48,50) in

their work, the possible mechanism of destruction here

also is supposed that the breskdowns ara initiated as a
single hole breckdeown and the total destructidﬂ occurs
through a series of many single, localised br;akdown
events and at the thresshold of 'omset' bfeakdbwn, the
breakdown perhaps evaporates a hole.throughtthe
dielectric and an equal or larger hcle in one of the
electrodes only. This event was not obs-rvable iz micro-
scope as the film even after br%ékdown remained opaque

enomgh not to pass light through it.

;The destructive brzakdown field determines the
'ultimate dielectric strength' of the dielectric for all
practicsl purposes from the point of view of ‘device
applicatiohs but is not the characteristic of +the. bulk
as stated by Klein et al. 'Single hole' andé 'propagating'
breﬂkdowns of th@ type Klein et al have obssrved in their .
work are also nct obs=rved in the present temporﬁture
depenaent studies (25 is clear from photomicrographs)
as the films were fres from gross defects and weak spots,
This fact is supported by the work of Budenstein et al
who haye considéred that the breakdown observed is not
necessarily due to the wezk spots in the film. As the
modern theories do not describe fhe actual mechanism of
destruction, the results on destructive breakdown‘evont
are not interpreted uheoretlcally The photomlc ographs

show deqtructlop of the film over large areas,
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The variation of a.c. 'onset' breakdown field
with temperature show a similar nature to that with d.c.
voltages bu% the breakdown fields are ‘found relatively
smaller to the.corréSponding dec. ones. These results
could not be interpreted theoretically due to the lack
of a breakdown theqry for a.c. fields. The frequency
dependence of a.c. breakdown field in these films show
'a reverse nature to that‘calculated with the thermal
" breakdown thebry(léS) thus showing the nonthermal nature
of the breakdown events occured in the presenf film

system.

As sometimes in thé devices the requiremsnts of
temperatures are extreme, all the'data presented in this
dissertation may prove useful in the development of some

modern solid state dielectric devices.

8.2 SCOPE FOR FURTHER INVESTIGATIONS

It is expected that in future the multilayer-Langmuir
films will be increasingly used for studying various Eésic
phenomené and in thin film device appoications., In parti-
cular, the promising electfonic device applications of
the film having certain great advantages over tpose exist-
ing at present may soon be realised in practice, The multi-
layers will be useful in any study which involves an
ultrathin dielectric film of uniform, controllable and

known thickneéseé.
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Uptil now, the studies of the breakdown field
and its dependence upon thickness and température.in the
'built~up' films have been performed. A closer study
of the effects of electrode material and various other
éarameters on the breakdown field also seems desirable
and are suitable topic for further\investigations.such

investigations may shed more light on breakdown mechan-

ism in these films.

An improvement_of thesbreakdown apparatus would
be to make it more sophisticated using electronic
switches. The most obvious-sﬁggestibn, perhaps, is that
the same genersl plan df investigations beiused in a study

of other dielectrics both amorphous and crystalline.

With the help of all these studies it may become
‘possible to develop some useful dieléctric devices. These
might be the fabrication of high, known capécitors, thin
'f;lm integrated circuit elements, tunneling devices
between metals and superconductors etc. Perhaps, the
most interesting and fascinating applications of 'built-
up'! multilayers are those involving their use as controlled

'thickness spacers' or 'distance keepers' which are useful
in the photographié-sensitization mechanism(2%5,236) .
Drexhage and colleagues(237) make ingenious use .of mono-
molecular.iayers as probes for studying»the fundamental
structure and properties of light waves which have become

important in the display and measurement of the width of
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the fascinating ultrashort (picosecohd) laser pulses.
Some of‘ the applications such as those involving studies
of biological processes and evaporation control etc.

are also commendable.Finally,'since layered structure

of organic molecules play an important role in nature

and in natural organic compounds like cholestefol can

be usedAfor'building—up'suitableAlayer syétems. These
artificial crystals may providé fresh insight inté some
life processes. The above promising future applications
bf these film systems have been described in a monograph .,
on 'built-up' molecular films and.their applications’

-

by Srivastava(236).,
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TEMPERATURE DEPENDENCE OF d.c. DESTRUCTIVE BREAKDOWN FIELD IN
‘BUILT-UP’ BARIUM STEARATE FILMS A

D.K. Agarwal and V.K. Srivastava

Department of Physics, University of Roorkee, Roorkee, India

(Received 19 April 1972, in revised form 26 July 1972 by A.R. Verma)

Since the ‘built-up’ molecular films of barium stearate have been
shown to be promising for making thin film dielectric devices, a
study of their breakdown characteristics is essential. Particularly,
in device applications, the range of operating voltage is very import-
ant and therefore a study of the maximum dielectric strength of the
films is highly desirable. Since the devices may be required to
operate at various temperatures, it is all the more necessary to in-
vestigate the temperature dependence of the maximum dielectric
strength. Such a temperature dependent study of the dielectric
strength of barium stearate films has been reported in the present
work in the range (—~40—40°C). The dielectric strength is found to
decrease with increasing temperature. Typical current—voltage
characteristics with and without a series resistor and a representa-
tive transmission micrograph have also been given. The photomicro-
graph shows destruction of the film over large areas. As the modern
theories do not describe the actual mechanism of destruction ad-
‘equately, no attempt has been made to interpret the results theor-

etically. However, the results may prove useful in device applications
of barium stearate films, involving self healing, nonshorting capaci-

tor systems.

1. INTRODUCTION

THE DIELECTRIC breakdown studies of thin
films are currently receiving widespread interest
as a new area of stimulating research because of
their potential usefulness for the development of
passivated devices, micro-electronic and inte-
grated circuits, field effect transistors etc.
Recently, the ‘built-up’ barium stearate films have
been shown to be promising for making some solid
state devices.'™* Particularly, in device appli-
cations the range of operating voltage is import-
ant and therefore a study of the maximum dielec-
tric strength of the films is desirable. Since the
devices may be required to operate at various tem-
peratures, it is necessary to investigate the tem-
perature dependence of the maximum dielectric
strength. This paper presents a detailed and

k461

systematic study of the temperature dependence
of destructive d.c. breakdown field in ‘built-up’
films of barium stearate, not yet reported. Some
of the advantages with the films studied are their
thermal stability,® high dielectric strength,®
easier reproducibility, uniformity and control of
their thicknesses (to 25 A). The latter have already
been very accurately measured. 8 Recently, we
have reported a detailed study of the onset break-
down field as a function of temperature.” Study of
the thickness dependence of the onset breakdown
field and static dielectric constant of the films

. has already been made earlier.®® Chopra, '°

- . 1114 . 1517 .
Budenstein, Klein ~ and their coworkers

have also carried out similar and extensive
measurements on evaporated film systems to de-
termine the basic mechanism of breakdown con-
duction in thin dielectric films. This paper ptesents
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the refrigerant was émployed. The temperatures -
were measured with the help of a calibrated
copperconstanton thermocouple system. The J-V
characteristics in the nondestructive phase and
‘the destructive breakdown in the film were studied
using mercury drops to.contact the aluminium
electrodes at boththe ends of the capacitor.

Direct contact of the aluminium film electrodes

by the leads was avoided because of the possi-
bility of disrupting the film from the place of con-
tact. The use of the mercury drop ensures elec-
trical contact even if the film is slightly disrupted.

The measurements of the breakdown voltage
are carried out by using'a 90V battery across the
sample (sandwich). The voltage is increased from
its low values by regulating a linear wire wound
potentiometer (= 100K). The breakdown voltage
corresponding to the onset of breakdown and the
maximum breakdown' voltage were measured. with
a precision V.T.V.M., having a sensitivity of
0.02V per division. The maximum uncertainty in
the measurenents of thé bréakdown voltage was®

0.4V.

3. RESULTS AND DISCUSSION

Measurements of d.c. maximum breakdowr
voltage on 20 layet barium stearate films, each of
thickness 515 Z\,fhave been carried out in the tem-
perature range -40—40°C. The value used for the
thickness of a monolayer of barium stearate is
25.75 A.° Figure 1 shows graphicaily the tempera-
ture dependence of the maximum breakdown field
(Fy max) of the Al—Ba.St—Al structure. The break-
down field (d.c.) is found to decrease with in-

creasing temperature. The curve has_been obtaired

using the ‘least-squares-fit’ of the experimental
points. The dots in the graph correspond to the
mean values of four or more observations at the
same temperature and for the same film thickness
of different samples, having almost the same ca- -
pacitor area (0.4'cm?). The scatter observed in

the experimental data has also beén shown in the =~

plot. The destructive breakdown field is of the

order of ~ 10°-10’ V/ cm, as reported by Holt
Figures 2 and 3 are a typ1ca1 graphlcal rep-

resentation of the current density (J) as a function

' ‘BUILT-UP’ BARIUM STEARATE FILMS - 1463

of the applied voltage (V) in the nondestructive
phase obtained on barium stearate sandwiches
having thicknesses of 515 A (20 layers), with and
without a series resistor (4.7K). The point A in
both the curves correspond to the initial abrupt
rise in current, yielding the onset breakdown
voltage as has been studied in detail by us’
recently. The onset breakdown voltage and the
maximum destructive breakdown voltage are found
to be widely different from each other, for the
films studied. Since the theories of electronic
breakdown do not include the conduction mechan-
ism after the onset of breakdown, we made no
attempt to interpret the above current—voltage
characteristics.

Figure 4 shows the depéndence of maximum
destructive breakdown voltage on the area of the
capacitor. The curve has been plotted for a 40

. layer (1030 A thick) baritim stearate film, sand-

wiched between aluminium electrodes, at a fixed
temperature 290°K. The breakdown voltage is

* found to decrease with increase in capacitor area

as has also been shown by Budenstein et al."? in

their studies. At present, this dependence of the
breakdown voltage on area is not explainable.
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FIG. 2. Current—voltage characteristics at -20°C.
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F1G. 5. Transmission photomicrogfaph showirig
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Figure S is a representative transmission
photomicrograph (x 40) showing the destruction
of the film capacitor of thickness 515 A (20 layers)
over large areas. This destruction may be the
result of many ‘single’ breakdown events. If re-
quired, large scale destruction of the film can,
however, be avoided by simply cutting off the
supply voltage within a few microseconds of
breakdown.

The maximum breakdown voltage studied in
the present work is not characteristic of the bulk
material and is to be distinguished from ‘maximum
voltage breakdown’ observed by Klein and Gafni."”
As the modern theories of electronic breakdown
destruction of the film (X 40). do not describe the actual mechanism of destruc-
tion, no attempt has been made here to interpret
the above results theoretically. However, the
results may prove useful in the device applications
of ‘built-up’ barium stearate films, involving self-
healing, nonshorting capacitor systems.
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Faucher et al. [J. opt. Soc. Am., 48 (1958), 51] have given a simplified treatment of thin
film ellipsometry and claimed applicability of their theory to much larger thicknesses as com-
pared to those assumed in Drude’s approximation. A check of the validity of this claim has
been made through corrected calculations on thin films of barium stearate on glass slides
coated with vacuum evaporated chromium. It has been observed that the value of 488 A
assumed by Faucher et al. for the double layer thickness of barium stearate is wrong and the

correct value is 51-5+0:6 A. Recalculation of the

values of the parameters using this correct

value shows that the agreement between the theoretical and experimental curves is not so good

as has been claimed by them.

1. Introduction

RUDE’S theory™? of ellipsometry of very

thin isotropic films is well known for a long

time. Faucher et al.® have recently given a
simplified theory of ellipsometry of isotropic thin
films based on multiple reflections within the thin
film, using only the elementary laws of reflection,
refraction and interfererce. These workers have
shown that their results are applicable for much
larger thicknesses as compared to those assumed
in  Drude’s approximation. They have found
general agreement between their theoretical results
and experimental data on ‘built-up’ barium
stearate films consisting of 2-32 double layers (up
to thicknesses of 1600 A). This agreement, how-
ever, is based on the use of a value of 48-8 A for
the thickness of a double layer of barium stea-
rate film. But the correct value of the metrical
thickness of a doubls layer, as measured® by one
of the present authors (V.K.S.) by multiple beam
interferometry, is 51-5+0-6 A. This value of
double layer thickness is in excellent conformity
with the accurate X-ray measurement on the
films®. Even the difference of 2:7+£06 A in the
double layer thickness is significant particularly
for films having larger number of double layers,
because the ellipsometric parameters have a highly
sensitive thickress dependence. In the present paper
we bave analysed the validity of Faucher’s theory
by using this correct value of the thickness of
the double layer of barium stearate.

2. Faucher’s Theory

In Faucher’s simplified treatment of ellipsometry,
based on multiple reflections within the thin film,
the changes produced in the light reflected from the
films are calculated by using the model illustrated
in Fig. 1.

If a beam of monochromatic light of unit inter-
sity, polarized at 135° to the plane cf incidence, is
incident at an angle 7 on a film, Faucher ¢t al.
show that the point of maximum amplitude is
given by
1+a?) cos A—a(l-+62%)

| =0
AN Fmax =TT s A

(1)

where @ and b are the amplitude reflection coeffi-
cients at the air-film acd film-metal interfaces res-
pectively (Fig. 1) and A is the phase difference
between any two consecutive reflected beams from
the film, corresponding to a given component.
Using the above formula, the authors further prove
that the resultant reflected intensity is given by

[ — @b —2ab cos A 2
~ 1+a2h®—2ab cos A @)
The constart « is given by the Fresnel equations as
@y =sin (f—7)fsin (i47); ay = tar (i—7)/tan (i47)
where 7 is the angle of refraction in the film and
ay and a; are the reflection coefficients correspond-
ing to the vibrations perpendicular ard parallel to
the plane of inciderce respectively. The phase
difference between the resultants of the two coms-

ponents (parallel and perpendicular to the plane
of incidence) is given by

6 =% max —~ % "max
Faucher et al. have used the method of Drude to
take info account the effects due to the metal sub-
strate. Drude’s equations which hold for both
components are:

tan 3, = sin Q.tan 2P

cos 2¢ = cosQ.sir 2P «.(3)
b=tan ¢ ‘
AR

FILM

METAL

a% vi-a?

Fig. 1 — The ‘ multiple reflections * model used to calculate
the resultant reflected intensity
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TEMPERATURE DEPENDENCE OF THE BREAKDOWN FIELD IN
BARIUM STEARATE MULTILAYER FILMS

D. K. AGARWAL AND V. K. SRIVASTAVA
Department of Physics, University of Roorkee, Roorkee ( India)
(Received March 27, 1972; in revised form August 6, 1972)

Since “built-up” barium-stearate films seem to be promising for making
dielectric devices, it has become essential to study their breakdown charac-
teristics also. The present paper reports a systematic study of the temperature
dependence of d.c. breakdown in “ built-up ” multilayer films of barium stearate
in the temperature range —40° to 40°C. These films are well suited for such
studies because of their high dielectric strength, good reproducibility and highly
uniform thicknesses which are controllable (to 25 A) and accurately known,
The breakdown field is found to decrease slightly with increasing temperatures. -
This result cannot be interpreted in terms of the theories of Frohlich and Callen.
Detailed current—voltage characteristics of the films have also been studied in
the present work. The data reported on the films may prove useful in their device
applications.

INTRODUCTION

“ Built-up ” films of barium stearate have recently been shown to be promising
for making dielectric devices™. From the point of view of device applications,
studies of thickness and temperature dependence of dielectric breakdown in
barium stearate films are of crucial importance. Recently one of us reported® a
detailed and systematic study of the thickness dependence of the d.c. breakdown
field in barium stearate films. For these studies the barium stearate films were
found to be almost ideally suited because of their highly uniform thicknesses
which are controllable (to 25 A) and accurately known®. In addition. these films
also possess high dielectric strength and show good reproducibility and thermal
stability”. In the present work, the temperature dependence of the d.c. break-
down field in “ built-up ” films of barium stearate, not investigated previously, has
been reported. Because of the above mentioned advantages with these films,
the latter are well suited for the present studies also. Similar and extensive studies
have been carried out in the pioneering work of Budenstein® !°, Klein!'!" 12 and
their coworkers on evaporated film systems. Present work also reports the
current-voltage characteristics of the film in the non-destructive phase with and
without a series resistor.

Thin Solid Films, 14 (1972) 367-371
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Figure 2 shows graphically the temperature dependence of the dielectric
breakdown field of the Glm. The curve has been obtained using the “least
squares fit” of the experimental points. The dots in the graph correspond to
the mean values of the four or more observations at the same temperature and
for the same film thickness of different samples. The scatter observed in the
experimental data has also been shown in the plot. The breakdown strength
of barium stearate films for various temperatures is of the order of 10° V/cm
as reported by Holt’.

A typical current-voltage characteristic of the barium stearate sandwich at
0°C is shown in Fig. 3. The point “A” in the plot corresponds to the initial
abrupt rise of the current.

Figure 4 shows a representative plot of the current—voltage characteristic
of the film at temperature — 38 °C with a series resistor (4.7 K).

As can be seen from Fig. 2, the breakdown field decreases slowly with
increase in temperature in the range studied. Similar behaviour has been observed
by Budenstein and coworkers in some evaporated thin film systems®" 10 Since
the electronic breakdown theories, based on electron—phonon interactions, pre-
dict!® increase of electric strength with increase in temperature, the results of
Budenstein ef al. are unexplainable since they claim the breakdown observed
by them to be electronic in nature. The studies of thickness dependence of the
breakdown field have already shownS the breakdown in barium stearate to be
clectronic in nature because of close conformity of the results with Forlani—
Minnaja’s theory'®. Therefore, in the present studies also, the results cannot
be explained in terms of the existing theories. It is thus concluded that the
temperature dependence of the breakdown field is, In general, as little under-
stood as the thickness dependence. Since the conduction mechanism in the post
breakdown region is also not known, the -V characteristics also could not be
explained. However, the results reported in this communication may prove
useful in the device application of the films.

. Thin Solid Films, 14 (1972) 367-371
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