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ABSTRAGT

Dielectric and optical behaviour of thin insulator f£ilms
have been the subject of intensive theoretical and e#perimental
investigations from the last many years as thin films are being
currently used for the development of a variety of miniaturized
solid- state devices such as 'diodesf, 'triodes!', capacitors and
optical devices such as interference filters etc, Particularly,
interesting is the dielectric as well as optical behaviour of
built-up! Langmuir films of metallic salts of fatfy acids such
as barium stearate efc. which have been chosen for the present
studies, Incidentally, such 'built—u@' films of barium stearate
have been shown to be promiging for making thin film devices like,
tumeling sandwich between superconductors etc. and antireflection
coatings etc, These films have great advantages that their
thicknessea are very accurately kn0wn-and:are closely controllable
in a small range. The added advantages are the smoothness,
reproducibility, high dielectric strength and well defined
gtructure etc, These filﬁs have also been shown te have high
structural perfection and practically free from porosity and
grosg defects, unlike evaporated film systems.,
| The quest for devices application of these thin
insulating molecular films, has greatly enhanced the interest
of workers towards an understahding of their dielectric and
optical behaviour., Some éxperimental work has been done on
thig behaviour of films but there is no theoretical intér-.
pretation of the resulté. In the present work)a theory has
been formulated'for the first time for the calculation of
gtatic dielectric oonstant and refractive index of 'bﬁilt«up‘

films of barium palmitate, margarate, stearate and behenate.
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Measufements of the dielectric constant have also been carried
out here and a good agreement is found between the calculated
and measured values.

The conventional dielectric theory can not be applied as
such in the case'bf '*built-up! molecular(Langmuir) films, as
these constitute a crystal with leng hydrocarbon chain of ‘
moleculee as entities and require the calculation of inter-
and intra-molecular interactions to be made.. For present
calculations, these interactions have been calculated.in the
pregsence of static eleetric field by considering the inter-
action between different parts of the molecules: ZElectron
diffraction studies have shown that the hydrocarbon chaing of
the molecules form a hexagongl array with théi: axes normal
to the plane of film, It is known that the mpleculés of Ba~-
salts of the fatty acids consist of two parallel hydrocarbon
chaihs with polar group (COO)é Ba at their one extremity.
However, the author has made -a reasonable assumption that the
molecule ié equivalent to the fwo leffective! molecules each
consisting of one hydrocarbon chain and half of the end group. -
These 'effective! molecules thus form the hexagonal afray with
their axes normal to the supporting surface. The‘extént of the
molecules is taken into account by regarding these hydrocarbon
chains as diVided into small identical groups which can be
assumed to be isotropic and to behave like point dipoles.

The calculation of dielectric constant has been made
on mono- and multimoleoulér built-upt films ofiBa-salts of
fatty acids, along fhe symmetry hexagonal axis (which is the
direction of elect?ic field) by calculating the local field,
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The local field ingide the monolayer at one molecdie due to
other molecules ig calculated by considering the interaction
between the small unitsvof the molecules and following the
assumption of local,additivity; For calculating intermolecular
contribution to the i@cal field, the interaction between the .
hydrocarbon chains and the end groups are calculated’sebarately.
The intramolecular contribution to the local field is calculated
by the interaction between the units of the ééme molecule.

The locda field inside the‘multilayer film ig calculéted,
following Miller treatment, that the molecules are continuously
distributed in all layers except the one in which the molecule
ig situated, ' | |

The refractive index of these 'built-up' Iamgmuir films
is calculated along the symmetry hexagonal axis which corresponds
to the semi-major axis of the index ellipsgddof positive uniaxial
crystal film.» The refractive index'whiéh ig given by the
dielectric constant at very high frequency has been calculated
for mono-~and multimolecular 'built-up'“films essentially on the
same lines as static dielegtric constant (chapter IV). The
calculations have been made using Maxwell's equation; The
results obtained are compared with the avéilable experimental
values and an agreement is fourd.

The *'built-up' films have been deposited by transferring
the monolayers on the aluminized glass slide by a repeated
dipping and withdrawal process (chapter II) across the spread
monolayer on water surface., This technique of Blodgett-
Langmdir enabled the deposition of films having required number
of 1ayers and hence éesired film thickness, For cgpacitor

fabrication of the type Al-Film-Al, properly selected and
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¢leaned smooth glass slides were used (chapter V). The
capacitance.of these capacitors has been measured using the
universal bridge and dielectric constant is calculated from the
knowledge of accurate film thickness and capacitor area. A
systematic study of the thickness dependence of capacitance
and ‘hence the dielectric constant, has also been made ;nd a
definite and unmistakdble thickness dependence of the dielectric
constant has been found in low thickness range. The results
for mbnolayer and thick filmg are in complete yuantitative
agreement with the calculated ones, To the authorts knowledge
the present work provides the first experimeniai evidence for
the expected thickness dependence of the dielectric constant
on a well contfollea and structurally well defined thin film
system.

The following is the subject matter of the thesis which
has beén arranged in six chapters,
Chapter I- The surface tension phenomena, the mechanigm of
mbnolayer spreading on water, non-occurence of polymoleailar
filis and some fundamental information about individual

molecules have been discussed in this chapter,

Qhapter II- The fbuiiding—up‘ proeess of depositing the film,
‘particularly for Y-type of film has been described in detail,
@hé naturé ofAthese 'built-ap! films and their,structure,as
studied through X-ray and electron diffraction have been
reported, The. method of their thickness determination and
refractive index measurements have also been described.

Chapter ITI- This chapter reviews the experimental work of
other workers on electricai properties of the 'built-up! films.

The various properties described are~diele¢tric constant and the
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loss, dielectric breakdown, resistivity and conduction through
" thege films.

Chapter IV~ Thig chapter contains ‘the conventional dieleciric

theory and its limitations. The theoretical formulation for

the calculation of dielectric ccnstant of monc-and multimolecular
tbuilt-up! films of barium salts of long chain fatty acids, is
described, The calculations of refractive index of these filmg
is also discussed.

Chapter V- The advantages of 'built~up! molécular films which

haVe‘stimulated the interest in their studies, have been_&iscussed
in this chapter. The experimental details regarding the sandwich
fgbriCation, s@iection and cleaning of the substrate have been
given in detail. The capacitance measurements of these thin

film capacitors are also described,

Chapter VI- Theoretically calculated values of dielectric

conStant and refractive index based on the developed theory
have been given for 'built-up' films of barium palmitate,
margarate, stearate and behenate, The measured dielectric
constant and its vafiation with thickness have alsb been

provided. The results obtained have alsgo been discussed.



CHAPTER I
MONOMOLECULAR FIIMS

Thin filmg that form at surfaces or interfaces, reduce the
abrupt change from one phage to another and warrant special |
attention. Thin films which reduce evaporation losses at water
surfaqes, are of particular interest. In thege processes, the
important role is played by a film just one molecular %hick. Thes
films are known as monomolecular films or monolayers. Monolayers
at a 1iquid—gas interface can be controlled, menipukated and
examined under .far better coﬁditions than vthat at other interface
That is why, the monclayer at watér-air ipterface has been
‘extensively studied in the pioneering work of Rayleigh, Langmuir,
Adam, Ridesl, Hirkins, Ries and others, providing much basic
informat ion. Here,lg particular stress has been laid to the
understanding of monolayer properties because 'built-up! films
studled extengively, in the present work, have been deposited
by transferring these monelayers on to solids. .

This chapizr pfovide information about the surface
tension phencmena and spreading ef grganic substances on water,
The interpretation given by Lord Béyleigh of Pockel's
observations on monolayer spreading of olive oll on clean water .
surface and the sffeot-of’oily contamination oh surface tension
of water has'been discussed in details. Short rénge forces and
mechanism of monolayer spreading on water surface is discussed
briefly. Seme fundamental information about individual molecules
like the thickness of the film or the length of molecule, obtaine

through these experimehts are also discussed.

~
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1.1 SURFACE TENSION AND MONOMOLECULAR SPREADING

(a) Surface Tension of Water:

The intermolecular cohesion er attraction gives rise to
the surface tension of liquid, Some amount of work has to be done
for bringing the molecules from the interior of the liguid to the
surface., The free energy, thus storesAper unit area-of fhis newly
fermedaliquid surface is tefmed as the 'surface tenéion‘ of the
liquid., The term 'surfacg tension' ig a misnomer because, sbvious-
ly, the surface of the liquid does not resemble a 'stretchediskin
under tension', as was supposed for a -long time, However, the two
_definitions of surface tension that it is the force acting normal
to a unit length in the 1iquid surface (dyne/cm) and the other
stated above, i.e. the free.energy per unit area of the liquid
surface, can easily be seen to be equivaient.

The lowering of surface tension of water caused due to the
oily cdntaminatién of the surface, is known for a long time, The
amount of thig lowering was first of all measured accurately by
Lord Rayleigh [1]; who found that 9,81 mgm, ef elive oil covering
an area 595 sq. cms, of water surface, was gufficient to reduce
the surface tengion by about 21 dynes/cm, ' Rayleigh had 4lso
estimated the average thickness of thin oil film on water to be
about 162,.usihg area-density method,to be described in sec. 1.1(c).

4 detailed and systematic eXperimeﬁtal gtudy of the effect
of olly contaminatioﬁ on the surface tengion of water, was later,
carried out by Pockels |2|., For the experiments on the surface
tenéion of water, she used extremely simple apparatus, consisting

of a lorg narrow trough filled to the brim with water and two



-4-
usingz the simple formula of the area-density method (sec.-1.1{(c)).

(b) Monomolecular Spreadins of Olive 0il on Water:. Inte pretgt;on
of Pockel's Qbuervations:

Rayleich |3| repeated mpny of Pockel's experinents to
interpret her interesting observations, descrioed above, He
-suggested,that when olive 0il is placed on the water suriace, it
spreads out ag a monomolecular layer on the suifszce and in the
critical area observed by Pockels, the oil molecules are closely
pucked just touching each other, Tais ingenious suggestion of
Rayleigh, thus originated the fyscinating subject of monomolecular
films. Rayleigh found,that the thickuess of the films come out

to be nearly equal to the kunown lenstn of the molecules, But

U}

Rayleiph's detailed explanation of Pockel's obgervations, as hs
been given below, clearly show that the monomolecuiur theorv restis
not merely on ithe. numeri.al coincidence,but ig based on far firmer
foungation of the ines of tangible floating molecules,

‘Pollowing, Rayleigh's suggestions, all of the Pbckel!s
obgerveat ions can be 1nterpreted as follows. The molccules of olive
0il, spreazd out guickly as a monomolccular luzyer on the water
surface, as the drop of the oil is added to the surface, The cause
and mechanism of the spreading phenomenon is described further
in sec, 1.3(a). It is obvious, thet the area of available water
surface for spreading can accommodate as many molecules, as can be
closely packed in a completed monolayer on the area, The number n,
of the moiecules spread on the water surface, is clearly given by
the area of the water surface divided by the cross sectlonal area
(sec, 1.1(c)) of the molecule. If the number of molgcules in

the amount of olive oil pluced on the area is greater than n, the
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1.1 SURFACE TENSION AND MONOMOLECULAR SPREADING

(a) surface Tension of Water:

The intermolecular cohesion er atiraction gives rise to
the surface tension of liquid, Some amount of work has to be done
for bringing the molecules from the interior of the liquid to the
surface., The free energy, thus stores per unit area of fhis newly
fermeduliquid surface is tefmed as the 'surface tension' of the
liquid, The term ‘'surface tengion' is a mlsnomer because, ebvious-
ly, the surface of the liquid does not resemble a 'stretched:skin
under tension', as was supposed for a -long time, However, the two
.definitions of surface tension that it ig the force acting normal
to a unit length in the 1liquid surface (dyne/cm) and the other
stated above, i.e. the free.energy per unit area of the 1liguid
surface, can easily be seen to be equivaient.

The lowering of surface tension of water caused due to the
olly contaminatign of the surface, is known for a long time, The
amount of this'lowering was first of all measured accurately by
Lord Rayleigh lll; who found that 0,81 mgm, ef elive oil covering
an areg 505 sq. oms, of water surface, was éufficient to reduce
the surface tension by about 21.dynes/cm. 'Rayleigh-hadiélso
estimated the average thickness of thin o0il film on water to be
about 163,.usihg area~density method,to be described in sec. 1.1(c).

4 detailed and systematic exPerimeﬁtal study of the effect
of oily contaminatioﬁ on the surface tension of water, was later,
carried out by Pockels |2|. For the experiments on the surface
tenéion of water, she used extremely simple apparatus, consisting

of a long'ﬁarrow trough filled to the brim with water and two
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rectancul ar metal strips called 'barriers', waich could be used to
select the desired ares of the water surface, by‘plaﬁing them
acrogs the long edges of tne trough. The degired area oflwater
surfzce, thug enclesed between the barriers, could now be éonxémi-
nnted bY placing a small drov of olive oilen the water surfzce,
The contaminating oil can not leak through the barriers, because
they touch the water sucface all zlong., The area of the
contaminated water surface can be increased or decreased, by
pulling-out or pulling-in the barriers along the trough,which would
imply that the contaminating oil has been confined to rémain on
the large or small area of the water surface, respectively.
Pockels |2| observed tnat the surface tension of water
remsin unchanged, if no excess oil in tre form of small drops
remzin on contaminated surface, permanently, after a very small
amount of olive oil is added to contaminate fairly large area of
water surface, However, the surface tengion of contarinated water
surface, wss found to remsin practically constant (equal to that of
a clean water surface) up to a certain critical area, below which
an abrupt fall was noted, whnen the aresaof this contaminzted surface
was reduced by grzduslly drawing-in the barriers, The value of
this eritical area depend ‘> on the amount of the o0il placed on thé
water surfzsce, She also proved that the surface tension of water
renmains the same, if the amount of olive o0il to contaminate the
water surfsce is less than.thatsenousgh to zive a critical thicknéss
of sbout 104. Beyond this limit, as the amount of olive oil is
incressed, the surface tension falls rapidly. From the kaowledge
of contaminated area and the density of 0oil, the amount of olive

0il enough to give thig critical thickness, can be easily estim=ted
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usingz the simple formula of the arca-density method (sec. 1.1{(c)).

(b) Monomolecular Spreading of Olive 0il on Water:. Interpretstion
of Pockel's Obuervations:

[ 4

Rayleich |3| repeated many of Pockel's experiments to
interpret her interesting observations, descrioed zabove, He .
sugeested,that when olive oil is placed on the water suriuce, it
spreads out as a monomolecular layer on the suirfsce and in the
c¢ritical area observed by Pockels, the oil molecules are closely
pucked just touching €ach other, Thais ingenious suggesiion of
Rayleiech, thus originated the fyscinating sub-ject of monomolecular
films. Rayleigh found,that the thickoess of the films come out
to be nearly equal to the known lenztn of the molecules, But
Raylgigh's detailed explanation of Pockel's observations, as hss
been given below, clearly show that the monomolecular theorv resis
not merely on the. numeri.al coincidence,but is based on far firmer
foundgation of the inea of tangible floating molecules,

"Following, Rayleigh's suggestions, all of the Pbckel's
obgervat ions can b@ interpreted as follows, The molccules of olive
0il, epresd out guickly as a monomolccular layer on the water
surface, as the drop of the oii is added to the surface, The cause
and mechanism of the spreading phenomenon is described further
in sec, 1,3(a), It is obvious, thsat the area of avsilable water
surface for 3prea&ing can accommodate as meny molecules, as can be
closely packed in a completed monolayer on the area, The number n.
of the molecules spread on the water surface, is clearly given by
the aréa of the watér surface divided by the cross sectional area
(sec, 1.1(c)) of the molecule. If the number of molecules in

the smount of olive oil placed on the ares is greater than n, the



0il molecules will spread out to form close packed monolayer

with excess oil.in'the form of lenses of considerable thickness,
which permanently remain cn the water surface. And, if the
available number of oil molecules is less than nj;all the molecules
wiil spread out on the water surface{£prming a monolayer, leaving
no excess oil permanently in the fOrﬁ of drops on the surface.
BEvidently, in “his case the spreading will be incomplete, in the
sense, that the molecules in the spread layer do not touch each
othér over the water surface and can move sbout on the surface
relatively independently. Whereas, in the former case the
moleculeé in the layer will be closely packed touching each other
over the whole water surface and there will be no excess space
left on the area, for the molecules to move about,

Thus, it will be clear from above explanation that in al
0f Pockel's experimentgs ]2‘, spread oil molécules form a manolaye
in area greater than fhe critical area and molecules are not
closely packed in the spread layer, 1In all stages of compression

of the monolayer by the barriers, which are gradually reducing
the area éf the contaminated water surface, the oil molecules
do not touch each other and move about on the surface due to
exeess space available, Tf ‘the area. in which the gpreading of
oilvtakes place is greater than the critical area, the molecules
remainssufficiently far apart from each ;ther and therefor the
electrostatic repulsive forces between molecules do not come intc
play. Thus, no work is required to be done for compressing the
monoplayer by barriers, tp decrease the contaminated area graduall

equal to that of critical area., The free energy of the underlyixg
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water surface will, therefore, remain intact’ and the surface
tension of water will remain unchanged upte: the critical area.
The molecules in the compressed monolayer get closely packed just
touching each other, when the surface hgs attained the critical
area, At this stage, the mutual electrostatic repulsion betweenA
molecules comes into play, rather abruptly and the_firét resistance
to compression arises and the molecules in the monblayer start
experiencing an butward force. Thig outward force exerted on the
element of unit léngth in the monolayer is.known as the"surface‘
pressure! of the monomolecular film (dyne/ém). At this critical
stage, as the mutual repulsion just comes into play, some work
will have to be done to compress the monol ayer, furthermore (or“to'
-decrease the area of the contaminated surface), even slightly and
the free energy of the underlying water surface gives the required
¢nergy. Therefore, when the area of the contaminated water surface
is réduced, below the critical area, the surface tengion of water
falls suddenly and rapidly. It can be easily shown |4|, from the
energy considerations that the surface pregsure of the film is
equal to the reduction in the surface tension, It is obvious,
that the critical area value will depend on the amount of oil
‘Placed on water surface,  Therefore, if the number of available
molecules is greater, the critical area will algo be greéter‘
having the molecules closely packed just touching each other.

In the experiments referred to above, the amount of
contaminating oil was kept constant and the area of contaminated
water surface was varied, Pcokels |2] in her experiments, madé

observations on the surface tension, keeping the area constant
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to compress them or to remove any undesirable surface contaminat-
ion, laid the foundation of nearly all the work with films on
liquids [4-6].

Rayleigh's successful explanation of Pockel's observations
made it to realise, that a detailed stuay of monomoleculer layers .
mzy furnish the fundamental information ebout the individual
nolecules, e.g., their length, thgir corss—sectional area, the
strength of molecular cohesion and that of the polar groups etc.
The promising glimpse into the fundamental.aspects of individuel
molecules.by using extremely simple apparatus, has greatly
ingpired the extensive experimental investigations of monomolecul-
ar films. ~The theoretical study of the monomolecular films has
also been very attractive, because a monomolecular film can
pogsess the properties of two-dimensional solids, liguids or gaées
|4| end may even,exhibit simultaneously, the properties of both
liguids and gases, unlikely for three-dimensiomal state of maiter°
Thus, the investigstion of monomolegular film is one of the most
interesting and fascingting field.

4 large number of experimental methods have yielded
information on the mechanical, electrical, optifal and chemical
_properties of molecules in the oriented array, which characterizes
monolayers and have contributed much information of the shape
and sigze of molecuiese All,'of course, depend on the formation
0f a suitable film for study. A4 large'number of organic substances,
€.8. fatty acids, alcohols, esters, ketones,'sterols, dyes,
proteins ete, are known to spread as monclayers on liquids N

(usually agueous) |4-9|. Among the substances, extensively
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water surface will, therefore, remain intact’ and the surface
tengsion of water will remain unchanged hpte: the critical area.
The molecules in the compressed monolayer get closely packed just
touching each other, when the surface hags attained the critical
area, At this stage, the mutual electrostatic repulsion between'
molecules comes into rlay, rather abruptly and the firét resistance
to compression arises and the molecules in the monblayer start
experiencing an butward force. Thig outwzard force exerted on the
element of unit léngth in the monolayer is.known as the 'surface
pressure! of the monomolecular film (dyne/ém). At this critical
stage, as the mutuzl repulsion just comes into play, some work
will have to be done to compress the monolayer,furthermore (or“to'
‘decreasé the area of the contaminated surface), even slightly and
the free energy of the underlying water s&rfaoe gives the required
energy. Therefore, when the area of the contaminated water surface
is réduced, below the critical area, the surface tengion of water
falls suddenly and rapidly, It can be easily shown [4], from the
energy considerations that the surface pregsure of the film ig
equal to the reduction in the surface tension. It is obvious,
that the critical area value will depend on the amount of oil
Placed on water surface, Therefore, if the number of availagble
molecules ig greater, the critical area will also be greater
having the molecules closely packed just touching each other.

In the experiments referred to above, the amount of
contaminating oil was kept constant and the area of contaminated
water surface was varijed, Pcokels |2| in her experiments, madé

observations on the surface tension, keeping the area constant
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and contaminating the water surface with increaging amount of

olive oil, Here, so long as the area of water surface ig contam-
inagted with an amount of oil less than the one, which will contain
n molecules (sec. 1.3 (d)), the molecules in the spread monolayer
will not be closely packed. At thig stage, intermolecular repul-
sion does not come into play between the mole cules and therefore
the surface tension will not change. When the water surface is
contaminated with Jjust n molecules of élive 0il, the molecules

in the spread monolayer become closely packed, touching each other,
Here, the intermolecular repulsion just comes into play'and
therefore; the surface tension fallg rapidly when the amount of

0il ig slightly increcused at this critical limit, In the critical
stage, Pockels observed that the avefage thickness of the monolayer

. ] s
ig nearly 104. In this way, all the observations of Pockels can

be explained in the light of Rayleigh's sugsestions |3].
Thus, it will be seen that Rayleigh's monomolecular theory
f3l explains experinental obgervations in a most remarkable way.
His ideas now seem 1o be absolutely indispensable for inter-
preting the basic surface phenomena., T he phenomena of mcnomolecu-
llar spreading is the most fundamentsl one in the field of physicg

‘and chemistry of surfaces [4f.

(¢) Experimentsl Evidence for Moncomolecular Spreading of Other
Organic Substances.

As has been seen above, Rayleigh's monomolecular theory
Provided a powerful tool for intergreting the bagic surface |
Phenomena. It should also be noted, that extremely simple-
apparatus was sufficient for studying the basic phenomena. 1In

fact, Pockels application of movable barriers to confine films,
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to compress them or to remove any undesirable surface contaminat-
ion, laid the fourndation of nearly all the work with films on
liguids |4-6].

Rayleigh's successful explanation of Pockel's obgervationg
nade it to reulise, that a detailed study of monomoleculer layers
mzy furnish the fundamental information ebout the individual
molecules, e.g,, their length, their corss—sectional area, the
strength of molecular cohesion and that of the polar groups etc.
The promising glimpse into the fhndamental.aspects of individual
molecules.by using extremely Simple apparatus, has greatly
ingpired the extengive experimental investigagiions of monomolecul-
ar films. The theoretical study of the monomolecular filmg has
also been very attractive, because a monomolecular film can
pPogsess the properties of two-dimensiocnal solids, liguids or gaées
|4] snd may even,exhibit simultancously, the properties of both
ligquids and gases, unlikely for three-dimensiomal state of maftern
Thug, the investigation of monomolegular film is one of the most
interesting and fascinating field.

4 large number of experimental methods have yielded
information on the mechanical, electrical, optifal and chemical
‘properties of molecules in the oriented array, which characterizes
monolayers and have contributed much information of the shape
and sigze of molecules. All,'of course, depend on the formation
of a suitagble film for study., 4 large'number of organic substances,
€.8s fatty acids, alcohols, esters, ketones,'sterols, dyes,

proteins etc, are known to spread as monolayers on liguids N

(usually ajueous) |4-9|. 4mong the substances, extensively



-9 -

investigated are the long straight chain fatty acids, e.g; pélmi~
tic, stearic acid etc., which have a molecular structure

consisting of long hydrocarbon chain with a non-polar or hydro-
phobic methyl group at one e¢nd and a'polar or hydrophilid_

. functional group (~CGOH), at the other one. The presence of the
carboxyl group <t the end of hydro-carbon chain causes the sprea-
ding cf thesc fatty acids. The mechanism of spreading is described
in sec. (1.3(a)).

Devaux llOI studied a number of materials with simple but
elegant experimental method, noting thut films behaved sometimegs
as solids and sometimes as fluids. Hardy llll found that oil
which do not contain polar functional group, do not spread in the
same way, as the animal and vegetable oils.

The firct studies on the fatty acids, were naturally
to see, whether they really spread on the water surfacé as a
monolayer, The monomolecular spreading was justified by Langmuir
|12], by estimating the thickness of spread films. This was done
mostly by the simple areg-density method, If a spread film
occunies on area 'A! 6f the water curface and 't' is the average
thickness of the film, 4xt is, obviocasly, thé volume occupied
by the film, This volume 'V', multiplied by the density fd!
of the film, gives the mass 'm' of the acid spread. From the
knowledge of #4,d -and m, the average thickness of the film 't
Can easily be estimated, When the area "A' is reduyced down to
the critical area, in which the molecules in the £ilm become
closely packed, touching each other, the corresponding value of:

'£! now obtained will, evidently, be equal to the length of‘the
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molecule, This &8 so0, because the molecules stand perpendicularly
on the water surface due to the close.packing of the molecules.
Thug, the length of the molecule in monoléyer could be egtinated
from sxperimentally determined ecritical area and the coerSponding
mmoynt or acid spread; IXf, the thickness of the spread film, thus
estimated tallies withlthe experimental values of the chain length;
.obtained by other methods, e.g., Y=ray diffraction measurement of
the chain length in bulk cfystal of fatty acid, the basic assump-
tion of monorolecular spreading of the fatty acid, is correct,
Thus, the e asurements of thickness 3 of fatiy acid monolayer on
water, by the above area-density method, are in agreement ]13,14|
with their correspording chain length in bulk, studied by X-ray
diffraction |15]. Thus, this experimental work supports the
Rayleigh‘s hypothesis |3] of monomolecular spreading. TI% has been
€stablished, that the spreading of fatty acid on water is mono-
molecular in nature., MWMany other substances, e.g. alcohols, esters.
ketones, sterols, proteins etc. have also been found to be spread
monomolecularly, Thus, Rayleigh's original hypotheais, given for
the ¢ase of wmonomolecular spreading of oliwve oil. ncw seems to be
applicable in almost all the cases.
4s has been stated above., the area-density methed involves

the density of the monomolecular film. While estimating the
thickness ofwspread'layer5'thezdensify of thejlayerihas,invéﬁiaﬂiy
been ‘agsumed, to be egual, to that of the substance in bulk phase
and this ig the point of objection in thig method. Howewer, thig
assumnption is Jjustified only, When‘%hé.substance‘in:bulk‘phaSe
'hanclose}packeé leyer structure, similar to that in ‘the mono-

molecular film which is, in general, mot true. Therefore, the
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area~density method can not be expectcd to yield acdurate value
of the thickness, It seems that for studying the nature of
sprezding of fatty acids on water, Langmuir and Adam had great
coafidence in this method and conclusions drawn for the monomole-
cular spreading are essentially correct, because the density of
the monolayer of the fatty acid happens to be very close to that

of the acid, in bulk phase.

is2 SHORT RANGE FORCES AND ADSORPT ION:

Langmuir's experiments provided strong support for the ideas
of molecular orientation al surfaces and short range of molecuiar
forces, which were then being developed independently by him |16/
and Havkins |17|. Tangmuir |8|, through his clasgical experiments
on adsorption of hydrogen and oxygen, in highly evacuated bulb
cdntaining heated tungsten filaments, was led to the hypothesis'
of short range forces, being responsible for their adsorption.

He also believed that the short range forces should be responsible
for nearly all types of adsorption. Thus, the adsorption proper-
tie of a golid or a lijuid surface should completely change,

even if, it gets covered by a single layer of foreign atoms.

The postulate of short range forces, therefore, leads
directly fb the monomeclecular spreading of insoluble fatty acids,
having hydrophilic (affinity for water) carboxyl groups on water
surface and therefore the attachment and orientation of poly-
molecular chain will not take place in the absence of long range
surface forces. Thus, Langmairts postulate of short range forces,

being respousible for adsorption on liguid surfaces, can also |

be regarded as the theoretical justification for Rayleigh's
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hypothesis |3| of monomolecular spreading. The monolayer
spreading of a number of insoluble substanﬁes on water gives
strong support to Langmuir's postulate.

dowever, in the work on molecular orientation, Hardy [iaf
considered the cohesive force between molecules to be long range
in nature, often acting through distance of several thousand
Angstrom units and thus thought that the orientation extended
through many layers of molecules, Rothen |19| observations 6f
adsorption phenomena of large mdiecules provide definite evidence
for the existence of long range molecular forces, Therefore, now
it seems 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 exist in the case
of gsome long molecules.

’h 3 FTUNDAMENT AT, CHARACTERIST ICS OF MONOLAYERS

(a) Cause and Mechanism of Spreading of Monolayer on Liguid:

A non-volatile substance,insoluble in a liguid, spreads
on ‘tg surface if the adhesion (or affinity) between the molecules
of the liquid is greater than the cohesion (or affinity) between
molecules of the substance itself |4|. The mechanism of the
spreading on liquids is explained taking the case of olive oil on
Water; the spreading being caused due‘to the motions of the surfac
wéter molecules., Water molecﬁlgs are in constant motion along ﬁhe
surface and diffuse long distances. The oil. molecules adhére to
the water molecules and are oarried‘outwards along the surféce
because of the surfaée aiffusing motiong. The surface diffusing

motions of water molecules go on continuougly underneath the oil
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drop and the oil molecules which spread first are continuously
pushed cut farther by the out-ward surface pressure of these, just
leaving the oil drop. Obviously, the spreading of a liquid on a
solid surféce can not tzke place by the above mechanism gince the
(surface) atoms or molecules of so0lids remain practically fixed-
up in their positions, |

The substances like long chain fatty acids and alcohols,
which have a molecular structure composed of a large nonpolar or
hydrophobic portion, the hydrOCarBon chain and atlone extremity
a polar or hydrophilic functional ;roup (éﬁch as =COOH or -OH) are
capable of forming monolaysrs 6n water surfaces. The polar groups
tend to confer water solubility while the hydro-phobic part
prevents it, the balance between them determines, whether a molecule
will form an insoluble monolayer, Short chain fatty acids and -
alcohols, such as acetic acid or ethyl alcohol are, of course;
completely miscible with water, As the length of the hydrocarbon
Chain is increased, water solubility decreases. Thug, in the case
of spreading of stearic acid on water,the adhesion (or affinity)
of the steariq acid molecules, containing a poiar carboxyl. group,
to the polar water molecule is greater than the thesion.(or affinity
between stearic acid moleculesvthemselves.' Thelstearic acid mole-
cules. thus. spread out due to surface diffusing motions of water
molebules with their hydrophilic (affinity for water) carboxyl
group (hezds) a%tached'to the water molecules. Since the nonpolar
hydrocarbon chains with hydrophobic methyl group aré very weakly
attracted by water molecules, it remaing more or less vertically

oriented, The presence of polar. groups in the chain may thus
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result in its slight tilting., In the absence of hydrophilic grouj
such as polar group, no monolgyer is formed on water, Long chain
hydrocarbons, such as,hexadecane or lijuid petrolatum merely floaf
ag drops or lenses on a water surface, without spreading. The
interaction within the monolayer forming molecules are also impor-
ﬁant. Tf the intermolecular (chain-chain) interactions are stron
enough, it will be difficult to produce a monclayer even when a
suitable polar group'is oresent.

On other liguid subphases, other kinds of interaction than

the strong dipole water interaction can be effective, It appears

for example, that n-octacosane, the (28 ccrbon) saturated hydro-

carbon, will spread to form monolayer on mercury |20|. Presumabl
in this case, where the 1liquid subphase has a very high surface
tengion, dispersion forces are adequate to provide attraction
between the organic compounds and the surface and a film is forme
in which the molecules are spread out flat on the mercury; A

few partislly fluorinated organic compounds can also spread to fo
ingoluble monolayers on organic lijuids. In these cases, parts
of wolecules are attached to the subphase while other parts preve

complete solution,

(b) The Formation of Spread Monolayers:

The spreading of a monolgyer with the aid of volatile solve
in the convenfional manner can occur in two ways, With some
substancés, for example, fatty aéids in hexane 6r petrolatus
-ether on water, the spreading solution spreads to a thin layer
whose interference colours are visible and the monolayer forming
molecules take up positions at water-solvent interface., The

solvent then evaporates, only the monoclayer remains. Alternative
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resalt in its slight tilting., In the absence of hydrophilic group,
such as polar group, no monolagyer is formea on water, Long chain
hydrocarbons, such as hexadecane or lijuid petrolatum merely float
as drops or lenses on a water surface, without sprezding. The
interaction within the monolayer forming molecules are also impor-
tant, If the intermolecular (chain-chain) interactions are strong
enough, it will be difficult to produce a monolayer even when a
suitable polar group'is cresent.

On other liguid subphases, other kinds of interaction than
the strong dipole water interaction can be effective. It appears,
for examrle, that n-octacosane, the (28 ccrbon) saturated hydro-
carbon, will spread to form monolayer on mercury l20]. Presumably;
in this case, where the liquid subphase has a very high surface
tengion, dispersion forces are adequate to provide attraction
between the organic compounds and the surface and a film is formed,
in which the molecules are spread out flat on the mercury; A
few partially fluorinated organic compounds can also spread to form
insolyble monolayers on organic lijuids. In these cases, parts
of woleculeg are attached to-the subphase while other parts prevent

complete solution,

(b) The Formation of Spread Monolayers:

The spreading of a monolsgyer with the aid of volatile solvent
in the convenfional manner can occur in two ways., With some
subgtances, for example, fatty aéids in hexane 6r petrolatugy
ether on water, the spreading solution spreads to a thin layer
whose interference colours are visible and the monolayer forming
molecules take up positions at water-solvent interface. The

solvent then evaporates, only the monolayer remains. Alternatively.
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as in the case of dilute benzene spreading sclutionsg, the drops
of the spreading solution do not spontaneously thin ocut, but a
dilute mixed film of monolayer forming substance and solvent is
shed from the edges of the droplet, to spread over the available
surface, As the solvent evaporate from the mixed film, more film
spreads from the drop of spreading solution. The type of
spreading process depends upon the relative ‘interfdciagl terisions,
on the nature and concentrations of all the components zand in
fact, change during the process, as solvent evaporates.

Spreading can be performed without a solvent in some cases,
where a material does not spread spontaneously. For example, if
a droplet of oleic acid or a small crystal of cetylalcohol, is
placed on a water-surface, molecules legve the bulk phace and
diffuse out over.the liguid, the spreading process may be |
hasténed by convective flow in the liguid and in some cases, by
Vapour phase tranéport.

(¢) States of Monolayers:

Devaux |10| shortly after 1900, pointed out that molecules
in monolayers could exist in different states, more or less
analogous to three-dimensional matters;solid, ligquid and gaseous.
He showed that the fluidity of a monolayer could be gualitatively
estimated from the mobility of tale particles dusted into the
film. Tt is gquite cértain, that various monoiayer states
represent different deérees of molecular freedom or order,
resulting from the latersl intermolecular adhesive forces and
the strength of anchorsge of the molecules to the surface,
respectively. - If the 'anchorage' or perpendicular attraction

between the film molecules and the liquid is weak,the film may
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not be formed at 2ll or will tend to crumpié up under small
lateral compression. If the attraction between film molecules
and 1iqgid is reasonably strong but the'laxeral adhegion is small,
the film molecules move about independently on the surface,
partaking in the translatory motion of the underlying-liguid
moleculesy such a film resembles a gas or a dilute solution on
the surf.ce and is called a ‘gaseous' or 'vapodr' film, A
strong lateral adhesion makes the molecules adhere together into
large coherent isiands of film and restrains their free thermal
motions on the surface. The film is lijuid or solid, depends
on whether the moleculur movement is less or more restricted,
.determined by the amouat and small details of distribution of.the
intermolecular adhesive forces |4|. It is possible in some cases
to change the phase of film by changing the temperature or

pressure,

(d) Fundamental Information about Individual Molecules from

Monolayer States:

Longmuirts film balance |4|, whose range has recently been
considerably extended by the use of the electron microscope and
radioactive isotropes |21|, remains the principal instrument for
basic studies on monomolecular films., With this simple device,
the measurement of size of moleculaé, the estimation of their
shapes, their cohesion and strength of polar groups can all be
obtained.

The film balance essentially consists of a swall shallow
waxed trough filled with water on which the monolayer of substanqe
is spread. 4 barrier in the form of waxed rectangular brass bar

is lajd across the long edges of the trough behind the monolayer.
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The film is made to push against a delicately suspended floating
barrier, which measures the surface pressure exerted by the film,
as the film is compressed to any desired area. The pressure of
the film against the float is balanced by twisting the torsion
wire to which the floéted barrier ig attached, - The degree of
twisting, required to keep the float stationary,is a measure of
the surface pressure, 4s the temperature variations, accidental
contémination, vibrations and dust particles may cause ngjor
errors in these experiments, greatest care has to be taken,
regarding them.

A single simple plot of surface pressure againsi area
(pressure-area curve of the monolayer) yield, among other things,
the cross sectional area and length of the mokacules,s%rength |
of its polar groups and also the approximate strength ofvthe
intermolecular cohesion, As the area of monolayer decreages, the
surface pressure increases and the slope of m-a curve gives the
compressibility of tie monolayer or the strength of mole cular
cohesion. Near the collapse pressure, the molecules in the film
get closely packed, The cross sectional area of the molecule can
be determined with a prior knowledge of the number of molecules
in the monolayer i.e, the number of molecules in the substance
spread., The length of the molecule or the thickness of the
monolayer can be found by the areardensity method (sec. 101(0));
already described, The collapse pressure gives both the strength
of anchorage of the film to the surface i.e, the strength of
polar groups and the strength of cohesion. |

Stearic acid, for example, hag been found to have a cross
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0
gectional ares of 20 sy. Angstroms, a chain length of 254, its
monolsyer huving a high collapse pressure of 42 dynes/cmy (there-
fore the molecules having strong polar group) and low compress-

ibility (or high moleculur cohesion).

1.4 INHOMOGENEITY OF MONOLAYERS:

For a long time, investigators assumed the monolayers to
be homogeneous at all stages of compression., Zocher and Stieble
|22] firs£ examined the monolaye¢r film under a powerful dark-
field illuminator mounted in the bottom of the trough and
focussed on the surface of the lijquid bearing monolayer. A4
microscope may be used above the surface to detect inhomogeneity
of the film at low pressure or sometimes even in the .region of
collapse,consisting of molecular aggregates or islands, 'This
technijue was improved by Adam [23[, who suggested that varying
the lijuid level in the trough provided a simple means for
accurate focussing. The ultrémicroscope has also been used by
Bruum |24| in an interesting stady of collapsed films, The
meétrod, however, was capable of detecting only gross ;mﬁressions
of the size and shape of these aggregates.

Elliptically polarized light reflected from the surface _
covered by monoclayer has been examined by Freundlich, Bouhet,
Tronstad and others, for studying the structure of the films.
But,because, the diffioulties of the interpretation of the optical
effect of the films in terms of the individual molecules, this
method could not contribute much regarding the structure of
monolayer. However, the Bouhet optical method |25| indicates

the lack of homogeneity in the film.
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The studied surfuce potential which vuries with molecular

concentration or packing in a monolgyer, definitely, established

the inhomogeneity of the films (except gaseous) l26 . This
surfage potential arises from the surface field of force due to
the unbalunced forces of molecules in the surface. Thig method
.also could not resolve the detailed structure of the monolayer
due to the dimensions of the electrodes used.,

The elvctron microscope was first applied to the study of
monomoleéular_films by Epstein |27]|,who showed that it was
poscible to detect fatiy acid monolayer films, after depositing
Then on glass slides and shadowing with an evaporated metal film.
Recently, Ries |21| and his coworkers refined this technique to
study the structure of monoclayers at varioug stages of compress-
ion. The electron microgruphs clearly show that at a low
pressure the film is inhomogeneous and with increasing compression
or pressure larée homogenecus areas of coantinuous monolayer appear.
Algo, electron microgruphs of a collapsed film suggest a mechanisn
for the collapse |21|., More information of the originm of single
monomolecular layers has been obtaiﬁed by shadowing method.
Combined filnm balgnce and electron microscope technique in
conjunction with radioactive tracer technijue are being uged |21
for studying mixed filﬁs of monolayers with two or more components,.
the results obtained being of biological importance. Electron
microscope has also been used to determine thickness of nonolayer
by snadow casting technigue |[21}.

The next chapter describes the technique of building-up

multilayer f£ilms by transferring nonolayers on to solid slides,
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The nature and structﬁre of suéh'built-up' films have algo

beeh digcugsed, The déposifion technigue of Y-type films

is 5iven in detail, The determination of thickness, X-ray and
electron diffraction studies are also discuSSea. The Skeleto-
nization of the film and the optical properties of these ‘'built-

up! films are also described.



CHAPTER TII

BUILT-UP MOLECULAR FILMS AND THEIR PROPERTIES

This chapter describes in detail, the experimental method
of 'building-up' the multilayer films and their nature of
deposition, A particular mention has been made of the 'building-
up' of Y-type films which have been studied in the present work..
The general properties and structure of these 'built-up' films '
are also diécussed,as obsérved through X-ray and electron
diffraction studies. The methods of determining their thickness

and refractive index have also been described.

2.1 BUILDING-UP OF MULTILAYER FILMS:

(a) Experimentgl:

Mono-and multilayer films of long chain fatty acid compoundsg

can be 'built-up' by the well-known technique of Blodgett and

Langmair |8,28-30|. The technigue has been described in detail,
Spécifically, for barium stearate and it has been followed for
other substances like barium palmitate, margarate and behenate
which have also been studied in the present work.

The technigue for 'building-up' multilayer films consiséing
a very sinple apparatus, is illustrated in fig, (1). The long
narrow trough T waxed from inside, is first levelled and t@gn
the surface of deignized water (specific resistance « 6x10
ohns cm,) filled to the brim of the trough, is cleaned by
sweeping the barrier B over the surface to the position shown
in fig., (1 a). 4 waxed silk thread 5, is attached by small metal
clips C to the edges of the trough and the thread is placed upon

the water surface in the form shown, The thread is carefully

made to touch the water surface at every point to avoid any film



(After Langmuir, Proc. Roy.Soc. A, 170, 1 (1939)

FIG. T _DIAGRAMMATIC REPRESENTATION OF THE

APPARATUS FOR BUILDING ~UP THE FILMS.
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+ leakuge. Stearic acid ( or palmitic, margaric und behenig )-
dissolved in benezene ( concentration commonly 3X10~ by weight)
is placed on the surface near G and the spread acid pushes the
thread before it, as snown in fig.(1 b). After the spreading has
completed, the thread is fastened to the edges of the trough by
two small clips F, fig. (1 ¢).

The stearic acid molecules spread monomolecularly on water
surface and the state at this stage is shown in fig. (2 a). Due
to relatively.large space available for the molecules, some cf
them may tend to bendover the water surface, ihstead of standing
upright., A small drop of the 'piston o0il! oleic acid (surface
pressure 29 dynes/cm.) is now placed on the surfuce at P to
keep the gtearic acid monolayer under constant compression,

Under these conditiong, the monolayers bf oleic acid and stearic
acid press against each other to give an eguilibrium shape to
the thread,as shown in fig. (1 d) and also the stearic acid
moleceules in the monoclayer are now relatively close packed and
stand upright, as a result of oleic acid compressions Fig. (2 b)
showg that the molecules are tight1y packed and approach vertical
orientations at relatively high compression, where.as fig. (2 a)
indicates, at low compression that the molecules are oriented

_ at different angles or fotm tightly packed aggregates, Circles
re present pqlar group of the molecules while straight lines the
nonpolar hydrocarbon chains., Fig, (2 ¢) gives a pictoriai
representation of the orientation of stearic acid molecule on .the
water surface, It is importanmt, that the homogeneity and density
of the stearic acid monolayer s would be corresponding to the

compression (surface pressure 29 dynes/cm.), which is far apart
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F1G.2 - DIAGRAMS SHOWING STEARIC ACID MOLE CULES oW WATER SURFACE .
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to itg collapse pressure i.e., 42 dynes/cm.

The use of the thread Sy (fig.(1 d)), for preventing
accidental oleic acid contamination to stearic acid monolayer
near G, was not found necessary because, it was always ensured
that the tnread touches the water surface at all pointg along it
and thus, there was no chance of any leakage of oleic acid. The
process of depositing,suéoessive monolayers upon the clean slide
dipped into the water, in the position marked G,  is then begun.
Each lgyer, that is deposited, uses up soﬁe of the stearic acid
nonolayer on the water so that the thread moves forward through
an area ejqual to the total area of the slide dipped, front and
back. For easier deposition of nultilayers of barium stearate
 from stearic acid monolayer, a low concentrastion (about 5x10-5 M)
of barium ions should be gresent in the solution. The barium
content of the solution is added by barium chloride and the pH
of the solution ig adjusted by the addition of potassiunm
bicarbonste. The divalent barium ions in the solution undergo
surface reaction with stearic acid ‘(or palmitic, margaric,
behenic acid) molecules ( whose carboxyl groups touch the water
surface) to form barium stearate (or palmitate, margarate ete.).
The barium stearate monolayer is now transferred from the water
surface to the slide, moving across it,by a continuous dipping
-and withdrawal.prooess. Multilayers are more egsily formed
when the pH is greater than 6. The ambient temperature should
be maintained at about 20-22° C.

Under these conditions, a layer is transferred on both
the downward and the upward journey of the slide (rendered

suitably hydrophobic) and the 'puilt-up' film is expected to
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be Y-type (sec,-R.1(b)), using the solution in the trough
containing 3x10_5 M BaGlé and its pH adjusted equal to 7.2, by
addition of 4)(10_4 M KHCOzs But, if the solution is made more
strongly alkaline, pH=9, layers arc deposited during the

down-trips and not during the up-trips, such layers havé been
called X-layers (sec., 2,1(b)). The layers are preferably deposited
at the rate of about 20 to 30 layers per minute. Fig.(1 e) shows
the fingl shape of the thread after some layers have been depo-
sited,

(b) Nature of Depogition of X,¥,7 Types of Films,

Langmuir |31] first realised the experinental possibility
of transferring the monolayers from ajueous substrates 1o a
glass or metal surface by a simple dipping and withdrawal process.
Blodgett and other subsequent workers |8,28-30,32| have since
carried out detagiled investigation of this phenomenbn, the basic
points of which are now well established. Thus, it has been
shown that by successive deposition, nultilayer film having
desired number of layers, can be 'built-up'! on solid surfaces
(sec, 2.1(a)). | |

Only condenéed monolayers; which do not tend to spread
indefinitely as the surface pressure is reduced to zero i.e. no
compre ssion and thus acting as two-dimensional solids or liquid
rgther than gases ]8] are found to exhibit the above phenomenon
of depogition, Initially,~ fatty acids were used [28,29| which
condensed by means of calciun oi barium ion in the substrate
but subsequently many other organic compounds have been employed
e.g. esters, ketones, phenols, proteins etec.

Langnuir |8| and Bikerman |32,33| pointed out that the
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nature of depogition of monolayers on a solid surfgce depends
upon the contact angle between the sclid and film covered water
surface. During deposition, to facilitate the transference of
the monolzyers, the spread layer is kept under constamt pressure
(sec. 2.1 (a)). For example, if a slide of glass or retal is
being dipped across a fatty acid nmonol:yer on water, the curve
of contuact between water and the slide surface advances, relative
to the siide, which gives thé tadvancing! contacf angle, On the
contrary, while taking out the slide fron watef, curve of contact
recedes relutive to the slide and this is termed-as 'receding!
angle of contact. Obviously, when the slide is entering water
and advancing angle ig obtuse, the water surface will fold down
naturally on the solid surface thus turning the upper most groups
(methyl groups) of the monolayers towards the solid surface. The
molecules will be depogited with their methyl groups in contact
with the slide and the surface of deposited monolayer will be
composed of carboxyl groups (sec. 2.1 (¢)) and this orientation
of the molecules is termed as 'exotropic'. As the adhesion of the
nethyl groups to the solid surface is relatively low, the glide
should, obviously, be lowered into water at a slow gpeed after
deposition of the monolayer, If the advancing angle is acute,
the methyl groups remain tufneq away from the solid su rface
and there will be no deposition when the slide is entering the
water., Thus, a monolayer can be deposited on a slide at its
entry into water bnly, if the slide surface has been rendered
fairly hydrophobic i.e,, non-wettable by water, thus giving
large contact angle., No deposition of the monolayer, therefore,

take place on the first immersion of an ordinary glass slide.which
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is easily wettable by water (low contact anzle).

When the slide ig beiang taken out and the receding angle
is acute, the water surface folds up on to tlk slide thus turning
the lower most group i.e. the polar carboxyl group towards the clide
surface, for deposition of the molecules. The water molecules,
which are sandwiched between the ﬁolar gecoups of the monolayer
and the slide surface, are slowly squeezed out because of strong .
affinity between the polar groups and the solid surface. In this
depogition, the polar carboxyl group is in contact with the solid
surface and the deposited monolayer surface consists of methyl
groups. The orientétionc>f molecules with carboxyl groups towards
the slide surface and methyl groups away from the slide, is termed
‘endotropic'. Evidently, the polar groups remain turned away
from the slide surface when the receding angle is obtuse and there
will be no deposition when the slide is leaving the water surface.
Thus, a monolayer can be deposited on a hydrophilic solid surface
i.e., wettable by water and therefore,having a low éontact angle
like that of an ordinary glass slide, on its withdfawal across
the weter surface. If the speed of withdrawing theggggggﬁés'hggh
the sandwiched water molecules will not be efficieﬁti?mséueezed
out and-therefore no deposition will cccur. The sgueczed out water
molecules are forced to cbme down 5n the surface of water not duo
vo gravity, but, because of their replacement by the fatty acid
molecules in the monolayer whose polar carboxyl groupé have strong .
adhésion to the solid surface.

Thus, from above it is clear that if both the advancing
and receding angles are obtuse, deposition of monolayer will

take place only on lowering the slide acress the water surface.
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Such a deposition or film thus 'built-up' is termed X-type.
Obviously, a X-type film will consist of a series of exotropic
layers which are oriented in such a way fhat the methyl groups are
towards the solid surface and carboxyl groups away from it and thus,
the surface of X-film will be composed of carbexyl groups. Since,
here the molecules in the adjacent layers are oriented in the same
direction, the distance between two successive'planes containihg
carboxyl groups will clearly be egual to the chain length of the
molecules (assuming that the molecules are oriented perpendicularly
t0 the slide surface) (see fig. 3.a).

When the advancing angle is obtuse and the receding angle
is acute, the deposition will naturally take place on both dipping
and withdrawal of the slide across the water surface, vThis
depogition or the film thus 'built-up' ig called Y-type. Obviously,
a Y-type film will be made up of a series of alternating exotropic
*and endotropic layers., Thus, the surface of the Y-film will be
composed of methyl groups and the molecules in the adjacent layers
are oppositely oriented. It is clear that the distance between
two succeggsive plaﬁes containing carboxyl groups will be ejual to
twice {he molecular chain length (see fig. 3.b).

When both the advancing and recediﬁg angles are acute, the
deposition will, obviously, take place on withdrawing the glide
across the monolayer. Such a deposition or the film thus made
up is termed *Z-type (this is rather uncommon). Obviously, &
Z-type film consists of a series of endotropic layers which are
oriented in the same direction and the surface of these films are

composed of metayl groups. Since, here the molecules in adjacent
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layers are oriented in the same direction, the distance between
two successive planes containing carboxyl groups, will clearly be
egqual to the molecular chain length (fig. 3 c),

As the contact angle between the film covered water surface
and the golid being dipped,is well known to depend on the nature
of the film forming substance, the rate of dipping and withdrawal,
the surface pressure of the film and the pH of solution etc.,3 clear
cut experimental considtions have to be laid down for the deposition
or ‘building-up' of any given type of film i,e. X,Y or Z. Blodgett
and Langmuir |29], for example, have done for the case of Y-films
of metal stearate. It should be noted that the contact angle bet-
ween a lijuid and a solid is considerably modified [4| by any
contamination, greasy or otherwise, of the solid surface and also
by its rouginess. Therefore great csre has to be taken regarding
these factors also, while following the experimental conditions

for building-up a particular type of film,

(¢) Deposition Ratio of Monclayer:

Many early studies showed that when a close packed film
under high surface pressure is deposited to a solid surface, the
arca of the film transferred is egual to the geometrical area of
the solid i.e, the deposition ratio is one, The 'deposition ratio!
of a monolayer is simply as the ratio of the appaéent area of the
glide coated with the area of the monolayer. thus removed from
the water surrace, Since the surface of a slide is, in general,
rough on a molecular scale, its apparent area (the one usually me-

sured) is less than the real area. The deposition ratio was found
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to be unity within experimental errors. This was, indeed,
demongtrated .by Bikerman [32‘, wio showed that stearate monolayers

could even be deposited on grooved surfaces or fine wire gauges.

2.2, IHE ‘'BUILDING-UP'® PROCESS OF Y-PILNS:

‘The process of 'building-up' Y-films by depositing
successive monoluyer is illustrated in fig, (4). In this case, the
slide has suitgbly been rendered by@fophobic by depositing a thin
Al-layer, under vacuum by thermal evaporation (sec. 5.3) or for
deposition on glass, by placing some moltén ferric stearate on
the surface and rubbing it vigorously with clean towel, which remoc-
ves all but one layer of ferric stearate molecules. Fig.(4 a) |
shows the lowering of the slide across the monolayer on water
surface, with polar carboxyl groups, touching the water moleéules.
Under these conditiong, the first layer is deposited on the first
downtrip (fig. 4 b). The following uptrip, (fig. 4 c) causes the
deposition of the second layer; the next down journey (fig. 4,d) .
gives the third layer and so on. Therefore, outside water, films
containing only even nuuwber of layers will exist, For getting'
odd numberea (having odd number of layers) films out side water,
the slide is first dipped,then the monclayer of acid spread and
subsequent deposition made by withdrawing the slide which gives
the first depogited layer, If multilayer films of odd number is
to be 'built~up'! the previous pfocedure of dipping and withdrawal
of the slide is cont inued. Obviously, in the deposited Y-films
of even number of layers, both the upper and lower surfaces of the
film are mede up of hydrophobic methyl groups and in those contain-
ing odd number of layers, the upper surface consists of methyl

~ 8roups while the lower one is made up of hydrophilic carboxyl group
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2.3 EXPERIMENTAL DET AILS_AND PRECAUT IONS

In the present investigations, extremely pure samples
(Price's Bromborough Ltd.) of palmitic, margaric, stearic and
pehenic acids wereJused. Oleic acid, benzene and wax uged were
of E.Merck's grude and barium chloride and potassium bicarbonate
being of Analar grazde. Doubly distilled water was produced by .
redistillation of good distilled water and was deionised by
passing this through the two columns of a Portable 'permutit!
deioizer ‘'Mark 8' PFig.(d), (supplied by M/S Ion.Exchange (India)
Ltd), The first column contains the cation exchange material
converting cations such as calcium, magnesium and sodium, into
the corresponding écidsand the other one containing anion exchange
nmaterial, remove the acids formed by the former, The deionised
water thus produced is free from dissolved solids and used for
experimentation, The required concentration of the golution
was achieved by weighing  the substances on an extremely sensitive
chemical balance., The pH of the solution was checked by the
standard Beckmann pH mefer. Reasonably, small temperature varia-
tions were attained by working in an air conditioned room, cooled
down to the required region of temperature.

In the study of monomolecular films, the key worés at all
times are purity and cleanliness, Considerable care must be
taken to maintain the apparatus free from all contaﬁinations
and particularly from surface active éontamination. Greatest
care at all stuges was, however, taken against any other contam-
ination, accidental or otherwise, by ensuring and maintaining

thorough dleanliness of all parts of the apparatus, Thig ig of
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great importance as the phenomenon under study is on molecular
level, 4lso, during the experiment much care was taken to avoid
any vibrations or disturbances of the trough which, if present,
would crack the spread monolayer and thus produce unevenness
in the deposited film, The labelled fig. (6), shows the details
of the apparatus. | A
2,4 PROPERTIES AND STRUCTURE OF ‘BUILT-UP! MOLECULAR FILMS

(a) General Progeftigé: .

Only ‘built-up’ bariup stearate films, deposited by

Blodgett-Lrangmuir techhique; have been studied in detail

|8,28¢ 29,34|. The films consist of superposed sheets of oriented
molecules and form positive uniaxial birefringent crzgstal with
their optic axis perpendieular to the plane of the film. Electron
diffraction,studies, show that the films actually form hexagonal
crystals with the symmetry axis i.e. the optic axis, perpendicular
té the plane of the film., X-ray diffraction studies also prove
that the films are, indeed, very thin crystals having layer by
layer structure,

As already discussed, the ‘built-up! film of, say, barium
stearate can be of the type X,Y or Z depending on the molecular
orientation in ad jacent layers 6f the film, It has been shown
theoretically that the surfaces of the Y and erilms should be
composed of methyl groups while those of X @ilmé should consist
of carboxyl groups. ( in the case of barium steaﬁ%te, divalent
barium atoms substituted for hydrogen atoms of the carboxyl
groups). Since the methyl groups are hydrophobic i.e, practi-
cally no affinity with water, the-surfaces of ¥ and 2 films are

expected to be hydrophobic i.e, non-wettable by water having
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large contact angle. IAnd since the carboxyl groups are hydrophi-
iic, the surface of X-films should be hydrophilic (wettable by
water) having very low contact angle. However, Langmuir |8 ] |
found experimentally that the surface of X and Y films have

almost the same angle of contact with water, Algo, X;ray
diffraction studies of tbuilt-up' X and Y films of barium

stearate |35,36) have shown that the lattice spacing normal to

the film is the s2@me in both types of films. Thig spacing is
equal to the distance between two successive planes containing
barium atoms i.e. those containing,éarboxyl groups. It has
already been shown that for X films the distance between the -
barjum atomg in succeéssive planes should be half bf that
corrésponding to Y films, The anomalies regarding X and Y films
have been explained by Langmuir 37| in terms of overturning of
molecules in adjacent layers of X-film, just after the deposition.
According to him, this overturning of molecules results a mole-
cular reorientation or a sort of recrystallization in the film whi
arise because of the thermal vibrations, This molecular
reorjentation can be possible at ordinary room temperature

because the molecules in the films are bound together with véry
weak van der Waal forces, as the films have low melting points,
The reorientation of the molecules in Y films'ié'not expected
'because the molecules in the first and subéessive double layers am
strongly  anchored with their polar groups face to face (fig(3 b),
which is a stable configuration,while in the case of X films,

‘the anchoring is relatively very weak due to the methyl (inert)
‘and polar groups being face to face; an unstable configuration.

Therefore, the unstable structural configuration of X film tends
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to attain the stable structure of ¥ film by the gradual overtufn—
ing of molecules in'the first and successive déuble layers of the
X films. In fhis way, Langmuir's theory of overturning of mole-
culeg in X films accounts for the anomalies, described above.
However, there is no direct experimental evidence to support this
interesting ides of Langmuir. ,

Porter and Wyman |38,39| measured the surface potential
of X films of barium stearate and showed that each layer carries
similarly oriented dipoles suggesting successibn of exotropic
layers i.e. the films are in the initially unstable configUrati5h,
- contrary to the X-ray evidence, Later experiments showed that
sarface potentials depend ~ upon the cuter layer deposited as X
or ¥ type. The evidence, therefore, indicates that the surface
potentials are due to a surface electrification produced by the
recession of water from tne hydrophobic surface during the with-
drawal of the plate |8| while in the case of Y films there is no
recession of water,

Langmuir |16 experimentally found from m-a curves that “same
curveg are obtained for the higher saturated fatty acids and
alcohols, having 14 or more carbon atoms. The monolayers of these
substances are relatively incompresgible aﬁd occupy areas of about
€0 sq. ﬁ/mol, Langmuir |16| confirmed experimentally that with
fatty acids having from 16 to 30 carbon atoms per molecule, the

Ccross sectiong remained fairly constant while the lengths of the

molecules increased in proportion to the number of carbon atoms.

(b) Determination of Thickness:

The thickness of a monomolecular film of a long chain

organic substance e.g, palmitic acid, barium stearate etc. has
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been determined by a number of methods divided mainly into two

- parts. The tuickness is determianed, either by the area-density
method (sec. 1.1 (¢)), which requires the film to remain on the
water surface or the monomolecular film is first deposited onte a
slide and taen the thickness measured by the optical methods. |
The area~density method is based on the statement of Dervichian |40
that the lattice structure and tilt of the molecules in different
forms are the same in two~and three-dimensions.

(1) Iaterferometric methods- There have been several attempts

to estimate the thickness of 'built-up! molecular barium stearate
filmg., Blodgett and Langmuir [28,29,34| used the method of inter-
ference of monochromatic polarized light, reflected by the film,
for the determination of thickness., The film thigkness is |
calculated from the knowledge of the angle of incidence for
minimum reflected intensity, the wavelength used and the ordinary
refractive index of the f£ilm. Jenkins and Norris [41] in their
method kept the angle of incidence constant and varied the
wavelength until the reflected intensity reduced dowgithe ninimum.
In another method for the determinatio? of thicknesg, Holley l35|
utilised a Michelson interfeyometer. |

(ii) Polarimetric methods- ‘RothenAahd Hanson |[42~44| used an
apparatus called ellipscmeter to measure small increments in film
thickness. This polarimetric method is'based on the measurements
of the change in ellipticity of light reflected from the film and
stearic acid or barium stezrate film of known numbers are used

as optical gauge for comparison purposes. In a more recent work
on interference reflécter of barium stearate itself, was used [45]

to determine the thickness by Hartman's polarimetric method |46]
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wtilizing white light interference fringes.

The optical methods used for determining the thickness of
the'built-up molecular films invariably involved the refractive
index of the kilms or used the standard reference films. It has
already been shown that the refractive index of the fidms can not
be assumed to be ejual to that of the bulk,because the dengity of
the monolayer is not equal to the density of the substance in |
bulk., The refractive index of the films is mecessary for evalua-
ting the metrical thicknesses of the films by the method described
gbove, Also, any differeniial'phase changes upon reflectiong have
40 be eliminated to avoid spuriousg effects in thickness determi-
ngt ion, |
(iii) Multiple beam interfeometric methods- Multiple beam inter-
ferometric technigue |47]| for determining.the thickness of mole-

cular filmg was first applied by Courtney- Pratt 48,49

. He
studied the molecular layers of fatty acids spread by the droplet
retraction technique on mica cleavage surface. Thig method of
measurement with doubly silvered mica,forming the interference
system, does not directly Field the metrical thickness since it
alse requires the knoW1edge ofrefructive idex of the film.
Moreover, the differentigl phase changes upon reflectionsvat
mica-silver and monolayer-- silver interfacés are alse involved
which are not unambiguously known. Also, fairly low orders are
not conveniently obtained with such an interferehce systen,
Srivastava and Verma |50,51| carried out the direct deter-
- mination of the metrical thicknesses of mono- and multimolecular\
filmg of barjum stearate and other substances. In their work,

the standard thin film multiple beam interferometric technique |47]
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has been uged to determine accurately the thicknesgs of the films.
It ig well-knownthgt this method is independent of the optical
properties of the film and since the differential phase changes
have been eliminated using tiae standard reference film of barium
stewrate itself, thig yields the true metric#l thicknesses of the
films, |

(¢) Determiagtiom of Lattice Sp.cing 'C' : X-ray diffraction
studies: ‘ - -

X-ray diffraction studies have been carried out by mumber
of workers ]35,56,52-60] on 'builg-up' films of various long chain |
organic compounds. The conventional seal-off X-ray sources were
used in these investigations., The observations of X—ra& diffrac-
tion effects show +that, definitely, the 'built-up' filmg are
crystalline in nature and is merely a mechanical growing ¢f the
crystzl, layer by layer, Indeed, the building up technigue

can sometime be used for crystallization of some otherwise intrac-

| table substance e.g. unsaturated acids |57,

Most of the workers studied the X-ray diffraction effect
on somewhat thick 'built-up' films. However, Bisset and Iball
|60| investigated X-ray diffraction from a few number of layers of
barium stearate and plamitate and established the analogy with
eptical diffraction from ruled gratings. Clark and Lappla
studied a few layers of lead stearate 161[. "The lattice spacing
of built-up lead stearate films was alsc measured by Stephens
and Tuck-Lee |62| using elegtron microscopy.

The lattice spacing of barium stearate films perpendicular
ta the plane of the film was measured by Holley and Bernstein

|54,55| and Frankicken |36|. They found that the lattice
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spacing is the same in botﬁ X and Y types of films. According

to the process of building up the film, X films should have
unidirectionadl orientation of the molecules in the layers,therefore,
its spacingy normal to the film, should be half of that in Y films
in which the molecules in ad jacent layers are oppositely oriented,
The obgerved identity in spacing of X and Y films of barium
stearate has, however, been explained by Langmuir |37| in terms

of overturning of molecules in adjacent layers.

Since the scattering of X-rays from carbon and hydrogen
atoms can be assumed to be very small as compared to that from
barium atoms (large atomic number) the lattice spacing normal
to the film measured by X-ray diffraction must correspond to the
distance between ad jacent planes containing barium i.e.unit cell
height 'o'. Therefore, half of the lattice spacing 'c' in the
case of Y filmg, must be equal to the chain length of barium
stearate molecules or the metrical thickness of the monomolecular
film of barium stearate.

Recently, Srivastava and Verma |51| studied the X-ray
diffraction effect of 'built-up' films of different thicknesges
of barium palmitate, margarate, stearate and behenate., They used a
a microfocus X~ray source of the kind described by Ehrenberg and
Spear |63] to over come the large exposure times and diffracted
}Spectra were recorded on a Bragg-ililler spectrograph., They also

- found that the lattice.spacing perpendicular to the supporting

surface is double the thickness of the monolayer film,

(d) Electron Diffraction Studies of'Built~up'Films:
' The structure of mono-~ and multimoiecular films of barium

stearate and stearic acid have been studied by Germer and
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Storks |64| in éetail. Their electron diffraction studies show
that the barium stearate films, built-up by Blodgett-Langmuir
technique actually form hexagonal crystal with the symmeiry axis
perpendicular to the plane of the film, Upon the clean metal
surface?odd number of layers have been built and investigated
by the reflection method and on thin organic supporting foils
by the transmission method, Germer and Storks |64| found that
the hydrocarbon chain of barium stearate molecules form hexagonal
arrays with their axes normal to the supporting surface and se-
Farated by distance of 4.853. Stearic acid molecules form
crystal of monoclinjc form with a=8,27 X, b=4,96 i, B:?OO, the
& and b axes lying in plane of the supporting surface, I+% has also
been shown by them that in a 'built-up! multimolecular film of
stearic acid on a metallic surface, the structure of the layer
in contact with the surface ig identical with structure of first
layer in atbuilt-up'film of barium stearate, The structure of
upper layer of stearic acid film is characteristic of stearic
acid itself i,e, monoclinic, This shows that the monolayer of
stearic acid iﬁ contact with the metal surface undergoes chemical
action to form metal stearate., Changes in structure of mono-
molecular layers of fatty acids, alcohols etc, with temperature
have algc been extensively investigated by Taneka |65, Brumimage
|66] and Menter and Tabor |67| using electron diffraction
techniéue. Recently, electron diffraction technigue have also
been used by Stephen and Tuck-Lee |62| for studying the structure
of lead stearate 'built-up' films and suggested a monoclinic op

ovlheyhomble Structure depending upon the space group.

-



-39 -

(e) Skeletonization of 'Built-Up' Films:

The metallic ion content such as barium or cslcium of these
"ouilt~up! molecular films depend upon the pH of the solution,
the concentration of the metallic ion content i.e, barium salts
and the concentration of the other galis such as sodium or
potassium which have an antggonistic action.[68l. Cbviously, in .
the case of barium stearate molecular'built-up'films, when the
barium content is low, the multilayers thus formed contain
stearic acid, apparently in solid solution, This stearie acid
can be dissolved out of the multilayers, by dipping them ﬁor a
short time in benzene to which 1 7, of 90 7, ethyl alcohol has been

added |8

. The film remains optically clear after the removal of
the stearic acid (not over about 60 /), but a striking change is
Observed in the interference colour reflected by the film. Opticel
measurements prove that-this change in colour is due not to a
change of thickness but tn a change of refractive index., If half
of the material of the multilayer is dissolved out, there ig even
less than 1/ change in the thickness. After the removal of free
stearic acid, the neuilral barium stearate film thus remains as'a
skeleton film containing voids, previously occupied by the stearic
acid,

The stability of skeleton films, containing as much as
4014,of voids, seems to indicate an extraordinary rigidity for
the hydrocarbon chain inspite of the large surface tension forces
that should tend to cause a collapse of the molecules into an
amorphous mass. On heating the skeleton film to 50 to 60°C there

is, of course, a collapse as indicated by a decrease of thickness:
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and by a marked scattering of light. If half the films congist
of staric acid and this is removed by skeletonization, each
molecule of barium stearate remains in contact with about 3 out
of 6 neighbouring molecules, The free rotation around the carbon-
carbon linkage take place about an axis inclined 350 from the axis
of the hydrocarbon chain., The presence of the neighbouring
molecules can thus prevent free rotation so that the molecules are
held in a rigid form and collapse is prevented, Skeleton filmg
of cadmium arachidate obtained by spreading arachidic acid on
Water containing cadmium chloride, are particularly stable, howe-
ver, the free fatty acid should be dissolved out with ethyl
alcohol,

When a'drop of petrolatum or other hydrocérbon placed upon
a skeleton film and the film then tilted to a vertical position,
the drop moves slowly across the surface,leaving the surface
apparently free from any thick film of oil. Zhe colour of the -
film is restored in this way to that of the unskeletonizea film,
The thickness is, therefore, still the same but the refractive
index increases from that of the skeleton multilayer film. It
is evident that the hydrocarbon penetrates the skeleton and fills
the‘yoids originally occupied by fatty acids. These hydrocarbons
Can be dissolved in bengene giving again the same skeletonized
£ilm, |

The stearate films are 'built-up' by changing the metallic
‘ion content of the water and by skeletonizing the resulting
monolagyers, the refractive indices of these films having any

desired value |8| between 1,18 and 1,51, The skeleton £ilm, of
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barium stearate for which the refractive index is 1.3, had 99.2°/
of the thickness of the original film, although only 63.7 7/, of its
density |29

. Race and Reynolds |69 measured the electrical
properties of the skeletonized tbuilt-up' films considering the
free acid gpaces filled with air paraliél to the remaining soap
film, .The électrical properties are found to be in agreement with

the concept of their physical structure.

- (f) Opticzl Properties of Films: Refractive Index Measurements.

Blodgewk and Langmiir |y9| studied the optical properties
of 'built~up' barium stearate films deposited upon microglass
slides, They expected to éee the interference colour when the film
weg built-up to a thickness of a gquarter or half wavelength of
light but no such interference colour occur. The failure to
obtain interference effects, was due %o the lack of reflectien
from the interference between the multilaﬁer and the underlying

"glass becamse the refractive index of the glass and the film
happened to be the same. Interference colour occured using
glass of higher refractive index.

- Optical studies of barium stearate films have shown that
+the multilayers constitute uniaxial crystals with the optic axis
Perpendicular to thevplane of the film. The birefringence is
readily demonstrated |29| by placing a 1000 layer f£ilm, built on
glass, between cross Nicol prisms or crossed Polariod screens,

0
The film being placed at azimuthal angle 45 . Navias

c.f.ref,29]
has also investigated the birefringence of a 1000 layer film of
barium stearate, employing a Ired gypsum plate_in the usual way

and found that the film behaves as a positive uniaxial crystal.
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Such uniaxial crystals are chargcteriged by two refragctive indices,
‘The refraective indices neasured by Blodgett and Langmuir |29 are
found to be ny =.1.,491 and nz = 1.535 for.barijum stearate films.-
The equations used describe the refraction of extraordinary ray,
the intersity of the ray reflected from the upper surface and from
the‘film solid boundary, the phase cha..ge at the boundaries,
Brewster's angle and other special properties of birefringent
films, Lucy'|7Q| also measured the refractive indices of barium
stearate 'built-up' films, n, = 1,419 and ng = 1.550.
Recently, Tomar and Srivastava |71| have measured the

refractive index of 'built-up! barium stearate films and-other
- substances by using detsctor reflectrometer consistihg of a simple
d,c., differential bridge istead of the usual difeéerential amplifier
in the photomultiplier circuit, They have also measured the refrac-
tive indices of'built-up'films of barium margarate and barium
behanate by ellipsometric method using Drude's ejuation I?gl,‘
Their recent measurements |73| of reflectance and transmittance
on such 'built-up! filmshave tested the validity of Schopper's
formulae and have, indeed, confirmed that these films are
anigotropic,

The succeeling chapter describe the electrical mcasurements

carried on these 'built-up' molecular films by other workers.



. CHAPTER TIT

FELECTRICAL PROPERTIES OF 'BUILT-UP! LANGMUIR FILMS

The electrical properties cf 'built-up' filﬁshave been
experimentally investigated by number of workers. These built-up!
molecular films seem to be very promising for making thin film
devices like insulating sandwiched barriers between metals and
superconductors and thin film capacitors etc. This chapter
describes the dielectric properties of these organic films
measured by other workers and condustion through organic thin
films is algso discussed,

3,1. DIELECTRIC CONSTANT MEASUREMENTS:

The static dielectric constant ef tHin ihsulators like
'built~up! moiecular films is of potential importance er the
development of thin film dielectric devices., The dielectric -
constant of thin insulating Langmuir films was measured by number
of workers in different thickness ranges. The simplest equation
for calculating the dielectric constant is the well known capa-

citance equation of parallel plate capacitor.

1 = 4ont
G °h

where A ig the capacifor area, € the dielectricmconstant,AnA#he
number of monolayers and t the thickness of a monolayer.

The earliest attempt was made by Porter and Wyman f74[ te
measure the capacitance of the films by placing a small drop of
mercury en the film, forming the upper electrode of the capacitor.
The film of organic layer was depesited on the metallic slide
forming the lewer electrode of the capacitor. The capacitance
were measured at radionfrequencies by a radio frequency bridge.

Numbers of obgervations were obtained using different dropg uf
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Hg with their size varying from 1,5 %o 1.8 mm in diameter and

the same drop could be rblléd from one place to another on a given
film, - They measured the dielectric congtant of barium or calcium
stearate films formed at pH=7 (Y layer) and pH=9 (X layer). The
capacitance measurements at frequencies of 1 and <244 megacycle/sec
show no significant difference between X and Y films. In both
typés of filmg, the capacity decreases with»thiékness and the
average value of dielectric constant was found tc be approximately
2.5, which isg very clése to the bulk phase value, The dielectric
constant obtained was varying from 1.9 “to 3,5 for the thickness
range from about 1752 to 35252 (7 to 141 monglayers). . Their resn-
1ts implied that the dielectric constant was also approximately
game for both type of films and approximately independent of the
frequency.

Race and Reynolds |69]| also studied the dielectric proper—
tieg of barjum stearate and cadmium arachidate films using mercury
drop ccntact area method., The capacitance measurement was made
over a frequency range from 40 to 106 cycles/sec by means of
special guarded bridge |75|. From these measwr ements, the
dielectric comstant and dielectric logs (tand) of the films were
calculatéd, from the equivalent parallel circuit |76|. They found
that the dielectric constant was independent of the film thickness
between 51 to 181 ﬁonoiayers within the reproducibility and
sccuracy of their measurements, The dielectric constant measured
was algo independent of the frequency upto~106 cycles/sec. They
gave additional data for films varying from 21 to 201 layers ard
value of dieleectric constant was found to be 2,44-2,56 for

barium stearate films and 2.46 for cadmium arachidate filmg.
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Buchwald, Zahl and coworkers |77| made an attempt to measure
the insulating properties of stearste filmg from 1 Vo 41 monolayers
by immersing metal rods coated with the multilayers into conductive
galt solution, A4 decreuse in capacity was observed with incre«sing
nutiber of layers and there was at least two fold variation ih
appargnt dielectric constant which were influenced by the choice
and concentration of the electrolyte.

Handy and Scala |78| investigated the electricel properties
of barium ste«rate filmg using the evaporated metal electrodes
rgther than mercury droplprobes and the range from 1 to 10
monolayers (thickness 25-250%) was explored. The evaporated
electrode lead to a higher incidence of shorts through defects
in the films but they also provide a realistic test of film
uniformity and of the practical utility of Langmuir films for use
as ultra~thin insulating films, They found the dielectric
constant to be varying from 2,1 to 4,2 with an aversge value of
2¢5 for stearate films containing 1 %o 10 monolayers. The capacity
was measured as a function of fre?uency ard a slight change in the
capacity with freguency was observed for a particular thickness.,
Over the range 100 c¢/s to 20 Ke/s,the dielectric constant drops
by aboat 57, . In the capacity measyrements, the contribution
of the oxide layer was neglected because the resistivity of the
oxide layer is small compared with the resigtivity of the orgddic
layer,

|
Drexhage and Kuhn |79| have alsc studied the capacitance |

i

as a function of thickness of cadmium stearate and other films

in the rsnge from 1 to 11 monolayers, These measurements also
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imply constancy of the diclectric constant with thickness. Mann and
Kuhn |80 calculated the dielec%ric consiant of monolayers of cadmiuxg
sults of fatty acids of different chain length, Capacitance

me asurcments were made with a L-C precision bridge (of Rhode and
Schwarz) at a fregquency of 100 ¢/s and at a peak to peak voltoge

of 10-20 mV.

Holt ]81] also measured the capacitance and found the
gtandard deviation of capacitance/unit area on each slide being
commonly as small as 37/, that is, of the order of the accuracy
to which the areas of electrode can be produced and measured, No
significant variation of capacitance was observed with freguency.

Horiuchi et al [82] carried out the capaditance measurements
of barium and colcium stearate X-type film capacitors at 1 Ko/s.
Capacitance values siow that the scatter for different samples was
up by the factor of 2, The capacitance was me=sured as a fuggbtion
of freguency for a constant thickness of 29 monolayers and found
independent of fre,uency over a wide range of 1 Ke/s to i Mc/s.

Yhe dielectric constant was calculated from the capacitance using
stearate_monolgger‘thickness of = 243 ahd was foun to be 2,0
which is in good agreement with bulk phzse value. |

The present work has also been undertaken to investigate
dielectric constant of the 'built-up' meclecular films of barium
" salts of long chain fatty acids, The dielectric constant has been
calculated theoretioally‘zphap. Ivﬁvas well as measured experimen-

tally ( ¢hap., V) and the results are found to be in good agreememnt .

d.¢ Dieglectric Loss Measurements:

Race and Raynolds [69] calculated the dielectric loss of
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the film from the equivalent parallel circuit of the special
guarded bridze, This guarded bridge measured the capacitance
snd resigtsnce of the films., By balancing the guard and test « . 3
circuit of the bridges, the chromium plate and base plate of
£ilm holder wes brought to the same potential, thus eliminating
any possible lossés in ﬁhe mi9a insulation between the movable
stage and b;se plate.s At the same time, the losses causzad by the
glass supports from tihe high potential electwode were shunted
%0 the guarded base plate and thusg eliminating its effect on
loss mecsurements of the film, The dieleciric constant as well
as,the dielectric loss measurements were mace by'Race and Reynolds
169] and it was found thet these are independent properties of
the films, The plot of the dielectric loss against frequéncy show
larser devistions between ne=gurements on the game film, However,
these deviations appeaf to be random and suow no dependence on
thickness and fre%uency. The order of magnitude of tand measured
was low, being less than(Q.001 with standard deviation@‘of 17‘%.-
The dielectric loss measurements on dry multilayer films made

by Race and Reynolds |69| were of the smaller order of magnitude th
than those obtained by Haskins and his coworkers [83|. Assuming
equivalent parallel resistance apd capacitande of the films, their
data indicate a two-fold variation in dielectric constant and
15~fold variation in tand as a function of number of layers and
the order of magnitude of tand was from 1000 to 10,000 times
higher than the value obtained by Race and Raynold [69]|. The

wide differghce in their values was caused by the electrolyte

in which the film was immersed,
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Holt [ 81 | also measured the loss angle (tand) for the thick-
ness range (2252 ~SVOOX) and found the values dropped from 0.2 at
2252 to N.006 at 3500& showing the standard deviation of 25 7/,

The variation in loss angle with frequency follewed normal thin
£ilm behaviour., Han&y and Scala |78 showed the variation with
frequency of the imaginary part of the complex dielectric constant
(proportional to C x D ; D being the dissipation factor) and noted
that a slight maximam occur near 700 c/s suggesting the presence
of weak polar adsorption mechanism with a charactertistic relaxa-
tiom time (nfy/2) of 0.23 msec. At higher frequencies (>10 Ke/s),
the measurement uncertainity in the dissipation factor beceme

comparable with the observed values,

5434 DIELECTRIC BREAKDOWN QHARACTERISTICS:‘~

Iniéresﬁ in>the dielectric breakdown studies of thin films
has been greétly stimulated because af their use in electrenic
dévices. The breakdown charactertistic of these films have been
studied becauss of their easy reproducibility, smoothness,high
dielectric strength, uniformity and control of their thicknesses.

Porter and Wyman |74 studied the breakdown of bath type
of films (X and Y). X and Y films cf different number of layers
were covered with a drop of mercury and subjected te a variable
d.c. voltage with a galvanometer in series. As the voltage
increased, the readings of the galvanometer were followed. With
films of higher thicknesses, there was no obseévable deflectiun in
the galvanometer until a certain critical breakdown voltage was
reached, Bgt with thiner films, there were appreciable current

almost from the start, . They found that the breakiown voltages
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of X and Y films were almost the same but striking differ«nce
was obtained with films cont.cted with water and with mercury.
The brezkdown voltages of films in contact with Hg incresses
with thickness of the films and correspond to fields of the
order of 106V/cm. Apparent breskdown voltages of the films
in contact with weter were found to be nearly independent of
the thickness «nd were found to depend on the direction in which
the voltage is applied, The difference in result obtained for
film contacted with Hg and with-water may be due to the differcnce
in the affinities of the two liguids for the surface,

D.C, breakdown measurements were also made by Race and
. Reynolds |69|. The voltage was varied from 0.01 V up <nd was
obtained using a fine potentigmeter and measurea by a high
resistance volt-meter. And for a,c, measurements the voltage
was supplied by a beat frequency ogcillator. The output voltage
wss controlled by a potentiometer on the oscillator panel and
was measured with a vacuum tube voltmeter, They foumd that the
dielectfic strength measw ements were very nonuniform &iter
taking considerable care to prevent the inclusionff dust in the
nalyilayer filmg. However, results obtained were disappointing.
Dielectric strength were obtained as high as 2x106 volts/cm,
They suggested that the extreme variations in dielectric strength,
'prOOably were cauged by holes, cracks or dust particle in the
filmg., In general, the films with highest dielectric strength
were made from baths of highest pH,

Holt lSlI meesured the maximum dielectiric strength and found

. . 0 6
its value varying from 1.3x106 volts/cn at 2254 to 2,6 x10 volts/cn

® - s o odw



- 50 -~

at 3700& i.e. the increassing dielectric strength with increasing
thickness. ‘ v

Recently, Agarwal und Srivastava |84-86| have studied
systematically the thickness dependence of dielectric breakdown
of Langmuir films in the thickness range (85 to 20002). Por the
range studied,the breskdown strength was found to be a power
dererndent function of thickness vérying as 4" %, & being the
thickness of the film, For the higher range of thickness
(corcesponding to‘10—80 layers) the resultswere in agreement
With the well knéwn elegtronic breakdown theory of Forlani and
Minnaja |87| which predicts the value of ¢ to be 0,5. However,
in the lower thickness range (1-10 monolayer), the value of g
LES found to be about 1,00 for all the films studied. These
authors |88| have also studied the'destructive'breakdown
of these films and cbserved that at high voltuges of the order
of 80-90 volts, largze area of the film was destroyed. V.I,
charaéteristics in the'nondestructive! phase have also been studied
~ and the breakdown voltage corresponding to the initial abrupt
rise of current is termed as onset breakdown voltage. Highest
voltage at which the'destruction'of the film occurs, is referred
as'maximun Voltage breakdown, 4,C,breckdown studies |89]| of.
bariun stearate film have also been carried out as a function
of frejuency (in the region 10-200 KHz) ari thickuness (in the
range 100»1600%). The a.c. breakdown voltage was found to be
increasing with increasing thickness and frequency..The a.c,
breakdown strength varying again as 4°% with ¢ = 0.68 remaing
inexplicable., The a.c., breakdown strength is'found to be somewhat

smaller than the corresponding d.,c. strength of the film.

167790
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Agarwal and Srivastava |90,91| have recently carried out
the teumper.ture dependent study of the dielectric strength of
beariun stearate films in the range (-40 to 40°C) and found that
the dielectric strength decreased with increasing temperature.
The results have not been explained because the actual mechanism
of destruction is not yet fully understood, but their results
nay prove ussful in device apclications of the films,

3.4 RESISTIVITY MEASUREMENTS

‘Several workers studied the registivity of multilayer filnms,
The variation gussrved in resistivity values were generally
gscribed to inhemogeineties or voids in the filmg, The incred§; in
resistance was observed by Zahl and coworkers ]77,83] with increa-~
sing nunber of monolayers, However, there was seversl crders of
magnitude variation in registivity which was influeenced by the
choiceand concentrﬁtién of electrolyte., Swall arca probe neasure-
nents using water or mercury droplets were more successful, Porter
and Wyman |74] algo measuréd the resistance of stearaxe‘built—up’-
filns and found taere was no significant differgnce between X and
Y filus. They found resistance incre.sing with increase in thick-
ne s but values obtained at 1 Mc/s were definitely less than those
at the lower frequency., It was also noted that a value of 2x10
ohmg per layer coxresponds to resistivity of about 2x109 ohms cn.
having regard to the size of the drops and the thickness of film‘
i.e. the resistivity of both X and ¥ films is of the oxder of
103 ohms cn.

The resistivity of Ba-stearate films W3S neasured by Handy

and Scala [78| at low voltage (<50mV) where the current-voltage

char~cteristics are linear, They plotted the resistivity azainst



thickness and found th«t the points were approximately uniformly
distributed over a certain limited area of the plot. For a given
thickness, the upper limit of resistiivity ;wgs corresponding to
those layers wiich posusess the smallest fraction of wvoids. The
wide range of resistivity values -  observed for the gsane
thickness,supported the contention that the organic films are
Porous, But,they found that at low thicknesses,the low voltage
resigtivity values were the characteristic of tie oxide layer, that
is, the fractional area of the oxide in direct contact with the
top electrode. The resistivity of the organic layer was found to
depend upon the presence of woids, in it. ..

3,5 CONDUCTION THROUGH THE FIIM: TUNNELING PROPERTIES :

The Langmair {ilms in various thickness runges were
investigated by severzl workers using them as ultra-thin ingulating
barrierg between evaporated metal electrodes because these films
4re thin, homogeneous, uniform in thickness «nd act as an excellent
insulator. Miles and McMahan [82] first measured the tunneling
current between tin-lead =nd tin-indium evaporated film pairs
by uQing a menolayer of‘barium stearate as barriers and found it
varying exponentially with barrier thickness., They reporfed the
useé of stearate monolayers as insulating barriers for electron
tunneling without eXplainihg the effect of direct contact to -
semi~ingulating oxide layer,

Barjun and calcium stearate Langmuir films from 1 to 10
monolayers in thickness range (25 to 250ﬁ) were investigated by
Handy and Scale |78| for use as ultra—~thin insulating barpiers
beiween evaporated metal electrodes. These.met.l electrodes were

oxidized in air to form metal oxide layer at the surface which
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have often been employed ag insulating thin films, Handy and
Scala |78| observed thit these metal-insulator-metal (M-I-M)
sandwiches showed highly nonlinear «nd temperature dependent
conduction characteristicg, Near zero voltage, the characteristicg
weTe -line.r ond presumably contrellied by the voids present in the
organic films. As the voltage increased beyond Q«1-0.2 V, the
curcent rises very rapidly with increasing voltage and, becaucge
of current Jdensities required, it wust flow incre-singly through
the organic film, They «iso found, the voltage rejuired for

- gignificant departure from linear conduction incressed glightly -
with increasing layer thickness and the thicker film showed a more
rapid increzse in current thnan thinner films, At high tengerature,
the slope of tue curve between current and temperature-at constant
voliage waos approximately same for different numter of layers
which indic«te th.t the thermal activation energy for conduction
is also comparable, But at low temperatures, the slope was quite
different due to the different relative contribution of tunneling
and thermionic currents through the sandwiches qf different number
of layers. From the slope of curve ani measuring voltage, the
zero voltase thernal activation encrgy 4% was determined as
»20 < 4% <.30 ev for 3 layer sandwich. Their analysis precsumed
that conduction was dominateld by tunneling at low temperatures
and by thermionic emission over the insulafing barrier of height
d% represented by composite oxide organic layer at high tenpera-
tures, Hundy and Scala l78[ analyzed the I~V characteristics.
using theoretical expressions of Stratton |93| and Simmons |94495|

However, the reproducibility of electrical properties was poor,



o

. B
- . !
.
. . '
, ' ' . '
. . L
. i L P R
. .
: N
. s
.. ! . iy
L T .
. .
. . ) . . :
B ) ) . 5l




54

apparently due to voids and inhonogeneities in the organic
insulating filns. It was calcula%ed that in best samples 2 to 3
mnonolayers were re%uired to eliminate voids penetrating completely
through the organic films,

Heriuchi, Ysmaguchi and Naito |82] also studied the electric
conduction through calciun steargie films of several monolayers,
They reported the detaiied study of thé voltage'and temper«ture
dependences of the current through monomolesular filmg sandwiched
between aluminum and tin electrodes, Handy and Scala [78] did
not explain the observed temperature dependence and the barrier
heizht at the electrudes, The curregt—voliage characteristic
-of the junctions weve observed by them with d.c, voltage at
temperatures from 200 to 35OOK. When a constant voltaée Wwas
applied a large amount of transient current was obtained which
decay approximately in proportion to 1/t. They found that the
transient current was proportional to applied voltage, while the
.8teady state current increased exponentially with increasing
voltage, They also observed that when the lower tin metal
elecgtrode was negatively biased, the observed current depended
upcin Temperature abofe 200°%K and independent of temperﬂfure in
the whole temperature range studied., It is weil known that the
nechanism of electron transfer through extremely thin insulators
will be explained'by $unneling enission or gchottky emission,.
Pollack et al |96497 | explained the observed V-I characteristics
with tunnel and schottky emissions using trapezoidal barrier
models, Siumons has derived the expressiong for the thermionic
emission |98| und tunnel emission |95| between dissimilar

electrodes including the effect of image potential.
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Horiuchi et al |82| also found thut trapezoidal energy
nodel of Simmons offers an adejuate explanation of the details
of current-voltaze~temperature characteristics.‘ They show that
tunnel enission was observed when upper Al-~elecirode was negative-
ly biased «nd schottky emigsion waus obgerved when the lower tin
electrode was negatively biased. The observed barrier height
a8t the stearate and tin interface wus 0,8 ev and that at the
stearate and aluninum interface was 1.3 ev, which indicates that
the work function of tin is smaller tuan that of aluminium They
tried to avoid the possible formation ofaluminium oxide layer
in the neasurements on Al-Ca stearate-Sn sandwiches but were
not successful becauge all the samples prepared showed ohmic
characterisfic with very small resistance, |

Mann and Kubn [80| studied the conductivity of the mono-
layers of Cd sults of fatty acids CHy (Cﬂé)n;é COOH of different
chain lengths., The sandwiches nf monolayers between metal
electrodes Snow the exponential decrease of conductivity v/é
thickness predicted by tne tunnel theory, The oxide layer had
no influence on the d,c, conductance of fatty acid monolayers,

- The electron work function from metsl to dielsctric was obtained
-and had values 1,94 év for A1 and 2.28 ev for Hg. The values

of vacuunm work function ofalumiﬁﬁﬂﬂand mercury was found between
2,98 to 4,36 ev and between 4,50 to 4,53 ev resPecﬁivelyr In

the multilayer systems, the current density j was found to bé
proportional to V (voltage) and inversely proportional to 4
(thickness) i.e, the plot of N; v/s V for a given-acid is a
straight line, They concluded that this current must be due to

impurities |99| and the current for nonolayer was the sum of
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thig impurity dependent curreni and the tumnel ing current. The
good agreement between theory and experiment proved very sensi-
tively the lack of larger imperfections in the structure of
monolayer, Holes or conducting impurities in the layer would
strongly influence the resistance and hemce the curremt flowing
through the film, Since the tunneling current through these
holes is large compared to the residual current,it can be con-
cluded that even tie small fraction of holes can not be present.
The dependence of the tunneling current on barrier distance
seen to be due to this high sensitivity to imperfectiong.
Detailed and systematic théoretical and experimental studies
of dielectric constant of ‘built-upf films has been carried out
in the present investigation., The next chapter degcribes the
theoretical formulation for calculation of static dielectric

constant of 'built-up' molecular films.



CHAPTER IV

T HEOR R TCAL, FORMULAT ION OF STATIC DIELECTRIC CONSTANT:

The experimental work of others on dielectiric constant deter-
mination has been reviewed in the preceding chapter byt none of
them provided a theoretical interpretation to their results., 4s
the theoretical understanding of diclectric constant is potential-
ly important from the point of view of device applications, the
pre-sent work of developing such a theory has been undertaken
in the case of 'built-up' filuws,

This chapter describes the thevretical formulation developed
by the amtaor herséli for the cualculation of gtatic dielectric
constant of Tbuilt-up! moleawlar films of long chain compounds
for r.ono~and multimolecular films, Since these filmg constitute
a crystal with long hydrocarbon chaing of the molecules as
entities, the conventional dielectric theory can not be applicd
here, as such because of large molecular dimensions, The
calculation of intermolecular and intra-molecular interactiong
in presence of static electric field, by considering the inter-
actions tetween different parts of the molecﬁles, are therefore
also discussed. This theoretical formulation derived for
calculating the static dieleciric counstant of 'built-up' meclecular
films is the first one of this type. |

4,1 STATIC DIELECTRIC CONSTANT

The elec¢tric properties of the diclectric substances are
ugually descried in terms of the dieléctric cons tant, When the
electric field applied igs either static or alternating with a
low frequency, the conductasace or dielectric behgviour ig the

most important phenomena. At higher frequencies, the phenomena



- 38 -

is optical but there is no sharp line of demarcation between the
dielectric and @ptiéal phenomena., PFor most substances, the
d:ielectric constant is independent of the strength of the electric
field over a wide range but in the case of alternating field, it ~
depends upon frequency., It also depends on parameters such as
temperature which define_fhe state of material, The so called
static or the low frejuency dielectxiéAconstant was investigated
by nuwber of workers, since it has proved its usefulness in
inveétigating structure and also the understanding of the static
dielecfric constant is necessary for the study of high freq&ency
dielectx;c cohstant, |
The dielectric constant is familiar in the expression of

fofce between two point ‘charges e and e! separated by a distange
r in a homogenecus unbounded dielectric, where force = ee'/é.rz,
in which ¢ is the dielegtric constant, characteristic of:the
medium, The diele®tric constant € of a mediun may be defined

as the ratio of a field strength in vacuum to that in the medium
for the same distribution of charge. I% may also be defined
and is generally messured. as the ratio of the capacitance C

of a condenger filled with thé material to the capacitance CO

of the condenserlwith vacuum, thét’is

e = ' 0/c, _

The dielectric constant thus defined is evidently dimension less,

| The well known eguation l 100 | of atstip dielectric -

constant is given by

<)
1
H
i
WD
a

t=t 'Pd

i (1)
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where P is the polarigation which ig eyual to the electric ﬁoment
per unit volume and E is the microscopic electric field.

Of course, in an anisotropic material the electric field
will induce the polarization which ig not, in general, parallel
| to~§t. And the dielectric response is described by the component

of dielectric constant tensor

P.

Gij=l+4ﬂ§%‘ ‘ ' . (2)
j . .

where Pi is the polerization in i-direction due to the component
of the applied field By in the j-direction., In general, the

dielectric polarization P wmay be considered the sum of three

contributions
P=DP, +P, + Pa .. (3)

where the subscripts ey a and d refer to electronic,atomic ind
dipolar polarization, respectively.

4,2 CQONVENTIONAL THEORY:LIMITATIONS

The static dielectric constant is calculated by calculating
the electric dipolemoment induced by an external field in a

dielectric from its atomic and molecular structure [101,102

In the case of gasesn One may assuﬁg that the field acting

on the particles 1g equal to that of the externgl field because
the mutual interaction between the particles is neglected, as in
a gas of low density, But in the case of solids and ligquids,
however, a given molecule or atom is affected, not only by the
external field but also due to the field produced by the dipoles

of other molecules or atoms, as well. The problem in theory
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of dielectric constant of liquids and solids is therefore the
calculation of the field at the position of a given atom
(or molecule). This field is called the internal or local field
and is different from the ’externally applied field E,+ The local
field at an atom (or molecule) is the sum of the applied field
By from external sources and‘of the field of the dipoles within
the specimen.

To calculate the local field,Lorentz  |103| suggested
to select a spherical region from the dielectric with the atom
(or molecule) for which the local figld must be calculated at the
centre, The radius of the sphere is chosen large enough to
consider the region outside the sphere as a continuum of dielectric
constant €ge For the region inside the sphere, however, the actual
structure of the substance must be taken into account,

Thus,the local field Ey,, is given by the equation
Eq 0e =E, + E1 + BEo + ES .. (4)

By = field produced by fixed charges external to the body.
Eq = depolarization field; from the surface charge density on the
oqter surface of the specimen,
Eo = Lorentz cavity field; the field from polarization chapges
on inside of a spherical cavity With the reference atom as centre.
Eq = field of atoms ingide the cavity.

The contribution By + By + By to the local field at
reference atom (or molecule) caused by the dipole moments of all

the other atoms (or molecules) in the specimen, is given by
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, — i" 71771 i1
E, + B, +ZE3-§ . es (8)
Ty

BE,, the depolarization field within +the body tends to oppose
the applied field E . This field is due to the surface charge
density on the outer surface of the specimen and thus,it depends
upon the shape of the specimen. In the case of thin dieleotric
slab between two conducting plates, the contribution of the
uniform depolarigation to the field is - 47 P, when the field

is applied normal to the thin dielectric slab [105,108

The field Eq due to the polarization charges on thé surface
of the cavity was calculated by Lorentz |103|, If 6 is the polar
angle with respect to the polarization axis, the surface charge
dengity on the surface of the cavity is =~ P cos@ and the
charge on the ring of radius a is 2 m a sing.a d6 cosh., The

electric field at the centre of the spherical cavity of radius

By = J(a™") (2 n o sing) (a de) (P cosd) (cose) =4 7 P/3 .. (6)
The field Ez on the atom at the centre, due to otner atoms with-
in the spherical cavity, is the only term which depends on the
stnucturé of the dielectric, It 1is assumed that all the atoms
ingide the sphere may be replaced by point dipoles parallel to

each other. The i1-th dipole have the dipole moment components

Pxi, Pyi and Pui and coordinates Xiy Yy 2 One may write the

i*
value of Eg as
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2 2
5X;y 24 o, Yy g o Ty
— 1
By = (Pxi—-—-—5+.Pyi_____5___ + Dyy - ) e (7)
r. r. .
1 i ri

For a simple cubic lattice of similar atoms, the external field
direction coincides with the cube edge (z-direction). From the
symme try DPy; = Pyj = O and p,; = P which will be same for all

atoms. Also the x,y,z directions are equivaleat because of the

symme try of the lattice and of the sphere, thus

) 2 -2 2
Z . X ‘ y
g T ! * 1 (8)
—_—= = ———— = bX e = 3 ¢
1 riS i I‘.5 i 5 i 3
i r. Zp
i i

so that E3 = 0 for cubic lattice. .
Putting these values in equation (4). The local field 1is

glven as
Bioe =Bg - 471 P+ 4m P/3 + 0

or Dige =B +47m B/3 | _ e (9)

Th.is equation (9) is known as Lorentz relation; the field
~acting at an atom in a cubic site from the polarization of the
other atoms in the sSpecimen.

The values of Ez for tetragonal and simple hexagonal
lattices have been given by Muller ]106,100}. The anisotropy
of the Lorentz field is calculated by combining the classical

cavity method with Ewald's lattice theory. He considered an
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infinite lattice whoge elémentary cell contains only one atom (or
molecule) situated at the origin of the cell., If x,y,z aré the
axes of the optical index ellipsoid, the Lorentz field acting

on any atom can be written as
By + 47 Ly Py .. (10)

The Lorentz factors Ly, Ly, L, can be derived from Ewaldt's

potential and the equation L + L, + L, =1 . The Lorentz

¥
factors depend on the shape but not on the size of tle elementary

cell i.e. they depend on the ratio c/a where ¢ is the lattice
spacing in the direction of the tetragonal or hexagunal axis and
a is the distance between the nearest neighbours normal td the
axis. If c¢/a is large i.é, c/a>1, L

= Ke/a = L, and L = 1-2kc/a,

X y

this result has the following interpretation that in the layer
lattice the atoms are continuously distributed in all +the layers
except the one in which the atom is s¥#fffated on which the field
is calculafed, thus he found k = 0,359 for tetragonal and k = 0,370
for hexagonal lattices. Similarly, for small value of c/a,
L, =k (a/c)2 and k' has vaiues 0,3826 and 0,3313 for tetragonal
and hexagonal }attices, respectively, These results also hold
for molecular lattices, |

For caleulating dielectric constant, the polarizability «
of the atom is takeh into consideration which is defined in temrms

‘of the local electric field at the atom,
P =a By, , ' .. (11)

where p is the dipolemoment, The polarizability is the property
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of molecules where as the dielectric constant is that of the
erystal structure i,e, it depends on the arrangement of atoms or
molecules, The polarizability has the dimension equal to the
cube of length. The total polarizability of polar molecule have
three contributions viz. electronic, atomic and dipoler polariza-
bilities. 4Ang the polarigzation in a dielectric may be expressedl
approximately as the product of the polarizabilities of the mole-

cules times the local field.

P=Zn p =35 n | E i .o 2
3T PSR ey 100 3) (12)

where nj is the concentration and aj the polarizability, of~atom3
j and By, (j) is the local field at the atom site 3.

If, the local field is given by Lorentz relation, then

P=xn,a (B +4nx P/3) er (13)
J 4 3 :

Substituting value of P in equation (1)

In, g
§37;
BS~1=4'rcP/E=4n :
4 1
1+~ 2 n q
R B
- ~1
eS
°F ——— = &L In o . oo (14)
e+ 2 5 3 33

This relation between dielectric constant and polarizability
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known as Clsusius— Mossotti relation, holds only for crystal
structures for which the Lorentz local field is obtained,
Harrop and Campbell | 108 | have recently presented a review
article concerning dielectric properties of thin films and sugges-
ted that the above equation is derived from the Lorentz appro-
cimation which determines the dielectric constant of a solid due
to polarization.

The above relation holds only for those substances
in which the linear dimensions of the atoms or molecules are Vvery
small compared with the lattice spacings. For calculating static
dielectric constant of ‘built-up! films of long chain fatty acid
compounds, the above relation is not valid because the linear
dimensions of the molecules are not comparable to the lattice
distances, The structure of the film of long chain fatty acid
compounds ig a simple héxagonal array, the molecular chain axis
of which coincide with symmetry hexagonal axis | 34 |. The
theoretical formulation predicted by Miuller | 187 | for hexagonal
1attice was algo not applicable for these filmg becange the lattice
spacing, here. ig much greater than the mﬁtual distance between
the moleculés and because of his assumption that the linear
dimensions of the molecules are smsll compared with lattice
distsnces. In the above derivation, the atoms (or molecules)
are also assumed to be point dipoles but this assumption does

not stand valid for these molecules because of very large chain

length of thé molecule,
4,3 FORMULATION OF THE FORMULA

For the calculation of dielectric constant of 'built-upt
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films, the local field was first caiculated on one molecule due
%0 all other molecules, The basic approach for taking into account
the extent of the molecule is therefore to consider the interactions
between different parts of the molecule. The local field is the
sum of external applied field and the field éué%éll the other
dipoles within the specimen. For the purpose of calculations each
large molecule is thus considered to be divided into small ejual
parts., Both the intermolecular ( the interaction between the parts
éf the different molecules) and intramolecular interaction (the
interaction between the parts of same molecule) in the presence of
static electric field have been thus calculated. The dielectric
constant of the monomolecular and multimolecularl'built—up‘ films
of barium palmitate, margarate, stearate and behenate is calculated
| 109-111 | by calculating the local field inside the monolayer and
multiiayers for which the surface effects are not significant.

(a) Monomolecular Films:

The local field inside the monolayer arise due to the inter-
molecular and intramolecular contributions. The structure of
'built-up! films is known i.e. the hydrocarbon chains of the
molecules form the hexagonal array with their chain axis normal
to the plane of the film | 64 |, 4s the molecules of Ba-salts
of fatty acids consist of tw§ straight long hydrocarbon chains
parallel to each other with a polar group (C00), Ba at its one «
extremity, It has been considered here that the hydrocarbon

chains of these molecules are divided into the small CH groups

2
0 .
each separated by 1,274 along the chain axis, It is asgumed

that these CH, groups are spheres of isotropio polarizability

and the point dipoles at its,center.A
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In these calculations a reasonable assumption is made that

a molecule of Ba-salt of fatty aci& is equivalenﬁ to the two
*effective! molecules each consisting of one hydrocarbon chain
and half of the end group (000)2 Ba, Therefore, these effective
molecules thus form the hexagongl arréy with chain axes normal. %o
the suppoarting surface. The intermolecular contribution to the

loéal field is now calculated by the interaction between the
small parts of different effective molecules and intramolecular
by the interaction between the parts of the same effective
molecule, In the calculation’the last CHé group has also been
assumed equivalent to a CH2 group. For calculating the.
intermolecular contribution Ei to the local field inside the
nonolayer, the interaction between the hydrocarbon tails and

the end groups are calculated separately., The interaction

between hydrooaﬁbon chains ig caiculated following the Salem's

assumption | 112 |. Salem calculated the Tondon-vander Waals
dispersion attraction between long saturated chains by using
the assumption of locally additive forces.

Pwo varallel linear chaing of length L consisting of N
identical units of length (N = L). k=ve been congidered.
The mutual distance between them is D which may be large or small
relatively to L but must be large enough as compared to the
length of the basic unit X\ (Pig. 7 ). ‘According to Salem ,
if the basic units, for example, are bonds of average length
1.53, D can be chosen as small as about 42 which ig obviously

valld in this case, Congidering the basic units as point

dipoles, the field at one dipole due to another i.e. the field
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at tle centre of one unit due to other ( the unit heing in each.
chain at a distance 1>»> D) is calculated. The field is thus
given by |
2 2
3 pz-=-prT

E = o .o (15)
5 )

where p is the electric moment of the basic unit and z is the
direction of applied field, Assuming local additivity, the field
at one effective molecule due to the adjacent one is calculated

by taking into account the interaction of each unit of the chain
with all the units of another chain. The field at one hydrocarbon

chain ig therefore

E = 3 1. .. (16)
i j _

If the units in the first chain are numbered as 1,2,3, .;...,n,
eeesy N and those in the second chain as 1,2,3; .,...,0', ...,N,
the distance r between the centers of n and n' in the second
chein (assuming the center of each chain unit to be at the

chain axis) is given by
r=|D° + 3 .o (17)
and also 7 = P (n-n') ' .. (18)

Substituting these values in equation (16)

e 2
1 N . N 325 - (D +2)

8, = P ¢ 573
n=1 n=1 > 2 .
: (D? + 7 )
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are considered as continuously distributed in all the layers excep
the one in which the molecule is situated and on which the field
is calculated. The contribution of the continuous distribution
to the local field is 4 n P (where P is the polarization) and that
of the reference layer isg the one calculated for a monolayer by
the method described in the preceding section (4.3(a)).

The dipole moment and hence the polarization of the

molecules ig calculated from the local field,

P=naE l'(24)

where ¢ is the total polarizability of the molecule, m is the
number of molecules.per unit volume., The total polérizabilityl
is the sum of electronic atomic and 6rientational polarizabili-
ties.

The static dielectric constant es is calculated along the
symmetry héxagonal axis which ig one of the principal axes of
the dielectric tensor, along which the external electric field
is applied. For the anisotropic structure of these filmg, the

dielectric responge ig given by the dielectric constant along the

field direction ( the symmetry hexagonal axis)

es=1+4ﬂ:‘-‘-:%-— tt(25)

P being the polarization along the external field direction,

4.4 REFRACTIVE INDEX G ALGUL AT ION
The refractive index 'n' of a medium is the ratio of the
phase velocity c of electromagnetic radiation in vacuum

10 -1
(3x107 em sec ) to that of the medium | 115

. The classical
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equation of Maxwell | 116 | gives the relation fer refract

index,

. .
n = B/U.

where AL is the magnetic permeability of the medium and ite

value i1s equal to unity practically for all organic compou

Sa that

€ = n .

Since both the refractive index and thé dielectric constan
depend upon the frequency of radiation used;jfhe square ef
optical refractive indéx is not idént&c&i??ﬁth the dielect
constant at radio frequencies but the dielectric constant
the centimeter wavelengths is commonly measured as the squ
of the refractive index for these wavelengths.

The extent of dielectric polarization, in a cryst
a éiven electric field of the wave, in general, depends on
direction of the field, Thig is truc¢ because thg polariza
of the molecule in the crystal is caused not only by the e
field of the wave but also by that of the electric dipoles
prcduced in other molecules in its neighbourhood, it foll
that the extent of polarization and thereferre the refracti
index depends upon the orientation of the electric field
relative to the crystal axes. Incidentally,it is to be‘nO'
that the refractive index of tha crystal 1s therefore dete

essentially by the direction of clectric field of the elec

magnetic waves and not by the direction in which the wave

travelling in the crystal. Obviougly, any change in the d«
of the crystal will also afféct the extent of polarization

hence the refractive index of the crystal.
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EXPERIMENT AL MEASUREMENT OF THE DIELECTRIC CONSTANT

‘Experimental measurement of film capaci&ance and hence
the dielectfﬁc oonstaﬁt'ha;ébﬁ;;n made.to juétify the theoreitcal
results based on the formulation degcribed in the previous
chapter, Here, the advantages of fbuilt~up‘ moleéulér fiims-
studied, cleaning and selection of substzate and the capacitor
fabrication have been described. The measuremeﬁt method of the

film capacitance ig also discussed,

5,1 DESIRABILITY AND ADVANTAGES OF STUDYING 'BUILT-UP! FILNS:

Interest in the dielctric behaviour sthdies of thin films
has been greatly stimulated because of their uée in.passivated
devices, field effect transistor, microelectronic circuitory
and other devices, DParticularly, interesting is the study of
@ieleatric constant of thin 'built-up' films of barium salts of
long chain fatty acids such as stearic acid etc,, because of
their potential applications for making thin film devices | 78,

82,92,119

. Incidentally,the 'built-up' barium stearate films
have reecently been shown to be promising for making thin film
devices such as tunneling sandwich between superconductors | 92 |

and thin film dielectrics | 81 |. These filMs are particularly

suited for such studies because they'are extremely uniform in
thickness which are controllable, Obviougly, the uniformity and
accurate value of thickness of the films are two crucial factors
of present studies. The greatest advantage with these filmg is
that their thicknesses are known accurately,as has been measured
recently by Srivastava and Verma | 5,51 | using maltiple beam
‘interferometric technique. The uniformity of the thickness of
the film which forms another~orucial ﬁaétor for studies, is

achieved. as the deocres of unifoarmitv imorovea with the
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equation of Maxwell | 116 ] gives the relation fer refractive

index,

n2 = 6/& .o (26)
where £t 1s the magnetic permesbility of the medium and its
valuc 1s equal %o unity practically for all organic compounds;
Sa that _
e = n o (27)
Since both the refractive index and the dielectric constant
depend upon the frequency of radiation used,:ﬁhe gquare eof the
optical refractive Iindex is not idéntioai??ﬁth the dielectric
constant at radio frequencies but the dielectric constant -at
the centimeter wavelengths is commonly measured as the squarc
of the refractive index for these wavelengths.
The extent of dielectric polarization, in a crystal for
a given electric field of the wave, in general, depends on the
direction nf the field., Thig isg truc because tho polarization
of the mclecule in the crystal is caused not only by the electric
field of the wave but also by that of the electric dipoles
prcduced in other molecules in its neighbourhood. it follows,
that the extent of polarization and therefore the refractive
index depends upon the orientation of the electric field
relative to the crystal axes. Incidentally,it is to be'noted 
that the refractive index of tha crystal is therefore determined
essentially by the direction of clectric field of the electro-
magnetic waves and not by the direction in which the wave 1s
travelling in the crystal. Obviougly, any change in the density
of the crystal will also affect the extent of polarization and

hence the refractive index of the crystal.
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Here, the dielectric constant at very high frequency
( w optical) is calculated using only the electronic polarizabi-
1lity which yields the refrgetive index | 117 | from the Maxwell's
relation (eq. 27). The dielectric constant from the electronic
polarizability ang hence the refractive index for‘mono~and multi-~
molecular 'built-up! films of barium salt of fatty acids has been
calculated essentially along the same lines, taking into account
the interaction between the chains and along the chain to work
out fhe intermoleculagr and intramolecular interactions., This
yields the refractive index" along the symmetry hexagonal axis wh-
ich corresponds to the semi-major axis of the index ellipsoid
of the positive uniaxial crystal film.

According to Rozenmberg | 118 |, the phenomenological Maxwell
theory, as such, does not held in the case of very thin films
(thickness << wavelength of light). However, he also states on
the basig of his theory of two-dimensional Gelleid,that the
phenomenological theory can.be used for unimolecular film because
the exponential expression involving the thickness of the film
can be neglected. When the thickness of the film is increased,
the theory breaxs down but it can agéin be uged for filmg having
thickness comparable to or greater than the wave length of 1light.
Thus, the use of the phenomenological concepts in these
calculations are justified.

The succeeding chapter digcuss’ the advantages of
o 'built-up' molecular films which led to their extensive studies.
.Oleaning and selection of substrate, sandwich fabrication and

the measurement of capacitance have also been dascribed.



CHAPTER V

Ex?E&IMENmég,MEASUREMgNT QR THE DIELECTRIC CONSTANT

-Experlmental measurement of film capa01tance and hence
the dlelectrlc oonstant have'bean made to }ustlfy the theoreitcal
results based on the formulation described in the prev1ous
chapter. Here, the advantages of 'built-up! molecular fllms
studied, cleaning and selection of substzate and the capacitor

fabrication have been déscribed. The measurement method of the

film capacitance ig also discussed,

5.1 DESIRABILITY AND ADVANTAGES OF STUDYING '‘BUILT-UP! FILMS:
Interest in the dielctric behaviour studies of thin films
has been greatly stimulated because of their uée in-passivated
devices, field effect transistor, microelectronic circuitory
and other devices, Particularly, interesting is the study of
@ieleatric constant of thin 'bui}t-up' films of barium salts of
long chain fatty acids such as stearic acid etc,, because of
their potential applications for making thin film devices | 78,
82,92,119 I. Incidentally,the 'bui}t-up' barium stearate films
have rgecently been shown to be promising for making thin film
devicés such as tunneling sandwich between superconductors | 92 ]

. These Tilms are particularly

and thin film dielectrics | 81
suited for such studies because they-are extremely uniform in
thickness which are controllable, Obviously, the uniformity and
accurate value of thickness of the films are two crucial factors
of present ‘studies. The greatest advantage with these filmg is
that their thicknesses are known accurately,as has been measured
rgcently by Srivastava and Verma ]‘50,51 | using multiple beam
Ainterferometric techninue. Thé uniformity of the thickness of
the film which forms anotherycrucial ﬁaétor for studies, is

achieved. as the desree of unifarmitv imoroves with the
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increaéing number of monolayers I 81 ‘. The additional advantag-
es with 'built-up'films are their stability_in vacuum, high die-
‘lectric strength, easy reproducibility and smegthuess of the
films._,
As has already been discussed, thesé filmg are depbsited

using Blodgett; Langmuir tehcniqpe, This teéhni%ue is such

that the desired number of layers and hence the film of desired
thickness may be deposited on to the slide, which ig andther
advantage of these films, For example, the films of barium'
copper stearate could be built-up contalnlng upto 3000 mono-
layers, simply by repeated dipping and withdrawal process. The
'fogged' appearance of these films when the thickness is consid-
erably large may be checked by adding some copper salt %o thé
solution. Similarly 'cracking! tendency of the films such as‘
barjum stearate etc., increases with incpéasing number of moNno-
layers, usually commencing above 300 ‘layers,can be minimiSéd by
the addition of some copper ions , . However, these problems
didvnot arise in the present investigation because monolayers
only uptb 100 layers were used for study. |

‘ These films are structurally well defined consisting of
superpoged sheets of oriented molecules forming posit ive uniamial
birefringent crystals with their optic axis perpendicular to the
plane of the film | 29 |. These films are crystalline and can
be_régarded as almost 'two-dimensimal’ érystals and thérefore5
the 'building-up'! of monomolecular layers may be régardedvas a
special cage of a layer by 1ayér growth of a crystal. As has
already been shown, only one monolayer of 'built-up! films

may be deposited and their studies are also possible. Since the
building up process of films requires a high surface pressure

for the monolayer transfer on to the glass slide, the molecules
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in the film remain, close packed.

Tt has been found that these layers are stable in vacuum
and are also thermally stable. Handy and Scala | 78 | and
Mann and Kuhn | 80 | in their Pecent studies on these films
have demongtrated that it is possible to evaporate metals like
al&miﬁi&m over them Withoukany.damage to the depcsited film. This

. has also been verified By the recent studies, carried out by the
author, even on a monolayer (ch. VIy. Holt | 81 | has also shown
that these can be heated to in damp air over prolonged periods

" without damage and observed no phange in their electrical proper-
ties,e#en if they are repeatedly and rapidly cycled from ligquid
nitrogen temperature to 50°C in air. Similar observations have

been made by Agarwal and Srivastava | 90,91 | recentiy and no
effect was observed due to the temperature variation.

Recently, Agarwal and Srivastava | 84~86 | found that these
built;up films have the breakdown voltage of the order of geveral
volts leading to their high dielectric strength of the order of
MV/cm.. They.have also revealed through microscopic studies of
their breakdown phenomena that these films are apparently free
from imperfections. It ig dbvious,'from>their high dielectric
strength that.these fiims aré highly insulating in behaviour.
These organic'films have also been reported to have high struc-
tural perfection |120|.

It, therefore, seemg desirable that under éarefully cont;o~
1lled conditions ( sec. 2.1 (a)), the 'built-up' films are |
1deally suited for dielectric studies, as.have been carried out
by the author in the present work,

5,2 SELECPION OF SUBSTRATE AND CLEANING PROCEDURE:

Selection of the substrate for film deposition is ef
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major'iﬁpqrtance because the desirable high degree of uniformity
of 'éuilt-db"fiims.Studied,-is also governed by the surface
structure of the substrate. In the present work, therefore much
attention has been paid to}the selection of proper substrates
with smooth surféces, The highly smooth 'Gold Seal' microglass
glide having no scratches were oérefully selectead and‘used after
cleaning them as described below. The planeness and smoothness

of slide surfaces was studied by the standard method of matching

the cleaned slide surface with a master optical flat | a7 |. On
proper illumination the formation of reasonably straight, equi-
digtant ,parallel and smooth fringes show that the slide surfaces
have not much curvature and are almost plane | 120 [, The
smoothness of such selected microglass slides can be of a much
higher degree thgn that of the usual optical flat, This is,

for example, revealed by the absence of 'wriggle! in the fringes
of equal chromatic order |FECO| taken by Srivastava and Verma | 50,
51 ] on a 4-layer barium stearate film (thickness about 100%)_

In such extensive measurements of smgll f£ilm thicknesses, it was
found that the 'Gold Seal' microglass slides, in general, do not
hgve sharp projections and waviness,

The selé¢cted microglass slides are thoroughly cleaned first
with soap water, subsequently rubbed and rinsed with carbon
tetrachloride to remove any dust'andyvisible finger prints. After
the wash with C,T.C,, these slides are now cleaned with nitric
acid and again wasbed with water. After cleaming with nitric acid,
these are stored in sulphur chromic acid ( 35'0,'&,1{;2 Cr2 0,7‘ gat.
and 1boé 2eCo H2804 cone, ) for about an hoﬁr, which ig most
effective gleaning'agent.'.The acid is then removed by finsing the

slide with freshly prepared deionized water and by boiling it in
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water forAlg_minutes, Afte; washing with deionized water and
soaking in f}eshiy léunaered'old linen,it is rubbed vigorously
with clean dry cotton wool until no 'breath-figares! are obtained
by lightiy'breathing on it. Thése cleaned surfaces are now ready
for sandwich fabrication as described in the succeeding section.
Conc, HNOz is used to dissolve out deposited layers of aluminium
electrodes and then the slide is cleaned following the above

procedure,

5,3 FABRICATION OF CAPACITOR:

The cleaned and carefully selected microglassg slides as
discussed in the preceding section are'usedvas base for fabricating
the thin film capacitor of the type 41-film-Al, Por making thé
capacitor of this type, about two-third part of the slide was first
aluminized by thermal evaporation in vacuum (o 16—6 Torr),
using Edward's !'SPEEDIVAC! model 6BE2 coating unit ( fig, 8 ) which
pro;ides safe and easy-to-use evaporation and sputtering‘facilities
in a compact unit. This unit is equipped for evaporation,
sputtering and ionic bombardment. Tungeston baskéts of the type
H 140/121 (shown in fig., 9 ) have been used for evaporating Al
which were supplied by M/S Edwards High Vacuum Ltd., England.

Aftgr proper mo@nting of the filament and the slide holder in
the work chamber, it is sealed and evacuated by operating three
stages ; silicone oil diffusion pump backed by a high speed.
rotary oil pump. The backing vacuum and the final Vacuum can be
read directly on & meter, The high tension bombardment current
is switched on to clean the work chamber interior and work
surface (the slide), After the evacuation process is completed,

, : -6
the pressure guage indicates a pressure of about 1® Torr , the
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low tension current to the evaporated source is switched on and
increased by means of the'Regavolt' control unit very slowly till
the Al-piece placed does not melt and gets evaporated. The Al- |
wire used was of the quality Johnson and Mathey which is 99.C>Z
pure. The thickness of the evaporated Al-g}ectrede was held
roughly constant keeping thé same distance between the filament
and the slide every time and placing the same amount of- Al,
evaporated by passing fixed amount of current for fixed time,
By cohtrolling all these factors, thin Al-electrodes of about
several hundred Angstrdns were evaporgted every time.

| The.‘built~up' films of long chain fatty acid compounds
1ike palmitate, stearate etc. are then deposited on these
aluminized slides having desired number of layer\by using -
Blodgett-Langmuir technigue described in sec, 2,1 (a), For
deposition,the aluminized portion of the slide is kept upWard.
The upper Al-electrode ig then evaporated on the film by thermal
evaporation in vacuum, repeating the aboye discussed procedure.
in such a way that a sandwich structure of the type Al-film—£1
(fig. 10 ) is obtained..For the evaporation of upper electrode
on the slide containing these 'built-up' films cammot be cleaned
by the ionic'bombardment beéause the lbcal heating.produced'by
thig may be sufficient.to melt the organic film having molecules
bound together by weak vander Waal forces i.e. low melting point,
It has already been established ] 81 [ that thermal evaporation
in vacuum does not cause any damage to the deposited moleculer
films., Thus the film 9éndwiches of Al-film-A} structure of
areas ranging from 0.4 to 0.6 cmg are obtained, ready to be
used for capacitance measureménts; The area of the capacitor

was measnured accurately by using a travelling microscope.
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544 CAPACITANCE MEAbUREMENTS~

The oapapltance of the A1-film-A1 sandwich is measured by
using MARCONI TF 2700, universal bridge at 1 K ¢/s; The capaci-
tance values of 0,5 pF to 1100 A+ F maj be measured by this bridge
at 1 K ¢/s from the.internal oscillator or at frequencies of
20 ¢/s to 20 K ¢/s from external source where an alternative
frequency is more approbriate. The figg 11 shows the basic brid
configuration used for the measurements, The circuit used for
registance measurement is simply a Wheatstone circuit while
capacitance and industance are measured by.cdmparison with a
standard capacitor in R;C ratio arms circuits,

The deteotor has been made unselective to ensble external

a.f. source to be used for energizing the bridge. An emitter
folioﬁer input stage provides the high input resistance necessary
to maintain eensitivity on the high impedence ranges, being a
gilicon transistor in order to minimize noices The out put of
emitter follower drives a three stage amplifier via a logarithmic
potentiometer, which forms the part of sensitivitys The meter
always defletts to one side of zero for all a.c, measurements,
as the amplifieerutput rectified by shunt diode is fed to the
meter, Two germanium diodes comnected across the meter protect
1t against severe overloads and the detecta sensitivity is
adjustable by meang of variable resistor. The main balance contr
comprises a step switch and a continucugly variable intermediate
control.

For measurements of capacitance, the Al1-film=A1l sandwiches
were &onngcted to the test terminals making use of Hg droplets

‘to contact the film at both of its endg. Direét contact of
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Al~electrodes by a solid probe was avoided due to fhe poséibilify.‘
of disrupting the Al-film at the place of contact. The sensitivi-
ty of the universai'%fidge for capacitance measurement is:
0.1 puF,- o

- .- The next chaptef entails the descriﬁtion of t he valués
of static dielectric cénstant calculated theoretically and measured
experimen%ally for"ﬁuilt“up' films of barium palm;tate, margarate,
stearate and behenate. The results cbtained theoretically and

ekperimentally have also been discussed in detall.



CHAPTER VI

RESULTS AND DISCUSSION
]

This chapter describes the vaiUes of static dielectric

constant calculated theoretically and measured experimentally. The
theoretical values are calculated on the basis of theoretical
formulation develored in sec. 4.3 for mono- and muiti-molegular
films. The experimentally measured Valués,are calculated from
the capacitanne measured using.the_équation of parallelfplate
capacitor. The results obtained have also been discussed.
6.1 1RESULTS: '

*(a) Static Dielectric Constant: Theoretically Calculated Value:

The statig dielegtric congtant of monpfanq"mqltimp}egular
films is calculéted from the theoretical formulatibn,described_
earlier ( sec, 4.3 ). The theort.tical formulation derived for
calculating statis dielectric constént of -the 'built-up! films
~ig the first one., The dieléctric constant is calculated for mono-
and multimoleculér (thick) films only, becausé»the‘exPlicif
thickness dependence of the dielectric coﬁstant”could not be
derived in terms of present models, The entire calculation ig
based on the‘étructure of these 'built-up' films, reported by
Gormer and Storks | 64 | for barium stearste films i.e, the
~hydrocarbon chains 0f the molecules form the hexagonal array
with their axes normal to the supporting surface, |

The dielegctric constant calculations for mono- and
multimolecular 'Buiif»upf‘films-of'barium palmitate, margarate,
stearate and beﬁenaté'haQeibeen made along the symmetry . -
hexagonal'axis along which experimenta1~measuremenr could be
made,” The aéids-corre%pOnding'to the first three. substances i.e.
palmitic;'margaric and sfearic-aci&‘are~con5ecutiVe-membggg of

(I
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the same hcmologohs series with the number of carbon atoms
ranging from 16 to 18, respectively. Behenic acid is relatively
farther removed in series (22 carbon atom), The layered struct-
ure of 'built-up! molecular filmg are simple hexagonal having the
molecules oriented with their chaing normal to‘the plane of the

film and the lateral distance between the chaing of hexagonal

array is 4.852 | 64 |. Static dielectric constant of 'built-up’
films df all the four subgtance are calculated by calculating
the intramolecular and intermolecular contribution to the local
fieldy The values |50,51| of the length of tﬁé molecules or
the thickness of the monclayer used are 23.253, 24.05;, 25.752
and 5@.053 for barium>p1amitate, margarate, stearate and
tehenate, respectively. The values of the humber of c%ains"i.e,
the effective mwolecules per unit volume 'n' fcr these substances
have been calculated from the knowledge of the lattice dimensions
i,e, the volume of the unit cell and the value of 'n! are given
in the table 1. _

' Fer calculating the lecal field, the assumption that
these molecular hydrecarbon Ehains are divided into gmall
—OH2 identical units, ig rade., The electronic polarizability
of the ~CHy group is taken to be equal to 1,84 x 10”?4 C.C |115]

and distance between two successive ~CH groups along the

2
chain axis is 1.272. The electronic polarizabilitydbf the

end effective group is 3.025 x 10'-24 c.c., and the distance from
its nearest CHy group along the chain axis is 2,42. The

distance from its i-th CHo group along the chain axis is
caleulated as (2,4 +(1-1) A )i. The orientational palarizability

of the end group is calculated at roum tempe rature (SOOOK) from

the dipolemoment of COOH grou§ (1.8 debye) | 114 |, assuming
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that ~0H group rotate freeiy Which_comes out equal to 24.4 x 10—%§c.
The values.of N, the number of CHo groups in one hydrocarbon

chain along the axis of these 'built-up' filmg are 15,16,17 and 21
for palmitate, margarate, stearate and behenate, respectively.

The caleulation ig carried up to 7th nearest neighbours and
distances from the reference chain are 4;85&, 8.4123, 9.52,
13,0453, 14.553, 16.80243 and 17.487% for 1st, 2nd.... and

7th nearest ne ighbours, respectively. These distances-are
caleculated from the kiowledge of structure of these filmg and

the distahce of first nearest neighbour. The number of the nearest
neighbburs are estimated according to the simple hexagonal

array, The values of dielectric.conStént caleculated for mono-

and multimolecular films are given in the table II. Initially,

the capacitance and hence the dielectric constant for 8 and 110
monolayers were measured ]}111 | and compared with those calcula-
ted theoretically for mono-and multimolegglar films. TIater on,
the capacitance for a monolayer of each substance have been
measured., A4s shown in the table II the results a re in good
agreement,

(b) Thickness Dependence of Static Dielectrjc Constant:

The systematic and détailed study of thiokhess dependence
of dielectric constant has also been carried out from 1 to 80
monolayers for barium palmitate,'maréarate, stearate and behenate
films, respectively. Figures(12-15)are the plots between the
reciprocal of the capacitance per unit area and the number of
layers which are éhowing the variation of capacitance with
thickness for these four substances.. The variation of
dielectric constant with thickness in the thickness range

studied is shown in the figures(16-19)for barium palmitate,



Tre Nt Y NITMULTE Lo S T TP

L1t g b

CSINIIS Zited an S N XY 7l S LAY T 2y X I iviee Ny A

0
(]
ol
oz
Ol
0f X
—
O
[¢ )Y
a
a
o7 a.
o
3
N
os
09
oL
+ { | i 1 ] | * 08




1201—

1nor—

/00— _—

T
90 — —_

- ’

70 — —

-1

—1C— (X106Fc1rod cm?)

50— —

40— -

30— —

20— _

/0—" ot

0 | I .o 1 ] l I ,

o 7o 20 30 40 50 o 70 8o
N —»

FIG15- PLOT BETWEet N KECIPROLAL CAPACITY VIS NUMBER CF ; AYERS OF BARIIM

oo Y-



o/

Q
N

Q
(ZuD | NpDJngou %

Q
~N

oS

09

oL

08




og

10§

09

oL

o8

06

D
T

(, W2 poJog O}



130 a T T T l

|

120}~

or— /
{

/00—

H

Forod— cm?)
[
Q
|

1 6
—C— (X10
3
I

40—

30+

20

/OT—

S T | | L L i

R

0 70 2o 30 40 50 éo 70 8o
N ———»
FIG.15- PLOT BETWEt v KECIPK " AL _APACITY Vis NIMBER CF i AYERS OF BARIVM

T me i aam



R . T . r v . [ ~ 3 Y 4 4 {i T r-\.h\u\“
- - “ e A - LTS - -
[ 7 C
L B e T L
2 F
-

<«——— (swoJd}sbup) p

\ T

‘l —
- ‘—f e r— — ig\ oy \ﬁl \—‘ d

B %Mj _




S SNVT FLEXEDXNY INONYET SO SSINNIH L INTIA W\\_ LNELSNOD DINLIITIIEG 10 LOTL 21D/

- (S u0N<hu p

CoZs cooz 008/ oo/ o ovgi . vov, 00Y Vo2 ooy ooZ _0
. f T _ T ] I I [ N 00
— —s0
|| —jo

—
'—_L——-’
—+—

——

_ _ \_ _ ‘\(—,l..qii.ilA_| h*ll%lil ;I_illl N Vs 0 2




ococ’Z

TSNS TFTLCVAY T LS IWNINXEST 4O SSINMNIIHL INTIS S LNFLSNOD DL FTHT 40 107d \m~.0\|.w|

~—— (Swoua}sbuy)p

oooZ 008/ o0/ ooz ooz’ oov/ 008 009 oov oo o
_ M T 7 T T _ _ T T o0
— —50
!
— —o
. ﬁ i T 1
i L i

——e——|

| _ L | i | _ | tog




TSNS FUYNIHIT INNSET 4O SSINMOIML TS SN LNELSNOD DINLIOTTIFIT 4O 107d ~61 D)

-——— (Swodysbup)p

ikt oozZ oooz  oo&s 009/ oo/ oo/ ocoo/ 008& 002 ooy oog 0
ﬁ ﬂ | _ ] | I _ _ _ 1 | _ ee
!
—’ —s©
o/

o —
I

I }__‘L I
—t—
et

___’

e
*—_
It
’—-———-— -4




margarate, stearate and.behenate,reSpectivelya 4s expected
theoretically, the dieleotfic coﬂs%ant increases slowly with
thicknes and attains the saturation value almost at the same
thickness for all these substance as is obvious from the
figures({6/~ 19), The experimental measured values of mono-
and multimolecular (thick) films i.e. the saturation value for .
these 'built-up' films are in good agreement with calculated

ones, as shown in the table III.

(¢) Refractive Index Values:

The refractive index aiong the symmetry axis is calculated
I 117 ] for mono-and multimolecular 'built-up' films of barium _
palmitgte, margarate, stearéte and behenate, The symmetry
hexagonal axis of the'built-up'films?corfesponds'to the semi»
najor axis of the index ellipsoid @fvthe positivé uniaxiéi=ﬂl_v
crystal film. The refractive index has been}obfaiﬁed from the
Maxwell's equation e = n2, where ¢ 1is the diéléotrie constant
at. very high (= optical) frequency“i.e; where only the electro~
nic polarizabilities are effective. The refractive index is
calculated for 'built-up' films @s described in oqapter.IV. The
calculated values of the indices have been compared with the
corresponding values megsured by Tomar and Srivastava | 73 |
for these f£ilms except barium stearate'films for which Blodgett-
Langmuir had measured., As shown in the table iV, the'calculated
and megsured values are in agreement.
6.2 DISCUSSION

(a) Static Dielectric Constant:

The theoretical formulation is based on the definite
structure of the varium stearate films as reported by Germer

and Storks | 64

. The hydrocarbon chains of the molecules
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form hexagonal array‘w1th their chain axis normal t6 the
supportlng surface and separated by a distance 44 858 The
structurA;of;barlum palmitate, margarate and behenate filmsv
have beén assumed to be hexagonal, in view of the structure
reported by Germer and Storks | 64 | for barium stearate films .
As all the acids corresponding to toesevsubstanceé afé very
close to each other belonglng to the same homologous series
and the cross sectional area of them (20.4&? is the same, »
the lateral distance between the chains of the film should be
4, 85A.. Ags the value of unit¥ eell for barium stearate is
4.85¢x 4,85 V3/2 = 20.4A: the unit cell containg only one
hydrocagrbon chain, iangmuir | 16 | has oonfirmed thfbugh
experlments that the ¢rogs sectional area of fatty acids ha&lng
from 16 to 30 carbon atom per molecule remained fairly constant
while the length of the molecule increased. in proportlon fo the:“
' number of ‘carbon atoms. ) ""
 Optical blrefrlngence | 29 | elect£onA]364‘[ and x-ray
diffraction | 61 | studles show that these fihhs are. erystalline
and can be regarded'as almost 'two-dimensiooal"ofystals.' The
building-up of multimolecular layers may thus be regarded as
a special case of a layer by layer growth of the crystal.
' Since the symmetry hexagonal axis, normal to the film,
is obviodsly one‘of*fhe”principal axes of thevdielectfic fensor,
the calculafions give the‘value of €g perpendioular to the
plane of the film. . |
As discussed before, a reasonable assumpt¥ion is made
- in the present calculations that the molecule .of barium stearate
(or palmitate, margarate or-behenate) is equivalent to the two

effective molecules, each consigting of ~one hydrocarbon chain



and half of the end group (COO), Ba. The molecules of barium
stearate (palmitate, margarate or behenate) consist of two
parallel hydrocarbon chains and the emd polar group (000)2 Ba.
The effective molecules thus form a hexagonal array with their
chain axes normal to the supportiﬁg,surfgce. It is also‘euﬁmidéred
that the hydrocarbon chains are divided into small idemtial CH,
groups which are spheres of isotropic polarizability. The
negligiﬁle effect of H atom at one extremify of the hydrocarboﬁ
chain is not considered in the calc&lation.

The main assumption of this calculation is that the small
CHp groups and the end group are regarded as point dipoles which
are parallel to each othei. Thé dipole apprOXiﬁation has been
used ang the calculated values arevfound to be in,good agreemeﬁt
Wifh.the experimentally meashred ones, presumably, becaugse the
experimentally measured values of the parameteré, have been used
in.thevcélculation. |

In theﬂCaiculation on ibuilt;uﬁ' monolayer film, the
éurface effectsjwhich are important, have been alregdy considered,
since the interaction of the surface dipoles have been also
included, Galcqlation on multimolecular films, of coufée,
assumed that the film ig so thick that the surface effects
are not=significaﬁfza Lattice sums in the calculations have
been carried up to seven nearest neighbours, béyéﬁd which the
'terms’become negligibly small, In the calculation, short range
interactions and atomic polarizabilities; béing small, are
neglected, .

48 already deseribed, a detailed and systematic study

of thickness dependence of the dielectric congtant has been

carried out for f'built-up! filmsg of barium palmitate, margarate,
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stearate and behenate also, Good quantitative agreement ig found
between the calculated and measured values of the static dielec-
tric constant of mono-and thick films. The'exﬁerimental study
of the static dielectiric consfant of 'buiit~up' Y-films of
barium paimitate etc, -ave carried out from 1 to 88.momolayers
and found the thickness depéndehce in the low 4hickness range.
The static dielectric constant of an insulafor is usually
regarded a constant gquantity characterigtic of the bulk, However,
it is theoretically expegted that the dielectric congtant should
dépend upon thickness in the small thicknesé’range,probably,‘
beeause of the relatively long range électrostéfic interaction
between.dipoles. The"theofetical formulation | 109-111 |
(discussed in sec, 4.3) shows that the dielectric. constant
distinctly depends on thickness,

Although, number of other workers have measured experi-
mentally the dielectric constant of 'built-up! molecular films
in different thickness ranges and found its a&erage value equal
- to be that of the substance in bulk. Porter ana Wyman | 74 |
measured the dielectric constant of tbuilt-up' barium stearate films
from 7 to 141 monolayers and found values ranging from 1,9
to 3.5 with the average value of 2,5 (bulk phase value). Race
and Reynolds ] 69 ] carried out measurements on éomewhat thicker .
films and found value 2.5 for-cadium arachidate and 2.44-2.56
for barium stearate, Recently, the dielectric conétaﬁt of
'built-up! £ilms cbntaining 1 to 16 monolayers, was measuréd
by Handy and Scala | 78 | and found values ranging from 2.1 to
4,2 with an average vaiue of 2,5 i.e; the dielectric constant
independent of thickness, Similar, constancy of dielectric

congtant with thiekness in the range from 1 to 11 momolayers
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was fouhd by Drexhage and Kuhn | 79 | for 'builteup! filmg of
cadminm salts of fatty acids, However, thig congtancy qf the
dielecttic constant with thickness has no theorétical explanat ion .

In the present study, the thickness dependence in the low
thickness range, of the dielectric comstant ( figures 16 ~ 19 )
comes-out to be very dé}inite and unmistakable, The results for
monoiayer and thick filmg are in complete guantitative agieement
with the caleculated ones based on the theoretical formulation
(sec, 4;3 ). The nature of the dependence curves obtained can be
fully understood qualitatively. This work provides the first
eXpefimental evidence for the expected thickness dependence of
the dielectric constant of well-controlled and structurally well
defined thin film gystem. On evaporated films, for example,
Chopra |128| Has studied the variation of dielectric constant
as a function of thickness for ZnS film using, various electrodes
.and substrates at different temperatures, The variagtion of
dieleeotric ponstant with thicknegs has however been interpreted
here in terms.of structure defects like porosity of the films..

48 can be seen from the curves,the dielectric constant
1hcreases slowly Wlth increasing thickness and attalns the
saturation value at a thickness of about 1000A whichAabout the
same for all the substances studied, This may therefore be taken
as a rough estimate of the range of electrostatic interaction.
Quantitative interpretation of the detailed nature of the curveg
has not been possible because in theoretical formulation of the
explicit thickness dependence of the dielectric constant could
not be derived in terms of the present models.

'As described earlier, Al-electrodes were deposited on

microglass slides by thermal evaporation in vacuum which



naturally get exposed to the atomsphefe during the study, Thig
Al eleotrodéroxidizes to form the_A1203 thin layer at its upper
surface so that the organic monolayer was actualiy'being deposited
6n the surface oxide, rather than directly on the metal surface,
One can expect that the thickness of the surface oxide is signifi-
cant cbmpared to a monolayer thickness. The contribution of the
‘surface oxide has been neglected in the oapacitance measurements,
This is reasonable, to the first approximation, since the resiti-
vity of the oxide film is small to the resitivity of the organic

layers | 78

The measurements of dielectric constant of all these
substences héve been done on ¥;type films because only the Y-films
have the stable configuration and are easily depogited.

(b) Refractive Index:

'The~values of refractive .index calculated for barium
palmitate, margarate, stearate and Dehenate, obviously, correspond
to the semi-ma jor axié of the index»ellipsoid of'the crystal film,
The calculated values of refractive index for mono~ and multi-
molecular 'bullm—up' films of these substances have been compared
with the experlmentally me gsured values for thick filmg,
Although the experimental value of the refractive index for
monomolecular films of Ba~ palmitate, margarate, stéarate and
behenaste, has not yet been'reported, if is obviously,unlikely '
that it will be much different from that of the thick films,
The deviation of the_calbuléted values from tﬁe measured ones
is, presumably,because of the approximations made in the
calculat ions. | |

Ag discussed before, according to Rozemberg's theory |118],

Maxwellfs equation used for the refractive index ecalculation
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can be used for unimolecular film because'the exponential
expression containing the thickness of the film can be n9gleoted;
When the thickness of the film is increased, the theory break-
down but it can again be used for films having %hickness
oémparable to or greater than the wavelength of light. Thus,

the use of the phenomenolbgical concept in the preéent

calculation is justifiod,
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Note: 1In the first[papers all the formulation and calculation
has been done by the author. The contribution of

olher authors is only in the form of marginal discussion.
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