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ABSTRACT

Intrinsic Field in an M-I-M ( metal-insulator-metal)
structure is an important consideration” in the design of
some thin film éevices as proposed by Meadfﬂ* Simmons"demo“
nstrated the existence of intrinsic field inside the M~I-M=
structures with dissimilar electrodes, The naturally grown
aluminium oxide in dry oxugen was used as insulator in his
work, However in this work the dependence of the internal field
on insulator thickness was not studied, DPresent investigat-
ions consitute a systematic thickness dependence studies
of internal field in metal—insulator~mefal stfuctures with
Langmuir films of barium palmitate, barium margarate, bariﬁm
stearate and stearic acid as insulating films. The different
electrodes deposited at the two faces of the dielectric
are aluminium as the base electrode and tin; silver, bismuth,
lead and tellurium as the top electrodes,

The Langmuir films which have been chesen for the
present investigations are almost ideally sﬁited for such
thickness dependence studies, The striking features cof these
films are that their thickness are closely contﬁollable
(down to one monolayer of ~ 25 ﬂ), extremely uniform and
accurately known, 4n optical device namely ' Thin Film
Thickness Step Gauge! has been developed using Langmuir

films ( Chapter IV), The observance of homogeneity of

7 7.6.5immons, Phys, Rev. Letters, 10, 10 (1963)

"4, Mead, J,appl. Phys, 32, 646 (1961) and
Phys. Rev, Letters, 6, 545 (1961).
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colours, in white fluorescent 1light, on this step gauge
provides sufficient evidence for the uniformity of thicknesscs
of these films, It is also possible to obtain them almost
free fron holes and conducting imperfections, Even with the
evaporated film systems, for example, it is difficult to

carry out such a thickness dependent sfudies because the

very small and uniform thicknesses of such films are noto-
riocusly difficult to obtain. Furthermere, their thicknesss
will have to be measured and they will not be closely

controllable,

The sandwich struétures of the type Al-Film/-Metal
were obtained using ! built~upf Tangmuir films of metallic
salts of some long-chain fatty acids | CH3(GH2)n;2COOH[
with different number of carbon atoms in the chain length,
as the insulating media, between two vacuum evaporated metal
electrcdes, Insulating films were 'built-up! by a delicate
but established technique of Blodgett and Langmuir QChap~
ter IV), These films are erstalline in natqre forming
hexagonal crystals with the symmetry axis ( optic axis) per—
pendicular to the plane of the film, A great care is,
however, needed at all stages during films deposition to
minimise accidental vibrations and dust contamination
for obtaining films free from gross defects, It is to be
emphgsized that a filmwith odd number of layers has one
unpaired dipolar layer whereas a filmwith even nuuber of

layers does not have any unpaired layer ( chapter IV),

The measurement of internal volt&ge has been carried
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out by using the current-voltage characteristics in thé two
polarities i.e. by evaluating the difference in breakdown
voltages in the two pelarities, Another method, known as

the direct voltage measurement method, has alsc been used

in whick .the internal voltage of the sample can be measurzd
direetly using a high inpefance electroﬁ?ﬁeter amnplifier as a
voltage measuring device and the voltage has been found to be

consstet
constituent with that derived from the study of I~V charactiristic

It has been found that in the M;-0-M, structure
(where My and M, refer to different electrodes and !Of
refers te organic films), the internal voltage decreases
linearly with increasing thickness of the dielectric film,
This decrease in the internal voltage has been explained
in terms of trapped charges present in the Langmuir’film.
Also the films with odd and even number c¢f layer behave
in interestingly different manner., Tor even number of
layer films, i,e,, when the dielectric has no net dipole
moment, the internal voltage is related tc the difference
cf the work function of the two metals, For the case when
the insulator has a net dipole moment i,e, for the case of
film with odd number of monolgyers, the internal voltage
is found to increase ( Chapter VII and VIII),

By plotting the ourreht voltage characteristics in
two polarities on a linear scale, it has been found that
the sandwich behaves like a diode structure. The working
inverse voltage of such a diode has been found comparable

with the intermal voltage, The maximum forward current is



of the crder of nancamperes ( Chapter VII).

It has been shown theoretically ( Chapter II) that the
internal voltage is equal to t he work~function difference
of the twe metal electrodes, Therefore by measuring the
value cf internal voltage for different metal combinations,
the difference in work function for the respective combinge~
tion has been determined, #&s mentioned earlier, in all
the structures Al was use@ 2as the base electrode, there-
fore, taking aluminium 28 standard, the work functidns of
other metals have been determined, The study of work
function for various thicknesses of the metal f£ilm has also
been carried out. The work functicn was found to be almost

independent of the thickness as expected, Discharging of

the internal voltage in closed circuit and its subsequent
recovery in open circuit has also been studied, thereby
calculating the life time and time constant of the struc-

ture ( Chapter VIIM

The above interesting study of intermal voltage has
also been extended tco the ‘Luilt-upt! films with similar
electrodes, The sandwich with even number of layers showed
ne voltage as expected. However, with the odd number of
monolayers, the Sandwich ( 41-~0-4Al) showed a voltage which
is also expected, But /it must be emphaéized that this
veltage has nothing to do with the Simmons! effect ariéing
because of the difference in the electrode work—functions,

This internal vcltage developed in odd number of layers



with symmetric electrodes has been attributed to the pola—~
rization existing in the unpaired layer, A theoretical
formulation has also been developed and the analysis has
led to an interesting and new method of determining the
dipole moment of the molecules which can be Suitably
criented in the form of ILengmuir film8. The method has
been applied for determining the dipole moment’of barium

stearate and stearic acid molecudes,

The study of dynamic dielecitric characteristics
( dielectric loss) alsc becomes\important in the context
of the dielectric diode device membtioned above, Therefore
the dielectric loss of ILangnuir filwms and its thickness
dependence in the range of ultrathin films has also been
studied in detail, fhe dielectric loss has been found to
decrease rapidly as one gees from 1 to 2 monolayers but
as the thickness of the dielectric increases the decrease
in ' tan 8§ ' values becomes slew and subsequently the
loss values tend to the bulk values, These results have
been interpreted in terms cf voids present in the dielect—
ric film, The loss due to series electrode resistance has
glsgo been taken into account.

The following ié the subject mtter of the thesis

which has been arranged in nine chapters,

Chapter I - This chapter deals with the thecretical

justification of existence of intrinsic -



fields in metal~insulator-metal junctions,
A brief description about the behaviour
of conduction mecharism in insulating
thinlfilms has been given, The nature of
metal-insulator and metal=insulator-metal

contacts has also been described in detail,

Chapter II = " Past studies on intrinsic fields in other
thin film systems have been reviewed, The
nature of present investigations and the_
suitability of Langmuif films for intrin-

sic field studies has also been described,

Chapter III = In this chapter discussion of the surface
tension phenomena, formulation of monolayer
on water-air interface, mechanism of mono~
molecular spreading on water, non-occurr-—
ance of polymolecular film and some funda-
mental information about the individual |

molecules is made very explicitly.

Chapter IV - The 'building up! process of depositing

the films ( particularly Y-type films) has
been described in detail, 4 brief disc-
ussion about the so called X and Z type of

films has also heen given,

Chapter'v - This chapter describes the various thickncus



Chapter VI -~

Chapter VII -

Chapter VIII -

—- VIT ~

determination studies of Lgngmuir films,
Some electrical properties of these
Yhuilt-up' films have also been reviewed

briefly,

The experimental details of sandwich
fabrication, selection and cleaning of
the substrate and measurement set-up have
been given in this chapter, The methods
of measurement of internal voltage have

also been described,

Results and discussion of a detailed and
systematic study oflinternal voltage in
metal—~insulator-metal structure with
asymmetric electrodes on 'built—up! films
have been carried out, The development
of a dielectric diode, method of measu-
ﬁiffﬁﬁjifliiff_fEEEEEQE-Of metal eléctr~
odes and its determination has also been
described, Deoay and recovery of inter-
ne.l voltage with time has also been

studied and discussed,

In this chapter, results and discussion
of internal veltage in metal-insulator—
metal structure with similar electrodes

have been described, A new method of
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determining the dipole moment of orier

table molecules has also been develoned,

Chapter IX =~ This chapter deals with the stuvdies nf
thickness dependence of dielectrio
loss in ultrathin TLangmuir films, The
results and discussion have also been

described,
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CHAPTER I

INTRINSIC FIELD [N METAL—~INSULATOR-MBETAL JUNCTIONS

1.1 INTRODUCTION

(a; Conductivity of Thin Insulating Films,

An insulator is a material which contains very few
volume~-generated carriers, in many instances considersably

less than one per cm’

, and thus has virtually no conducti-
vity, The conductivity of the insulating thin film mate-
rials does not necessarily fall into this category; that is,

although these materials have energy gaps greater than

about 2 eV or so, the electrical properties may bear no
resemblance to what is intrinsically expected of such a
material, This is because it is becoming increasingly
clear that the electrical properties of thin film insula-
tors are determined not by the intrinsic properties of the
- insulator but by other properties such as the nature of the
electrode-insulator contact. A suitable (ohmic) contact
(sec, 1.2 a) is capable of injecting additional carriers
into the insulator far in excess of the bulk-generated |
carriérs (1=3).

There are also several reasons for believing that
the observed conductivity in thin film insulators is due
often to extrinsically rather than intrinsically bulk
genera£ed carriers., Consider the intrinsic current den-

sity carried by an insulator

1 )
Ize?\A..NcF exp( ~_2_.§_T__) ..(1.1)
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»

where e is the electronic charge, M is the mobility, F

+*

is the field in the insulator, Nc is the effective density
of states in the insulator, Eé is the insulator energy

gap, k is the Boltzmamnn's constant, and T is the absolute

temperature. At room temperature, N, = 2.5x1019 cmf3,

and assuming Eg =3 eVand M = 100 em? v1 g™

6 1

s then

the current density is only of

A cm™2, This is meny orders of magni-

V em
18

even for F = 10
the order of 10~
tude smaller than the current densities observed for thiﬁ
film materials which have energy gaps greater than 3 eV,
Secondly, the obsgrved thermal -~ activation energy asso-
ciated with the cohductivity of the film is much smaller
than would be expected (:ziEg/Z) if the conductivity

were intrinsic in nature.

One of the sources of the extrinsic conductivity
in evaporated films is thought to be the inherent defect
nature of the chemical compound. Stoichiometric films
of compound insulators are notoriously difficult to prep-
are by evaporation, because the decomposition and pre-
ferehtial evaporation of the lower-vapour-pressure cons-
tituent atom., For example, usiﬁg thé compound as star-
ting material, elemental Cd tends to evaporate more rapidly
from CdS; as a result bds films contain donor centers
of free cadmium (4). Si0 yields a film containing a mix-
ture of compounds varying from Si0 to Sioz, as well as
free Si (5-8), the free Si per se may act as donor

centers in these films or alternatively vacancies existing
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in the insulator may be the source. A further problem
that arises i8 the contamination of the films by deposits
arising from the sublimation of the crucible, or by resi-

dual gas.

Another important fact to be considered in thin film
insulators is traps. Insulating films deposited onto
amorphous ( e,g., glass) substrates are usually, at best,
polycrystalline, and in many cases are amorphous, For cry-

O .
stalline size of 100 A, trapping levels as high as 1018

em™ are possible because of grain boundary defects alone}
»in vacuuﬁ deposited CdS, trapping densities as high as
1021 cm™ have been reported (9), Furthermore, vacuum
deposited films contain large stresses which induce fur-.
ther trapping centers,

It follows that vacuum - deﬁosited thin -~ film insu-
lator can contain large density of both impurity and tra-
pping centers, A4 judicious study of electrical conduction

in vacuum - deposited thin films can not be accomplished

without consideration of these possibilities.

(b) Band Structure

A well-defined energy gap ;s a property of a crystall-
ine solid, and in thin films in general one is not dealing
with such materials, one is mostly concerned with poly-
crystalline, or even amorphous, insulators, However, it
can be shown that the essential features of the band

structure of a solid are determined by the short-range ord-



er —within the solidj; thus the general properties of the
band structure of the crystalline state are carried over

to polycrystalline state. The lack of the long-range order
in a non crystalline solid causes smearing of the conduc-
tion and valence-band edges, among other things, so that
the energy gap is no longer well defined., What is normally
done in the study of thin insulating films is to assume
that this smeared-out energy gap, to a first\order appro-
ximation can be represented by a well-defined energy gap
which is representative of perhaps an average value of the

actual nondiscrete energy gap.

1.2 METAL~INSULATOR CONTACTS

In order to measure the conductivity of an insulator,
it is of course, necessary to connect electrodes to its
surfaces'in order to facilitate ihjection of electrons into
and their withdrawal from the bulk of the insulator.
Clearly, the conductivity of the insulator per se will
determine the conductivity of the system, since it is much
lower than that of the electrodes, In terms of the energy
band picture, the action of the insulator is to erect
between the eleqtrodés a potential barrier, extending
from the electrode Fermi level to the bottom of the insu-
lator conduction band. This barrier'impedeg the flow of
- electrons from one electrode to the other, which wéuld
normally flow virtually unimpeded if the insulator were

not there ( i.e, metal-metal contact). Clearly, then



the height of the potential barrier is an important para-
meter and is determined by the relative alignment of the
electrode and insulator energy bands. The relative align-
ment of the bands is determined by the rule that in therml
equilibrium the vacuum and Fermi levels must be continucus
throughout the system. (The vacuum level represents the
energy of an electron at rest just outside the surface of
the material, and the energy‘difference between the vacuum
and Fermi levels is called the work function of the material),
The equilibrium conditions can be‘satisfied only when the
work function of the metal say \ym and that of the insulator
say'iqg are equal, However, the equilibrium condition is
also satisfied when ka§gyi , because of the charge trans-
fer from the electrode to the insulator or vice versa,

The shape of the potential barrier just within the
surface of the insulator depends on whether or not the
insulator ié intrinsic or extrinsic, and on the relative
magnitudes of the work functions of the metal and insulator,
among other things,

At reasonable applied fields there will normally be
a sufficient supply of carriers available to enter the
insulator ffom the cathode ( negatively biased electrode)
to replenish the carriers drawn out of the bulk of the
insulator,. Under these conditions the current-voltage

( I-V) characteristics of the sample will be determined

by the bulk properties of the insulator. This conduction

process is referred as bulk-limited, At high'fields, or



if the contact is blocking, the current capable of being
supplied by the cathode to the insulator Wili be less than
that capable of being carried in the bulk of the insulator.
Under these conditions the I - V characteristics of the
samplc will be controlled primarily by conditions existing
at the cathode -~ insulator interface; this conduction
process is referred to as being emission - limited or
contact - limited,

The types of contaét that can exist at a metal-insu-
lator interface fall into three categories; (a) Ohmic
contact, (b) neutral contact, and (c’) blocking contact,

T ese contacts are discussed in some detail below,

(a) Ohmic Contact - Mott —Gurmey Contact.

To achieve an.ohmic contact at a metal-insulator
interface (1), the electrode work function \?m should be
smaller than the insulator work function +p,, as shown
in Fig,1.1a, Under these conditions, in order to satisfy
thermal equilibrium requirements, electrons are injected
from the electrode into the conduction band of the insu-
lator, thus giving rise to a space~charge region in the
insulator, This space-charge region is shown in Fig,1.1b
to extend a distance ‘A;into the inéulatpr, and is termed
the accumulation region, 1In order to satisfy charge- neu-
trality requirements an equal amount of positive charge, say,
QO, accumulates on the electrode surface. The electro-

static interaction between the positive and negative
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charge induces a local electric field within the surface

of the insulator, the strength of whieh falls off with dis-
tance from the interface and is gzero at the edge of the
space-charge region ( i.e. at A, from the interface). This
field causes the bottom of the conduction band to rise with
distance of penetration into the insulator until it reaches
the equilibrium wvalue 'ﬁ%f X, where X is the insulator

affinity (distance between conduction band and vacuum level),

The field F within the accumulation region is related
to the space-charge density (%} within the accumulation

region by Poisson's equations

& - ek o

0
where K and Go are, respectively, the dielectric constantof insulalor

and permittivity of free space. The information regarding
conditions in the space-charge region can be obtained by
substituting f’(x) = eN, exp(~"Y/kT) in equation (1.2)
where \{?is the potential energy of fhe insulator conduc-

tion-band edgev with respect to the electrode Fermi level:

2
ar_ 1 4d°v ell . S e s
Tax o EE;T“"KEfeXp( *r ) (1.2

on integration and using -—%%i =0at Y =“¥;~ -X ,

equation (11%)yields
1/2

L o 1/2 . \ A
¥ g ety ) exa( =Yg )]
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Integrating(i,4) using the boundary conditions Y=V -x
and (*[/i~X\) at X = 0 and )\o , respectively, the depth of

accumulation region is obtained as

XD K€ /2( Y=Y\ 1)
)\o~(7——') ‘.i-é-—SJ.n [exp(*ékTm)]L,

e Nc j
i X \
exp ( ”"%ﬁ—) o L165)
For '\}/l W > 4kT, it reduces to
ok KE  1/2 X
Ao o ——2) " exp ( SE ) . (16)
€ NC |

The total amount of charge injected into the insulator
to form the ohmic contact is determined as follows: From
equation({s2),using boundary conditions that T = F_

and 0 at x=0 and A, , respectively, we have

{‘0 1 }\o
. {aF = - £ (x) dx
e e J
. Qo o
or = -T{-e- 0(1\.7)
where Q f (X) dx is the total space charge per unit
area in the accumulatlon region, Since VY= “f'm - X at
x =0, we have from equation(l44),assuming W < Y, -2kT,

which is the normal case,,

2kT N, 1/2 -X
Fo= ( -——-e-—-) exp ( - —',\P%T——- ) (1e8)
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Comparing equations(d;¥)and (1,;8)

1/2 Y m

Q, = (2k€ ¥ n,)  °*F (=) e+ (129)

(b) Neutral Contact

When there is no reservior of charge at the contact
(QO=O), this type of contact is known as t he neutral contact.
The condition QO = 0 implies that Y= ¥; which nieans that

the conduction bond is flat right upto the interface,as shown
in Fig. 1,.,14. _
For initial voltage bias the cathode is capable cf

supplying sufficient current to balance that flowing in the
insulator, so that the conduction érocess is ohmic, There
is no theoretical limit to the maximum current an insulator
per se my carry, provided a high enough voltage supply

is available. (.There.are, in fact, practical limitations
such as Joule heating and dielectric breakdown, which de-
termine the maximum voltage that an.insulator can with-
stand before catastrophic breakdown occurs.) There is,
however, a 1imit.to the current that tre cathode can supply
and this is the saturated thermionic (Richardson) current
over the barrier, When this limit is reached, the conduc~
tion proCess is no longer ohmic in nature, The maximum
field that may be applied to the insulator before the.
current supplied by the cathode saturates is obtained by

n ev

equating the saturated thermionic current ~0 te the current

flowing in the insulator noe}LF, where n, is the density
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of electrons in the cathode with energies greater than the
interfacial potential barrier and v is the thermal velocity

of the carrierss

n_ev

]

nOeVF
or F = —sz: A - . (120)

(¢) Blocking Contact - Schottky Barrier

The condition for a blocking contact is \Ym >“fi )
and in this case electrons flow from the insulator into the
metal to establish thermal equilibrium conditions., A
space=-charge region of positive charge, the depletion
region, is thus created in the insulator and an equal
negative charge'resides‘on the metal electrode., As a
result of the electrostatic interaction between the oppo-
sitely charged regions, a lccal field exists within the
surface of the insulator. This causes the bottom of the
conduction band to band downward until the Fermi level
within the bulk of the "insulator lies ”+3 below the vacuum
level, An intrinsic insulator, however, contains such &
low density of electrons that it would have to be inordi-
nately thick to provide the required positive s pace-charge
region to satisfy the above condition. Thus the conduction
band of an intrinsic insulator at a blocking contact dces

in fact slope only imperceptibly downward; that is we have
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what is essentially a neutral contact,

If the insulator contains a large density Nd of donors,
Fig.1.1f,2nd assuming that the donors are fully ionized and
uniformly distributed ¢ Ny cm_3) in the region extending

from the interface to a depth.lk the depletion region,

s b
the Poisscn's equation(1.,2)for this system is given by

2., 2
¥ - Ty (1.11)
ax KE_

and the depth of depletion region ;\Gis given by

1/2
>k _ T 2(§km"Y3) KE T
° e2 Nﬁ -~

(1.12)

The depletion region has a much lower electron density than.
the bulk of the insulator; hence its conductivity is much
lower, Thus any voltage applied to the system can, to a
good apppoximation, be assumed teo be absorbed entirely
across the depletion region. Under these conditions, when
the metal is negatively biased, the boundary cohdition

leading to equation(1f12)is modified to read Y= “Viv~X -

eVat % =X, The depth of the depletion regicn A now
becomes
1/2
)\ I: 2 (“me’§3 + eV) K€, T

2 |
Nd e

L1713)

which increases with increasing voltage bias. The field at -
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1.3 Metal-insulator -metal Systems

(a) Two Ohmic Contacts

Figure. 1,23 and b illustrates two ohmic'contacts on an
insulator when the electrodes are at the same potential., In
the .case of fig.1.2 & it is seen that the accumulation
regions extend right into the bulk of the insulator. As a
reSult, the bottom of the conduction band is curved through-
out its.length ( i.e., an electric field exists at all
points within the insulator), the highest point of which
is less than the equilibrium position W, —X above the
Fermi level, This condition is due to insulator's being
- too shin or the interfacial potential barrierst! being too
high, with the result that insufficient charge is contained
within the insulator to screen the interior effectively
from the surface. ‘Fig.1.2h is an illustration of  good
ohmic contacts on ap insuiator. In this case the accumu}-
ation_regiohs effectively screen the interior of the insulator
from conditioﬁs at the surfaees, The bottom of the cond-
uction band is thus flat within fhe interior of the insu-
lator ( field -free interior) and the height of the condu-

ction band within the interior, reaching its equilibrium
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level “%i-ﬁiabove the Fermi level,

(b) Two Blocking Contacts
Figure(1.2c)and @ illustrates two blocking contacts on an

insulator, In fig.(ti2c)the depletion regions extend right
into the interior of the insulétor, as a result of the
insulator's being too thin or of the doping concentrations
being too low, The conduction band is curved throughout

its length, with a concave upward, indicating that an
electric field exists at all points throughout the length

of the insulator., Because the depletion regions do not
effectively screen the interior from the surfacés, the

lowest point of the bottom of the conduction band is greater .
than \Pi - X above the Fermi level. In contrast to Fig.(1.2c)
the depletion regions in Fig.(T;Zd)effectively screen the .
interior from the surfaces, which means that the insulator

is thick or the doping density is high, Under these
conditions, as in the case of good ohmid contacts, thé
interior of the insulator'is‘field—free, and the-bottom

of the conduction band éttains its equilibrium position

"V, -X above the Fermi level, within the interior,

(c) Other Contacts

Pigure(T.2e) and f illustrates the case of blocking
electrodes on an intrinsic or very thin doped insulator.
In this case the insulator is incapable of transferring

sufficient charge from its interior to the electrodes to
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give rise to any effective band bending, In the case of
gsimilar electrodes ( Fig.l 2e)), the result is that the bottom
of the insulator conduction band is flat throughout its
entire 1eng‘t‘n.‘~

When the'insulator has dissimilar electrodes connected
to its surfaces, it is clear that the interfacial potential

barriersdiffer in energy by an amount
(Y, = %) - (V%)= Yo, = ¥n, - (35)

" as shown in fig, 1.2f, This means that a uniform intrinsic

field F,  of strength (“%m2~“ym1)/es exists within the

insulator and the conduction band must slope upward from

the lower barrier with a gradient ‘\¥m2 —\ym1/s. The

origin of this zero-bias intrinsic field is a consequence
of charge transfer between the electrodes, The electrode
of lower work function, electrode 1, transferselectrons to
electrode 2, so that a positive surface charge appears on
electrode 1 and a negative surface charge on electrode 2,

The amount of charge transferred is given by

¢ - ) V- Y ) KE
g = Y, Y, _ (\P’mg Yn, ) o .o (1.16)
e

e S

where C and. A are capacitance of the system and area of
electrodes respectively, If the insulator is very thin,

the intrinsic field within the insulator can be very large;



for example, suppose s = 20 3, and (*%m - ¥n Y/e = 1V,
. ' 2 1

Fin = 5X106 v cm—1. When electrode 1 is positively biased,

the intrinsic field augments the applied field; that is,
the field in the insulator ¥ is given by F = F, + V/s.
When it is negatively biased, the intrinsic field acts tc

reduce the effect of the applied fieldy that is F = = - F. .

in
In the latter case the initial effect of the applied voltage

m|<£

v < (“¥m ‘Ym )/e is to reduce the field in the insulator,

- Yo~

which is gero when V = I4 ., Increasing the applied

voltage further i.e, V > ( ;;mzmﬂym1)/e, results in a
reversal of the field in the insulator, which increases
with increasing voltage bias, It will be apparent that,
when the electrode of lower wwk function is negatively
biased, the insulator will withstand greater voltage app-
lication before it breaks down, By investigating the
breakdown voltage of very thin metal-insulator-metal junc—
tions as a function of voltage bias ( polarity), the effect
of the intrinsic field can be detected(10) and measured,
The difference in the breakdown voltages in the two pola~
rities, AV, should obviéusly be equal to twice the
difference of work functions of the metal electrodes

when expressed in electron volts. ( A further discussion
follows in the chapter II.) This interesting phenomenon
also has been studied in detail in the present investi-
gations by using different metal electrodes on the two

faces of dielectric films ( here Langmuir films ) of
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different thickness.

The next chapter describes the past investigations
on the intrinsic fields and the nature of present inves-—

tigations.



CHAPTER TII

PAST STUDIES OF INTRINSIC FIELDS

.~2;1 Potential Barriers Between Dissimilar Electrodes,

(a) Zero Bias

As explained in the last chapter, a high intrinsic
field exists in an asymmetric tunnel junction, i.e., in
a thin insulating film with dissimilar electrodes on its

faces, The magnitude of this intrinsic field Fin is

. Yoy = Y, ) L (2.1)
in © e s

-

where s is the thickness of the insulating layer, *Jm and
\ , : 1
ggm are the work functions of the metal electrodes and e
2

is the electronic charge,

Fig .2,1 is the energy diagram for two dissimilar
electrodes separated by an insulating film, The height of
the barrier between the electrodes is no longer constant,

according to'Simmons?t-
~ but is a trapezoidalyk,As a result, the barrier heights

at the metal insulator interfaces are no longer equal, but

are related as follows:

cp2 =¢q + Fip 8

Ry _v/
= ¢1 + Ymg zm‘l

€
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=q)1 +;;'é——— . (2,2)

where A\f’= ‘f’m -srm . The height of t he barrier ®{x)
2 . '

between the electrodes is readily deduced as

>

P(x) = ¢4 + Le\y —%—- : o (2.,%3)

As a result of (2<3),a knowledge of either of the interfa-
cial barriers permits a complete determination of the poten-

tial barrier,

(b) With bias,

When a voltage bias is applied to an agymmetriec junc-
“tion the field in the insulator is augmented by the intrin-
sic field when the electrode of greater work function is
negatively biased, and decreased when the electrode of
lower work function is negatively biased, Thus the relevant
equations for the potential barrier when the electrode of

lower work funetion is negatively biase@ becomes

=t - (V- £ % - (20

and when the electrode of lower work function is positively

biased, it becomes

b=dy + (Vs DIy .. (2.5)

In the above equationzthe distance x is measured from t he
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surface of the electrode of lower work function, This

field should also be manifested under voltage breakdown
polarity
conditionss that is, the junction should exhibit A dependent
dielectric strehgth characteristics. If a graduallyvin—
creasing. voltage is applied, with the electrode of lower
work function negativeiy biased, then initial increase in
voltage decreases the intrinsic field Fin to zero, Further
increase of potential gradualiy increasedthe field in the
insulator until a critical field Fd in the opposite direc-
tion is attained causing the junction to break down. The
breakdown voltage V1 uhder these conditions is given by

If v, is the breakdown voltage for opposite polarity then
Vo = (Fg = Typ)s s (227)

The difference AV( = V1-V2) in the breakdown voltages

can be expressed in terms of the work functions of the

electrodes as follows:

(Ym2"3b1 ) |
OV = V4=V, = 2F; s = 2 — .o (B.8)
or &y V=V N, =Yn
1 2 .
= v 2. 2 A .\ (29)

The quantity A%E“ is termed as intermal voltage and
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is the difference ofwork functions of two metal electrodes
when expressed in electron volts. It is also to be noted

that this internal voltage is independent of the thickness

of the insulating layer,

2.2 Previous Studies on Intrinsic Fields in Naturally Grown
Films of A1203.

The fact that a large intrinsic field can exist in a
‘thin insulating film sandwiched between electrodes having
different work functions appears to have been neglectéd by
some workers ( 11-1%), Simmons (10) for the first time
demonstrated the existence of these intrinsic fields in
the thin insulating films sandwiched between dissimilar
elect?odes. He fabricated wvarious tunnel structures using
Al - A1203 as the basic structure with counter - electrodes
of A1, Au, Sn and Be., The junctions, in his studies,
were fabricated as follows., Aluminium strips were evapo-
rated onto carefully cleaned glass substrates in vacuum.
The surface of these strips were then oxidigzed by expé@re
to dry oxygen at atmospheric pressure for a period
of four hours, Finally, counter electrodes of different

materials were evaporated,

The tunnel current-voltage characteristics exhibited by
the symmetric structures ( Al - A1,05 =~ Al) were almost
independent of polarity. These essentially nonpolar

characteristics were to be expected from the symmetry of
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potential barrier ‘(as shown in Fig,({*28). The asymmetric
structures ( Al - Al,0z - Au, Al - A1203 - Sn and

Al - 41,05 - Be) exhibited polar characteristics, with

the greatest value of current occufﬁng when the aluminium
electrode was positively biased. These resulis suggested
that the barrier was asymmetric, thus indicating that a

field existed in the insulator.

The junctions were tested to destruction with the
oxidiged aluminium electrode of successive Jjunctions biased
alterngtely, first positively, then negatively, The break-
down voltage fora given type of junction and polarity
was extremely consistent. The experimental mean vajues
of AV for the various Jjunctions were compared with the
theoretical values of AV ( twice the difference of work
functions of the two metal electrodes expressed-in electron

volts) and these values were found in good agreement.

The reproducibility of the above results suggested
this technique to be a good method-of determining the work
function of thin films, with respect to some standard.
Simﬁons suggested that the technique could facilitafexwork
function comparison measurements at low temperatures, where
work function measurements were difficult to make using
more standard techniques. Assuming Al as standard and usi-
ng’'value.of its work function, Simmons was able to calcu-
late the work functionyof Sn and Be,

The intrinsic field is an important consideration(10) in
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the designing of the thin film devices as proposed by Mead
(12,16). The maximum energy E_ with which an electron can be

injected from the emitter to the base is given by

E e ( By + Fin) s

=eFs + Y, Y (2.10)
where §/ is the work function of base material, and "p,  1is the
work function of emitter material, Thus, using an emitter of
lower work function than the base ( that is, where v, -7 &>0)
permlfs higher maximum electron injection energles than if the
" electrodes are of the same work function ( where \Vb - ¥ —O)
The advantage of this principle has been neglected in the
device proposed by Spratt et al (11), who injectéd electrons
ffom an emitter of high work function into a base of 1owér work
function. Ghosh and Feng (169) have drawn somewhat similar
conclusions while studying photovoltaic and phoboconductive
properties of Al/tetracene/éu sandwich cells, They have
attributed larger photovoltages partly to change in work
function of the two metal electrodes, Mead and Lewicki (14)
in their photoemissive measurements of the barrier heights
in thin films A1-AlN-Mg tunnel junctions have shown that the
barrier heights increase with increaéing thickness in the
range 40-100 K‘of insulator thickness. An explanation of
these observations was given by Simmons (15) in terms of the
effect of deep traps on thé barrier heights of the MIM tunnel
junctions, Eoriuchi et al (114) have also cbserved different
barrier heights at the wo interfaces of an MIM structure with

dissimilar electrodes., They explained their results in terms

of the trapezuidal energy barrier model of Simmons. In these
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studies intrinsic field is involved only indirectly. However,
these authors have not attempted to carry out systematic

studies of the intrinsic fields in the above structures,

A1l the above studies by Simmons (10) were carried
out for nearly fixed value of insulator film thickness.
In the present investigations a detailed and systematic
study of the thickness dependence of the internal field
and the internal voltage,because of this fieldshave been
carried out by using the well known Langnuir films ( 17,18),
As will be explained below these films have been found to

be almost ideally suitable for the above studies,

Ag far as the author is aware}no other work on inte-
rnal fields of the above tywr has been reported after

‘Simmons' (10) work.

Suitability of Tangmuir Films for Studies of Intrinsic

Fields,

‘The electrical behaviour cof thin films obtained by a
variety of processes, €.8,, thermal evaporation in vacuum,
have been extensively studied, But the study of mono
and mnmultilayer films obtainédiby the Blodgett—Langmuir
technique (17,18) (Commonly referred to as Igngmuir
Films) has gained considerable importance ohly during
the past decades., Unlike the evaporated films, the
striking features of these organic films are their accurately

) 0
controllable thicknesses down to one monolayer (=~ 25 A ).
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almost
and the possibility of obtaining them/free from holes and

conducting imperfactions.f These films are most suitable
for thickness depehdent studies because of‘their easy

~ deposition, accurately known,close;y controllablevthickﬂes-
ses which are also extremely uniform{l9)Tnese films also
have the advantage that they héve high dielectric étrength
C(19).

255 Nature of the Present Work

(2) T™he present work constitutes a systemtic and detailed
study of intrinsic fields in the Iengmuir films with asym-
metric electrode structure. It has been found from the
breakdown stud ies that a high intrinsic field exists in

these films.

(b) The emphasis has been given to the studies of internal
voltage‘because of this field, This internal voltage has
been directly measured by electrometer amplifier used as
a2 high input impedence voltage measuring device., The
study has been performed on A1 - 0 ~ M structures where

0 refers to organic films of different thicknesses and

M refers to different metal electrodes namely, Ag, Sn, Pb,
Bi, Te., Films of Ba palmitate, Ba margarateé, Ba stearate
énd_steario acid were studied becguse the thicknesses

of these Léngmuir films are very accurately known. The
three acids palmitié, margaric and stearic are the conse-

cutive members of the same homologous series. Some
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investigations have also been made with Sn s the bottonm
electrode and Al the top electrode, It has been observed
that this combination does not alter the results except

that it changes the polarity of current and voltage.,

(c) Careful experiments were a 1so done on symmetric Al -

0 - Al structures and it was very interesting to find that
number of

in the case of evenAmonolayers there was no internal volt-

age but in the case of odd number of layers the internal

voltage existed,

(d) By utilizing the phenomenon of internal fields the
work function of one of the metal electrodes was determined

knowing that of the other,

(e) The influence of thickness of electrode material on

its work function was also studied,

(£f) A new method has been developed to determine the dipole'
mement of suitably orientable molecules by studying the
internal voltage,e.g. in the Al -Barium stearate - Al

structure.,

(g) Utilizing the phenomenon of internal fields a thin

film dielectric diode system with the asymmetric struc-

ture A1 -~ 0 - M has also been developed, Since in the

context of this device the dynamic dielectric characte-
become

ristics of the Iangmuir films/{important, a detailed and

éystematic study of the latter dielectric phenomenon in
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Lengmuir films has also been carried out.
The details of all the above investigations i,e.,
results, interpretation and discussion have been given in

the later chapters ( chapters VII,VIII and IX),

Since Iangmuir films have been used as the insulating
barrier in all the present investigations the next few
chapters ITI, IV and V describe in detail the rature of
these films, their deposition characteristics and their

properties,



CHAPTER 1IT

MONOMOLECULAR FIIMS

341 Introduciion

‘ Since Tangmuir films utiliged in the present studies
are 'built-up' from insoluble monomolecular films on water
surface, first the essential details of these films are
described below,

Tnsoluble monomolecular films on liquid=~gas interface
have been a subject of inVestigation for the last many years
because of their possible application for technological and
scientific purposes.“ For example, films which réduce evapo—'
ration losses at water surfaces, are of particular inferest.

In these processes, the ultimate film, which is only one
molecule thick, plays the most important role., Such a film
is referred to as monomolecular film or monolayer.

The existence of monomolecular film on liguid surfaces
was first inferred by Lord Rayleigh (20) while interpreting |
Pockelts (21) observations on the reduction of surface ten-~
sion of water by the contémination.of its surface with olive oil
This monomolecular spreading has reméined one of the most
fundamental phenomenonéin the study of the physics and
chemistry of surfaces (22), Wide occuﬁ?%ce of insoluble
monolayers of many organic substances is now well known (22)
and Rayleigh's hypothesis of monomolecular spreadihg is well
established. Monolayers at a liquid ‘gas interface can be
controlled, manipulated and examined under far bgtter condi-
tions. That is why, the monolayer at the water-air interface
has been extensively studied in the pioneering work of

Rayleigh, Langmuir, Adam,Rideal, Harkins and othergjproviding
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much basic information on such monolayérs. Here,particular
stress has been given to the understanding of mgnolayer
properties because the 'built-up' films which have been
studied extensively in the present work,, have been deposited
simply by transferring these monolayers on to solid surfaces,
Since the subject of monomolecular films originated with
the experimental study of the surface tension ofiwater the preseﬁt
-;chapferjdi50u63¢8' ‘. about the éurface tension phenomenon
and spreading of organic substanceé on water surface, The
Pockel's observations on monolayer spreading of olive oil
on clean water surface and the éffect of oily contamination
on surface tension of water have béen discussed in detail.
Lord Rayleigh's interpretation on Pockel's observations has

also been given., A brief discussion has been given on the

exigstence of short range forces and the mechahism of mono-
layer spreading on water surface. Some fundamental infor-
mation about individual molecules, such as the length of the

molecule obtained by these experiments are also described.

3.2 SURFACE TENSION OBSERVATIONS AND MONOMOLECULAR SPREADING

a, Surface Tension of Water

Some amount of work has to be done in bringing the
molecules from the intefior of the liquid to its surface
due to the intermolecular cohesion. This WOrk.done is stored
as free energy of thus created new liquid surface, The
free energyy, thus stored_per unit area of this newly formed

liguid surface is termed as the tsurface tension' of the



liquid; It was supposed for & long time.that a liquid surf-
ace resembles a ‘stretched skin under tenéioni but it ié
not so and thus fhe term tsurface tension' is a mishomer.
However, the two definitions of the surface tension that it
is the force (dynes/cm) aétihg’normal to a unit length in
the ligquid surface andcﬁhéhotﬁef'statedvas'the free energy
per unit area of the liguid surface are equivalent,

It haé long been known that the surface tension of
" water is lowered due to oily contamination of its surface.
In fact, acdidental contamination of the surface had previ-
. ously complicated and confuééd;nearly all observations on
surface tension phenomena, ILord Rayleigh (23,24) was the
fifst to measure accurately the amount of this lowering of the
surface fension of water resulting from olive oil contamina-
tion. He alsc estimated the average thickness of the oil
£ilm on water to 16 X, by the s imple areaAdensity method.

Pockels (21) made a detailed and systematic experimcntel
study of the effect of o0ily contamination on the surface
tension of water., The apparatus used by her was consisting
of a long narrow trough filled to the/bariuﬁ with water and
two rectangular metal strips called ‘barriers', which rested
aCIOSS'the'ldhg edges of the trough., These movable barriers
were used to sweep~off the impurities of the surface and
a desired area of the surface could be selected by drawing
out or drawing in these barriers across the long edges of
the trough. The desired area of water surface, thus encloscc

between the barriers, could now be contaminated by placing
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a small drop of olive o0il on the water surface. This clive
0il can not leak through the barriers because they touch the
water surface all along. The contaminating oil remains con-
fined on the large or small area of the water surface by
pulling—out cr pulling-in the barrieis élong the long edges
of the trough.

Pockels (21) observed that if a fairly large area of
the water surface is contaminated with a very small amount
of olive 0il so that no excess o0il in the form of small drops
remains on the surface permanently, the surface tension of
water remains unchanged. When the area of this contaminated
water surface was reduced by gradually dfawing in the
"barrieré", the surface tension was found to remain prac-—
tically constant ( equal to that of a clean water surface)
upto a certain critical area, bélow which it fell rapidly.
The value of this critical area depended on the amount of
01l placed on the water surface, It was shown that if a

given area of the water surface is contaminated with any

amount of oil less than that which gives a critical thick-
ness of about 10 X the surface tension remains unaitered,

but above this limit it falls rapidly as the amount of oil
is increased. This critical amount of o0il, enough to give

. ' 0
the thickness of 10 A , can be easily estimated from the
area—-density method.

b. Monomoleculer Spreading of 0live 0il on Water Surface.

Rayleigh (20) repeated many of Pockels'! experiments

to confirm her interesting observations outlined above. He
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suggested that when olive oil is placed on the water surface
it spreads out as a monomolecular layer on the surface and
the 0il molecules in the critical area observed by Pockels
remain closely packed, just touching each other, Tnese
ingenioﬁs.suggestians of Royleigh were thus the origin of
the fascinating subject of monomolecular films, It has been
-said that the molecular theoxry arose through Rayleigh noticing
that the thickness of the films turms 6ut to be almost the
same as the known molecular length, But his detailed expla-
nation of Pockelut! observations,as given below, clearly
show that the monomolecular theory rests not merely on a
numerical coincidence but is based on the far firmer founda-
tion of the idea of ''tangible’ flcating molecules'!',

Al]l the Pockels! observationsAcan be beautifully exp-
lained (20,22) in the light of Rayleigh's suggestions, as
‘follows. When a drop of olive 0il is placéd on the water
surface the o0il molecules quickly spread out as a monomole-—
cular layer on the surface; the cause and mechanism of
spreading will be discussed in a later section (3.4a), Ob-
viously, the area of the water surface available for the
spreading molecules can accomodate as many of them as can
be closely packed in a completed monolayer on the area,
This number 'n' of the spread molecules on the water surface
is clearly given by the area of the water surface divided by
the melecular cross-sectional area, If the number of mole-
cules in the amount of 0il placed on the area is less than

'njall the molecules will spread out on the area without any
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excess 0il in the form of drops being left permanently on the
water surfacey if the available number of oil molecules is
greater than n, the n molecules will spread out to form a
close packed monolayer, with the excess oil remaining perma~-
nently on the water surface as lenses of considerable thick-
.ness. In the former case the spread monolayer will be inco-
mplete in the sense that the molecules in the layer do not
touch each other over the whole water surface and can move
about on the surface‘relatively independently, while in the
later case the molecules in the completed layer will be
closely packed, touching each other over the whole surface.
From above it is clear that in Pockels' experiment
the spreading oil molecules do not form a completed close~
packed molecular layer in.areas greater than the critical area.
In such stages df compression of the monolayer the oil |
molecules do not touch each other and move about on %he
surface because of the excess space available, The molecules
remain toe far apart for the intermolecular repulsive forces
to come into play. Thus, upto the critical area no work
will have to be done in the process of compressing the
monolayer by bafrierS. The free energy of the underlying
water surface will therefore remain‘intact and the surface
tension of the water wiil remain unchanged up to the criftical
area., ks soon as the area of the contaminated water surface
equals the critical area,the molecules in the compressed
monolayer become closely packed and just touch each other.

At this stage the mutual intermolecular repulsion comes into



play rather abruptly and the first resistance to compression
arises, The molecules in the monélayer start experiencing
an outward force tending to spread them out due to the mutual
repulsion. This outward force exerted on an element of
unit length in the monclayer is the ‘Yt!'surface pressuret!
(dyn/cm) of the monolayer film, A%t the critical stage when
the intermolecular repulsion just comes intovplay some work
will have to be done to further compress the monolayer,even
slightly, Since this required energy naturally comes from
the free energy of the underlying water surface the surface
tension of the water falls suddenly and rapidly, below the
critical area., From energy considerations Adam (22) has shown
that the reduction in surface tension is equal to the surface
pressure of the film. Obviously, the value of the critical
area will depend on the amount of oil placed on the water
surface, Hence, the critical area having closely packed
molecules just touching each other will be greater if the amo-
unt of the oilor the number of available molecules is greater,
" In the above experiments of Rhayleigh, the amount of
the contaminating o0il was kept constant and the area of
the contaminating water surface wgs varied while in the
Pockel s experiments on surface tension, she kept area of
the water surface constant and contaminated it with increa-
sing améunt of olive o0il. Here, so long as the area cf the
water surface is contaminated with an amount of oil less than
one whichAcontain“nt molecules, the molecules in the

spread monolayer will not be closely packed, The surface
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tension does not change as the intermolecular repulsion at
this stage does not comé into play, The spread monolayer
becomes closely packed when this area of water surface is
contaﬁinated with just 'n'! molecules of olive oil, When
the amount of oil is slightly increased to this critical
limit, the intermolecular cohesion just comes into play

and therefore the surface tension falls rapidly. The aver-—
age thickness of the monolayer in t he critical stage, as
observed by Pockels in her experiments was nearly 10.3‘ In
this way all the Pockels® observations can be explained
using Rayleigh's suggestions.

A simple interpretation of the fall in the surface
tension due to the o0ily contamination of its surface can
also be given as follows. The surface tension of water with
a clean surface is determined by the cohesion or attrgction
between its surface molecules and those lying underneath.
Because of this attraction, the surface molecules experie-
nce an inward pull in a direction perpendicular to the
surface because of the attraction. When oil drop is poured
on t he surface,cohesion or attraction between the surface
water molecules and those lying underneath is opposed by
the adhesion or aftraction'between fhe oil-moleoules and
the water molecules in the surface, as a result of this, the
inward pull on the surface water molecules is bit reduced
and consequently the surface tension of water with contami-
nated surface is less than that of the clean surface. The

reduction in surface tension will obviously depend on the
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adhesion or attraction between the contaminating molecules.
The greater is the adhesion, more will be the reduction in
the surface tension and vice~versa., But, in case,adhesibn
equalithe intermolecular cohesion (between the water molecules

itself), the interfacial surface tension would venish and

the contaminating molecules would become completely miscible
with water molecules and all of them slowly go into the solu-
tion with each other, .

Rayleigh's molecular theory (20) thus explains all the
experimental observations in a most remarkable way., His
ideas now seem to be absolutely indispensable for interpreting
the basic phenomenon of surfaces, This phenomenon of mono~
molecular spreading has bome to stay as one of the most
fundamental one in the field of Physics and Chemistry of

surfaces (22).

(e) Spreading of other Organic Substances on Waters

Further evidence for monomolecular spreading,

As has been shown above»Rajleigh's monomolecular theory
provided a powerful tool forAinterpreting the basic surface
phenomenon which could be studied expérimentally by using
an extremely simple apparatus, which was first used by
Pockels., 1In fact Pockel's application of movable barriers
to confine films to compress them or to remove any undesi-
rable surface contamination laid the foundation for nearly
all the work with films or liguids (22,25,26).

It was reallized from the Rayleigh's successful explana-
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tion of Pockéls' boservations that a close study of monomol-
ecular layers would yield'the fﬁndamental information about
individual molecules e.8, length of the molecule, their
crosg-Bectional area, the strength of intermolecular cohresion

and of the polar group etc. The promise of glimpse into the

fundamental aspects of individual moleculeé with the use of

very simple apparatus has constantly inspiréé the exteﬁéive

experimental investigations on the monomolecular films. &s

the monomolecular films canbe regarded-as a two dimeﬁsional

matter existing in 2ll theufhree states, solid, liquid and _
gageous (22), a theovetical study of these monomolecular

- layers has also been very attractive, Thus, investigations

in the field of monomolecular fiims are most interesting and

fascinating ones.

The mechanical,electrical, optical and chemical proper-—
ties of molecﬁles in an oriented array had already been
revealed by a large number of experimental methods which
charaeterize monolayers and have contributed much infoxmation
about the shape and size of the molecules, All,of course
depend on the formation of a suitable film for study. ' The
successful organic substances Xnown for spreading as mono-
molecular layers on water surface are fatty acids,alcohéls,
esters, kefones, sterols, dyes, chlorephyll, préteins ete,
(22,25,26,27,28)., Among these substances most thoroughly
investigated are the long straight chain fatty acids e€.g,

palmitic acid, margeric acid, stearic acid etec. (22).
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Layers of these acids have a molecular structure consistiﬁg
of a-ldng hydrocarbon chain with‘a nonpolar (hydrophobic)
methyl (CH3) group at one end and a polar (hydrophilic) -
functional carboxyl (COCH) group at the other one. The perent
hydrocarbons do not‘spread to form monolayers but the pres-

- ence of this polar group at the end of long hydrocarbén

chain causes the spreading of these fatty acids. The mech-~
anism of spreading is described in sec, 3.4(a).

Devaux (29) studied a number of materials with simple
but elegént experimental method and ﬁoted that the behaviour
of the films is sometimes as solid and sometimes as liquid.
Hardy (30) found that oils which do not contain polar func~ .
tiohal group do hot spread in the same way as t he animal

~and vegetable oilg,

The first studies on the fatty acids were made to
confirm the monomolecular spreading of'theseAacids on water
surface, TLangmuir (31) justified the monomolecular spreading
and the formation of monolayer on water surface by estimating
the thickness of the'spread film using simple area-density
method. If a spread film occupied an area 'A' of the water
- surface and ‘t? is the average thickness of fhe film, Axt = V
is, obviously, the volume occupied by it. This volume V
multiplied by the density d of the film material, gives the
mess m of the material of the acid spread. From a knowledge
of A, d andAm, the average thickness of the film t can
easily be estimated, When the area A is reduced down to

the critical areas, the corresponding value of 't! now
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obtained will be equal to t he length of'thé molecule, This
is s0 because the molecules stand perpendicularly on the
water surface due to close packing of the mblecules. Thus, the
length of the molecule in monolayer could be estimated from
experimentally determinéd critical area and the correspon-
ding amount of acid spread. & check of the basic assumption
of monomolecular spreading of the fatty acid could now bec-
ome possible.by tallying the length of the molecules thus
measured with the values of the chain length obtained by
other method e;g. X~ray diffraction measurement of the chain
length in‘bulk crystals of the fatty acids. Thus the
estimated thickness of fatty acid monolsycr on the water surface
by the above discussed area density method, are in agree-
ment (32,33) with their corresponding chain lengths in
bulk, studied by X-ray diffraction (34). This work thus
supports the Rayleigh's hypothesis (20) of monomolecular
spreading and has established that the spreading of fatty.
acid om water is monomolecular in nature, Many other subs-
tances e.g., alcohols, esters, ketones, sterols, dyes, chloro-—
phyle, proteins etc., have also been found to spread monomo-
lecularly, Thus, Rayleigh's hypothesis of monomelecular
spreading origirally put forward for the case of olive oil
only, now seem tobe applicable in general for all the
substances stated above,

The study of t he nature of spreading of the fatty
acid on water surface by'estimating the thickness of the

spread layer by the area density method, however, is open



~39-.

to objecfion. One of the objections against the area density
method, discussed above, is that the density of the layer has
invariably been assumed to be equal to that of the substances
in bulk., This assumption is Justified only when the subs-
tance in bulk has closed packed layered structure similar

to that in the monomolecular film which in general is not
true, Therefore, the area density method can not be expected
to yield éccurate value of the thickness, However, Langmuir
and Adam had great confidence in the area-density method in
studying the nature of spreading of fatty acids on water

" and conclussions drawn by them for the monomolecular spreading
are essentially correct, because the density of the monolayers
of the fatty acid happens to be very close to thet of fhe

acid in bulk.

3,3 SHORT RANGE FORCES AND ADSORPTICN: NON OCCURRENCE OF POLYMO-
LECULAR FTIMS, . . -

N T

To provide strong support for the idea of molecular
orientation of surfaces and the short range of molecular foroés
which was developed by Langmuir (35) and Harkins (36) separa-
tely, Langmuir performed some classic: . experiments on
adsorption of hydrogen and oxygen in highly evacuated bulbs
containing heated tungsten filaments. He also believed that
the short range forces are responsible for nearly all types
of adsorption, Thus, if the surface of a solid or liguid |
is covered by e similar layer of foreign atoms or molecules, its

adsorption © properties completely change since the molecule
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in the consecutive layers can be in contact with those in the
preceding on¢ only and nﬁt-in contact with the substrate,
The concept of short range forces, theiefore,.leads
directly to the monomolecular spfeading of the insoluble
fatty acids, having hydrophilic (water loving) carboxylic
groups in contact with the water surface and the hydrophobic
(water hating) methyl group away from the water surfage in a
vertical position, The attachment and orientation of pélym—
olecular chain will not take place in the absence of long
range surface Hrces beéause‘the hydrophillic group in the
second layer could not come into cortact with water, Thus,
Langmuir's postulate of short range forces,which is respon-
gible for adsorption on liquid surfaces also canbe regarded

_as the theoretical justification for Rayieigh's idea of

monomolecular spreading‘.The occurrence of monomolecular
layers of a large number of insoluble substances on water,
also give strong support to Langmuir postulate.

Hardy (37) while working on monomolecular orientation
in surface, believed the cohesive forces between the
molecules to be of long range in nature, often acting
through distances of several thousand Ansgstrom wnits and
thus thought that the orientation extended through meny |
layeré of molecules., The observation of Rothen (38) on
adsorption involving large molecules, provide definite
evidence for the existence of long range molecular forces,
Therefore, now it'seems that Léngmuir's postulate of short-—

range forces being involved in adsorption phenomena may not
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be generally applicable and that Hardy's long range molecular

forces do exist in the case of some large molecules,

3¢4 FUNDAMENTAL CHARACTERISTICS OF MONOLAYERS o

(a) Mechanism of Spreading of Monolayers on Ljquids.

A nonvolatile substance, insoluble in a liquid,spreads
on its surface if the adhesion between the molecule of the
substance and that of the liquid”is greater than the cohesion

between molecules of the substance itself (22). A gquantita-
tive condition for the spreading of liquid B on liquid A can
be given in terms of Harking (25) !''spreading coefficient!'!

defined as

whene,SB/A is the spreading coefficient of liquid B on liquic
A"YA and YB are the surface tensions of the liquids, and
YAB the interfacial tension between the two., If SB/A is
positive, the spreading will take place spontaneously and 1if
it is hégative liqﬁid B will rest on liquid A as a lens., In
practice, however, this criterion has to be applied with -
caution ( 26,p.,16). The mechanism of the spreading of the
substance on liquid surfaces is explained here taking the
cape of olive oil on water. %Wat?r molecules are in const~
ant motion along the surface diffusing long distances _sand
the motion of thése surface water molecules céuse the expa~
nding movement of the oil drop. O0il molecules adhere 1o

tﬁe water molecules and are carried outwards along the surface

because of the surface diffusing motions. The surface



diffusion motions of water molecules go on continuously under-
neath the oil drop and the oil molecules which spread first
are continuously pushed out farther by the outward surface
pressure of those just leavihg the 0il drop. Obviously, the
spreading of a liquid on solid surface can not take place
by the above mechanism since the (surface) atoms or molecules
of solids remain practically fixed up in their positions.

The spreading and the stability of a foreign monolayer
at the liquid gas interface under given conditions is dependent
on a delicate balance among the properties of the substances
involved, The substances like long-chain fatty aclds and al—
cohols have a molecular structure composed of a large non-
polar or hydrophobic portion 'the hydrocarbon chain' and

at the other extremely a polar or hydrophilic carboxylic or

hydroxylic (=COOH or -~OH) functional group, The polar groups
tend to confer water_solubility, while the nonpolar part
prevents it and the formation of an insoluble_monoléyer is
determined by the balance between them, Short chain fatty
acids and éloohols such as acetic acid and methyl or ethyl
alcohols, are of course, completely miscible with water but
the solubility of these substances in water decreases as the
length of the hydrocarbon is increased. }Thus in the case of
the spreading of stearic acid on water, the adhesion ( or
affinity) of the stearic acid molecule, containing a polar
carboxylic group to the pplar water molecule is greater than
the cohesion (or affinity) between stearic aoié molecules them=

selves. Thercfore, the stearic acid molecules thus spread



out due to the surface diffusing‘motikﬂu;of water molecules
will attach themselves toﬁthe water molecules by their
hydrophilic (water loving) carboxylic group (heads) and since
the nonpolar hydrocarbon chains with hydrophébic methyl grours
are very weakly attached by water molecules, they remain more
or less vertically oriented with the methyl groups (tails)

on top. The presence of polar groups in the chain may
result in its slightvtilting, If the polar or hydrophilic
group is not present in the substance, its spreading on
water is not possible as is the case with long chain hydro—
carbons such as decane ( Cyolpp) or cetane (616H36) and .
liquid petrolatum. These substances do not spread at all

on water, A drop of such coils remain on the water surface

as @ tems vf-considerable—thiekness without—spreading.,
~ Further, the interactions between ahd within the molecules
forming monolayers‘ére also important, If the intermole-
cular interactions are strong enough, its spreading as
- monolayers is difficult even when a suitable.polar group
is present. |

The factors as mentioned above-affecting the
spreading depend,not only on the mature of the £ilm forming
material but also on the mature of both the liquid and
gaseous phases. These various factors are also important

in governing the structure and stability of an insoluble

monomolecular film, To study a certain compound which does
not form an insoluble monolayer on pure water, it may be

possible to spread it on some other subphase, While the



concept of opposing insolubility of a hydrocarbon chain

and solubility of a polar functional group is adequate for

understanding the formation on air-water interface whereas
on the other liguid subphascs, other kinds of attraction than
the strong dipole-water interaction can be effeotlve. It
appears, for example, that n—octacosane, the 28 - carbon
saturated hydrocarbon, will spread to form a stable mono-
layer on mercury (39)., Presumably, in this case where the
1iquid’subphése has a very high surface tension, dispersion
forces are adequate to provic attraction betweén the
organic compund and the sﬁrface, and a film is formed in
which the molecules are spread out flat on ﬁercury;‘ There
are also some fluorinated org@nic compounds which can
spréad to form insoluble monolayers on organic ligquids, In
these cases, parts of the molecules are attracted to the

subphase while other parts prevent compléte soluticn,

3.4 (D) The Formation of Spread Monolayers

There are two ways in which a nmonolayer can spread

if a volatile solvent is used for the purpose; In some
systems for example fatty acids_dissolved in hexane oI
petroleum ether on water, the droplets of the
spreading solutlon spontancously thin out into a layer -
the monoiayer - forming molecules positioning themselves

at the éolvent ~ water interface, On subsequent evaporation

fof the solvent the spread monolayer-remains on the water

surface, With some other systems, e.g,, spreading solutions
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in dilute bengene, the solution droplets shed from their
edges a dilute mixed film of the monolayer - forming subs-
tance and solvent, which spreads over the available water
surface, With subsequent evaporation of the solvent from
the mixed film, the reservoir of the s&lution droplets

shed more film for spreading, The relative interfacial
surface tensions involved determine which kind of spreading
will occur in a‘particular situation: Tn both the processes,
however, the ronclayer left is, in generel, not ih a state
of absolute stable equilibrium (26) and the free.energy

- of the system is notfﬁinimum. »

Sometimes spreading can aiso be achieved without the
use-of a solvent e«g. oleic acid, cetyl alcohol. 1In these
-cases8 the-diffusion-processes .gowern the mechanism- of
spontaneous_spreading, and the film-forming molecules leave
the bulk phase and diffuse over the underlying liquid
surface. The process cf spreading may be hastened by
convective flow in the liquid and, in some cases, by
vapour phase transport(26), With sufficient material, the
Spreéding will continue until the surface pressure has risen
the *equilibrium spreading pressure!, This equilibrium
value dépends on the relative ﬁagnitude,of the forces
.tending to hold the molecules in a monolayer at the air-
water interface and those fayouring their retention in the
bulk droplet or crystal, " If the surface available is large
enough, the material applied to the surface spread cut

- completely, the observed surface pressure will be less than



the '‘equilidbrium spreading pressure'’.

3.4 (c) The Monolayer States

Henri Devaux (29) pointed out that the molecules in the
monowmolecular films wmay exist in many different forms
corresponding tb t he three states of matter viz, solid,
liquid and gaseous, He showed that the fluidity of a
monolayer can be qualitatively estimated from the mobility
of talc particles dusted into the film, Various monolayer .
states represent different degrees of molecular freedom:
or order resulting from the intermolecular‘forces in the
film and between film and subphase. The state and stability
of monolayer depend. on the amount and distribution of the
lateral intermolecﬁlar adhesive forces and the strength of
anchorage of the molecules to the sgrface respectively,

If the anchorage or the perpendicular attraction between

the film molecules and the liquid is weak, the film may

not be formed at all or it will teﬁd to crumple up under
small 1-~teral compression but if the anchorage or the
attraction between the moleéules in the monclayer and that

of the liquid is sufficiently strong and the.lateral

adhesion is small the film molecules'move about independently
on the surface partaking in the trénslatory motion of the

underlying liquid molecules, Such a film resembles a gas

on the surface and is called a gaseous or vapour film, &
strong lateral adhesion makes the moleé¢ules adhere together

into large cohcrent islands of films and restrains their



free thermal motions on the surface, The existence of the
states of monolayer cdepends on a delicate balance of inter~
molecular attractive or repulsive forces, The film is
liguid or solid depends on whether the molecular movement
is less or more restricted, determined by the amount and

small details of distribution of the intermolecular adhesive

forces (22).

3.4 (d) Fundamental information about individual molecules

from Monolayer States,

ILangmuir's film balance (22) whose range has recently
been considerably extended by the use of an electron micro=
scope and radio isotopes (40), remains the principle
Jinstrument for basic studies on monomolecular films, With
the use of this classically simple device, the primary
measurements of the size c¢f the molecules, the estimation
of their shape, their cohesion and fhe location and strength
of their charged active groups can be obtained,

The film balance essentially consists of a small
shallow waxed trough filled with water on which the monolayer
of substance dissolved in a volatile solvent is spread, A
barrier in the form cof waxed rectangular bar is laid across
the long edges of the trough behind the monolayer. The
film is made to ﬁush.againsﬁ a delicately suspended floa~
ting barrier which measures‘the surface pressure exerted
by the film as the film is 9ompressed. The pressure of the
film against the float is balanced by twisting torsion~

wire to which the float is attached. The degree of twisting
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-required to keep the float stationary is a measure of the
surfece pressure."éreatest care has to be taken to mininige
the temperatureVvariation,aocidental contaminaticn,vibraticns
énd dust particles, which may cause major errcrs in the
experiment.

A simple curve FigJd.iplotted between éurface pressure
and area (pressure-area curve of the monolayer) yields,
~among other things, the cross section and length of the
molecule, and the approximate location and strengths of
its polar groups. The approximate strength of the inter-
molecular cohesion or the compfessibility of the monolayer
can also be obtained from the slope of the pressure-area
curve showing decrease in surface area with the increase
in surface pressure., IExperimentally it is found that many
monolayers can be compressed Yo pressures considerably
| highér than their equilibrium spreading pressures, BEven—
tually, however, it is found impossible to increase the
sur face pressuré further, and the area of the film decreases
if the pressure is maintained constant or the pressure
‘falls if the film is held ét constant area, This condition
is referred to aé the collapse point of the monolayer.

The molecules in the monolayer near the collapse preséure
are tightly pécked together and the film collapses on
slightly increasing the pressure, The cross-sectional area
of the molecules can be determined with a prior knowledge

of the number ~of molecules in the moﬁolayer i.es the number

of molecules in the amount of the substance spread.,



The length of the molecule ér the thickness of the monolayer
can bé found by the area-density method, The collapse
pressure gives both the strength qf ahohorage of the film
to the surface i.e. the strencth of the polar group and the
strength of cohesicn, Stearic acid, for example, has been
found to have a cross-sectional area cof 20 Sq. angstroms

and a chain length of 25 angstroms, The monolayers of
stearic acid have a high collapse ﬁressure of 42.dynes/cm

and low compressibility ( or high molecular cohesion),

_ € | ’ )
3.5 INHOMOGENJITY OF MONOLAYERS

It was long ago that the investigators assumed the
monblayers to be homogeneous at all stages of compression,
7Zocher and Stiebel (41) first examined the monomolecular
films t5 show them to be inhomogenecus at low surface
pressure and sometimes even in the region of collapse pressures.
His apparatus consisted of a powerful dark field illuminator
mounted in the bottom of a trough and focused on the surface
of the_liquid'bearing monolayer. A microscope was used
above this surface to detect inhomogeneity of the film,

This technidue was later improved by Adam (42), who suggested
that varying the liquid level in the trough provided a

simple meéné for accurate focussing, The ultramicroscope

has also been used by Bruum (43) in an interesting stucy of

collapsed films, The method, however, was capable cof

detaching only gross impressions of the size and shape of

these aggregates,



wH O

Iater, Feachem, Bouchet, Tronstad and others (44,45,46)
have used the elliptically polarized light reflected from
surfaces covered by the menolayers, for studying the struc-
ture of the films, However, this method could not contribute
much regarding the structure of moncolayer because of the
difficulties in the interpretation-of the optical effect
of the films in terms of the individual molecules but is
capable of indicating‘the inhomogeneities in the film (47).

Measurement of the surface potential, which depends on
molecular concentration or paCking in a monolayer, also
showed the films to be inhomogeneous (except gaseous] (47).
Because of the dimensions of the electrodes used in this
method it cammot, of course, resolve the detailed fine
. structure of the moncmolecular film,

Beautiful and extensive study of the monolayer structure
at various stages of compression has been made by direct
electron microscopy by Epstein (48), He showed that it
was possible to detect fatty acid monolayer films,'after
depositing © them K on glass glides and shadowing with an
evaporated metal film, Ries (40) and his coworkers refined

this technique to study the monolayer structure at various
stages of compression, The electron micrographs taken by
them clearly show that at low pfessure the film is inhomo-
genecus and with increasing compression or pressure large
homogeneous areas of continuous monclayers appear. These

micrographs also suggested the collapse mechanism an m;

N
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also been,used to determine the thickness of mononol&cular
{ L
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films by the shadoW casting technique (40). More informaticn
about mixed films or monolayers with t wo or more components
was obtained using combined film balance and electron
microscope technique in conjunction with radio-acfive
tracer technique (40), The results obtained are of
biclogical impoftance.'

The next chapter describes the téchnique of the building
up of the'multilayer Tangmuir films by transferring mono- o

layers on solids (glass slides).



CHAPTER TV

BUILT-UP MOLECULAR LANGMUIR FILMS

INTKCDUCTION

The monomolecular films are of great interest becausc
of their formation at surfaces or interfaces, The trahs~
ferring of these monolayers on solid surfaces is also equally
interesting., The present chapter deals with the experimental
method of tbuildingeup! of multilayer films. The mature of
these built-up films has also been described, Particular
emphasis has been given for the tbuilding~up' process of
the s0 called Y=type films because these films have beenA
used for investigations in the present work, & brief dis-
cussion about the so called X and 7 type of films has also

been given,

4,1 ‘BUILDING-UP! OF MULTILAYERS ON SOLIDS

Experimentals Blodgett~Tangmuir Technigque

Langmuir (49) was the first to realize the fascinating
possibility of building up'mﬁltilayer filme by the successive
deposition of monolayers, one on the top of the other,on the
same solid substrate.‘ The highly interesting technique wasg
subsequently developed and perfected by Blodgett and is
now well known as the Langmuir-Blodgett technique (17,18,50),
This is probably the only technigue by which one can depéé;t
a film with a known and controllable number of molecular
layers, This technique has been described here in detail
for dépositing films of metal—orgaﬁic compounds, specially

for barium stearate. However, the same method is valid
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for the other similar substances like barium palmitate, and

mp,rgarate which have also been studied in the present wrk.

The technique for 'building-up! of these films requires
a very simple apparatus consisting of a long narrow trough T
(Fig.A.ﬁusually made of inert materials such as teflon, perspex
etc. Metals such as copper or aluminium are not used because
they may stop the deposition, The trough used in the pre-
sent work is of specific design., It is much less deep through-
out (about 0.75 inches) and deeper at one end where the slide
is to be dipped, With this relatively small amounts of deioni-
zed water is neéded. The inside of the trough is heavily
waxed., Waxing of the trough is necessary in order to obtain
a higher water 1evel-at the edges, which ensures that there
is no leakage of the moneolayer past the barriers, The barriers,
rectangular in shape,such as glass strips,must also be waxed
a1l around to render them hydrophobié. The trough is first
levelled and then filled to the brim with deionized and doubly

5

distilled water (specific resistance = 6x10° Ohm cm) heving

a low concentration of barium by adding 3x10m5

M barium

chloride. For obtaining good deionized water the ion exchange
resin. célumns together with double distillation plants were
used, For easier deposition, the pH of the solution is adjustca
to greater than 6 by odding a specific quantity of an alkalino
substance. For example, KHCOz (potasium :bicafbonate) at a

4,

concentration of 4x10 ™ holds the pH at about 7,2 . This

results in easier deposition of Y-type films., (The type
of these films is discussed later, ) The surface of the liquid
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FIG. 41 DIAGRAMMATIC REPRESENTATION OF THE
APPARATUS FOR BUILDING UP THE FILMS



is now thoroughly cleaned by sweeping the waxed barrier
across t he long edges of the trough and finally leaving it
~resting on the trough end (Fig.d.1a,). Another barrier

rests at the other end of the trough which is used to hold
the waxed silk thread 84placed upon the water surface as
shown in the Fig.¢;1 « The thread is waxed so that it does
not wet and sink into the water and it is carefully made to
touch thé water surface at every point to avoid any possibi-
1lity of leakage of the spread monolayer. |

Stearic acid (or other material to be deposited) dissol-
4

ved in benzene (concentration oz 3x10™ - by weight) is now
placed on the water surface near D in the form of a small
droplet which spreads spontaneocusly and,pushes the thread
outwards to take the shape as shown in Fig. 4.1b. (If the
first drop does not spread quickly, it is an indication
that the surface is not perfectly clean), As soon as the
Spreading is complete, the thread is fastened to the trough
edges by two small clips.¥ ., At this stage the divalent
barium ions present in the solution undergo surface react-
ion with the stearic acid molecules to form the barium
stearate soap and the solvent (benzene) slowly evaporates
of barium stearate
- leaving behind a monclayer{on the surface, its boundary
being confined by the thread. If a second drop is put
near G after the spread is complete, it would not spread
and remain as residue which is an indication that the

available surface has been covered with the monolayer,

The stearate molecules at this stage remain standing upright



with their reactive carboxyl groups touching the water surface
but some of them also tend to bend over the water surface

due to relatively large space available for them., It is
shown in Fig, 4.2 a). A small droplet of oleic acid called
'*piston 0il'! is now placed on the surface at P which thus
exerts a constant lateral compression of about 30 dynes/cm

on the spread monolayer, It has been found that this much
surface pressure (22 30 dynes/cm) is sufficient to compress

a monolayer of stearic acid into the condensed soilid phase
and the molecules remain relatively closely packed Fig.4.2b).
The thread boundary now separates the whole surface area
between the barriers: into two regions with a stear-

ate monolayer on one side of the thread and oleic acid on
the other, which press each other to give an equilibrium
shape to the thread ( shown in Fig.4i1d). Tpe transfer of
-monolayer onto the ''conditioned!! slide may now be accomp—
lished by moving the dipper near G up and down repeatedly
across t he monolayer covered surface. !'Conditioning!' of
the siide here means to render it hydrophobic initially. This
can be achieved simply by rubbing the slide surface with

a waxy solid, e.g, ferric stearate, It has been found that

a pure aluminium or silver .film deposited on the cleancd

- slide by thermal evaporation also behaves as a hydrophebic

surface for good multilayer deposition, The ambient tempe-

rature during the'building-up! process should be maintained

at about 22°C.

The monolayer is thus transferred on the conditioned
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FIG. 42 DIAGRAMS SHOWING STEARIC ACID MOLECULES
ON WATER SURFACE

a MOLECULE BENDING
b MOLECULES STANDING CLOSE PACKED
¢ STEARIC ACID MOLECULE STANDING ON WATER

(Small spheres represent hydrogen atoms and the bigger ones
represent carbon atoms) :

®-Carbon atom «-Hydrogen atem ©O-Oxyqen atom



slide on both its downward and upward journey, and the process
may be continued till the thread S moved forward through

an :crea to attain the shape shown in Fig.4.1d. Every time
the thread moves forward through an area equal to that of
the slide on which the film is being deposited and the thread
motion takes place because cf the constant compression
provided by the !''piston oilt'!', This visible motion of the
thread is a very clear cut indication that layers are being
transferred on the slide every timelon dipping or withdrawal
of the latter, The film thus built-up is +termed Y~type and
contains an even number of layers outside water, Film
thicknéss can be calculated accurately by counting repeatedly
the number of monolayers and multiplying it with the known
monolayer thickness. To obtain an odd number of monolayers
outside the water surface, it is necessary first to-dip the
slide in the solution and then to 8preéd the stearic acid.

In this case, the first layer will be transferred when the
slide is meved upward and finally an odd number of layers
will be obfained. This process has been found quite satis=
factory even to obtain single monolayer, To obtain X-type

of films, it is necessary to .make the solution more alkaline
(pH = 9) and then the transfer would follow only during the

down trips of the slide.

Yor the deposition of stearic acid films only deio-
nized and doubly distilled water is filled in the trough
without adding barium chloride or similar salts., It is also

" not necessary to control the pH of the water by adding



KHCO3 (51), TFig.4.2cgives a pictorial representation cf the
orientation of a stearic acid molecule on the water surface
with their polar carboxylic groups touching water surface.
_The above set up for film deposition has been madeé completely
automatic by a slow speed motor control with a counter for
countihg the number of layers transferred. The whole assembly

was designed and fabricated in the laboratory,

4,2 TYPES OF'BUILT~UP*FILMS: X,Y,Z2 TYPES OF DEPOSITION

| As the basic mechanism and process of deposition throws
light on the interesting molecular orientaticn and structure
in the various built-up films and also clarifies the appare-
ntly obscure phenomenon of monolayer deposition it is
discussed in detail below,

From aquous substrates, the experimental possibility
of transferring the monolayers onto solid surfaces was
first realigzed by Langmuir (49).‘ Miss Blcdgett and other
subsequent workers ( 17,18,48,50,52,53) have since carried
out détailed investigations of this phenomenon,.the basic
points of which are now well established ( SeC 4.1 ).

Only condensed monolayers, which do not tend to spread
indefinitely as the surface pressure is reduced to gzero i.e,
no compression, and thus act as.fwo dimensional solids or
liquids rather than gases (50) are found to exhibit the
phenomenon of deposition on glass or metal surfaces, Initi-
ally fatty acids condensed by means of calcium, or barium

ions in the substrate were used for investigation (17,18)

~
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but subsequently many other types of organic compounds have

been employed, €.g. esters, ketones, phenols, proteins etc.

Bikerman (53,54) hypothesized that the nature of the
deposition of monolayers on a so0lid depends on the contact
angle between the solid and the film-covered water surface,
The monolayer is, of course,supposed to be kept under cons-
tant compression for facilitating the transfer process, When
the solid plate is being dipped across a fatty acid mono-
layer on water, for example, the curve of contact between
the water and the solid surface advances relative to the
glide. This gives the ''advancing'! contact angle. When
the slide is withdrawn one similarly gets the !'receding''’
contact angle, Obviously,when the slide is entering the
water and the advancing angle is obtuse the water surface
will fold down naturally onto the sclid surface, thus turning
the uppermostrgroups of the monolayer, i.e, methyl grcups,
toward the solid surface for deposition of the molecule, The
molecules will be deposited with their methyl groups in
contact with the slide and the surface of the deposited
monolayer will be composed of carboxylic}groups. (Fig.4.3b).
This orientation of the monolayer with the methyl groups
toward the soiid gurface and the carboxyl groups away from
it is termed '' exotropic'', As the adhesion of the methyl
groups.to the solkid surface is relatively lcw, the slide
should obviously be lowered into the water at a slow speed
for depositicen of the monolayer, It is observed thatAif the

advancing angle is acute the methyl groups of the molecules in



the monolayer remein turned away from the solid surface and
there will be no deposition when the sotid is entering the
water'surfaoe. Thus, a monclayer can be deposited on a slide
at its first entry into the water only if the slide surfece
has been rendered fairly hydrophobic ( as mentioned earlier
in sec. 4.1), giving a large contact angle, Therefore, no
deposition will take place on the first immersion of an
ordinary glass slide which is wettable by water ( low contact

angle),

When the slide is being extracted from water solution
end the receding angle is acute the water surface folds up con
- to the slide, thus turning the lowermost group cf the mono-

layer, i.e, the poler carboxylic groups, toward thé ceolid
surface for deposition of the molecules. The water molecules
which are sandwiched between the carboxyl groups of the
monolayer and the solid surface are slowly squeezed out beca—
use of the strong affinity between t he polar carboxylic groupc
and the solid surface, The molecules fhis time are thus depo-
gited with.their carboxyl groups in contact with the sclid
surface and the surface of the deposited monolayer will be
‘oompoéed cf methyl groups. ‘This orientation of the monclarexr
with the carboxyl group towards the solid surface and the
‘methyl group away from it is termed '' endotropic!!', Evidce-
ntly, when the receding angle is obtuse the carboxyl groups

of the molecule remain turned away from the solid surface and
there will be no deposition when the solid leaves the water

surface, Thus a monolayer can be deposited on a hydrophilic
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gclid surface, i,e, wettable by water and therefore having &
low contact angle, like that of an ordinary glass slide, on
its withdrawal across the water s urface. In-practice it can
easily be secen that 1f the speed of withdrawing the slide is
high, the sandwiched mclecules will not be effectively squee-
zed cut and there will be no deposition., The squeeged out
water molecules are forced to come dwn on the surface noct due
to gravity but because of their replacement by the fatty acid
molecules in the monolayer whose polar carboxylic groups have =
strong adhesion to the sclid surface,

Thus, from above it is clear thét if both the advancing
and receding angles are obtuse deposition will take place
only on the lowering of the slide. Such a deposition or film
thus buiit-up is termed X-type which is therefore made up of
a series of exotropic layers oriented in such a way that the
methyl groups are toward the sclid surface and the carboxyl
groups away from it, As such the surface of the X?films
will be composed of carboxyl grcoups. Since here the moleculce
in the layers are oriented in the same direction,the distance
between any two successive planes containing carboxyl groups
(or methyl groups) should be clearly equal to the chain
length of the mclecule, assuming a perpendicular orienta-
tion of the molecules on the solid surface (Fig.4.3a)

| When the advancing angle is obtuse and the receding
angle is acute the deposition will obviously take place on
both lowering and withdrawing the slide across the water

surface, This deposition or film thus built-up is called
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FIG- 43 :DIAGRAMMATIC REPRESENTATION SHOWING
THE MOLECULAR ORIENTATION IN AX-TYPE FILM
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methyl groups and the bigger ones represent carboxyl
ATrups)



64~

Y~type., This is the type of film which has been most commonly
studied, Evidently, a Y-type of film will be made up of a
series of alternating exotropic and endotropic layers. Thus,
the surface of a ¥Y=film will be composed of methyl groups.
Since here the melecules in adjacent layers are oppositely
oriented, the distance between t wo successive planes conta-
ining carboxyl groups ( or methyi groups) will clearly be
equal to twice the molecular chain length, assuming a pe%m
pendicular orientation of the ﬁolecules on the solid

surface. (Fig.4,3b).

When both the advancing and receding angles are acute
the deposition will clearly take place on withdrawal of the
slide across the monolayer, Such a deposition or film thus
bullt-up has been termed Z-~type. The deposition is rather
‘uncommon and there does nob'éeem to be any well documented
report on such films. Obviously,a Z-type film will be made up
of a series of unidirectionally oriented endptropic layers.
As such the surface of a Z film will also be composed of
methyl groups, The distance between two succeSsivé planes
containing carboxyl grohps ( or methyl groups) should be
equal to the molecular chain length, in the case of perpe-
ndicular orientation of the molecules on the solid surface

(See Fig.4.3¢C).

The only other combination of contact angles remains
the one in which the aavancing angle is acute and the rece-
ding angle obtuse. Obviously, there must be no deposition

at all in this case either on lowering or with_drawing the
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slide across the monolayer,

As the contact angle between the film-covered water
surface and the solid being dipped is well known to depend
on the nature of the film forming substénce, the rate of
dipping or withdrawél, fhe sur face pressure of the film (55),
and the pH of the solution, etc, clear-cut and specific expe-
rimental conditions have to be laid down for the deposition of
any givenitype of film, i.e., X,Y 6r 7. As desired above,
this has been done, by Blodgett and ILangmuir for the case of
Y films of metal stearates. It is also important to note that
the contact angle between a liquid and a solid is considera-
bly modified ( 22, p.185) by any contamingtion, greasy or
otherwise, of the so0lid surface and also by its roughness,
Therefore greaf care has to be taken regarding thése factors
also while following the experimental conditions_for depo-

siting a pdrtioalar type of film,

4,3 THE BUILDING-UP PROCESS OF Y-FILMS

Mone and multilayer films of long-chain organc metallic
compounds can be fbuilt-up! by the tecﬁnique described by the
above technique of Blodgett and Langmuir ( 17,18). The
process for 'building—up‘ of Y-films by depositing Successive
monolayers as have been used in the present work is illustrated
in Fig.4.4. In this case the slide has suitably been rendered
hydrophobic by depositing a thin aluminium layer in a high
vacuum by thermal evaporation, If the deposition is to be
done on glass slide, it is made hydrophobic by placing some

molten ferric-stearate on the surface and rubbing it vigorously
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with a clean piece of muslin leaving just an invisible
layer of ferric stearate molecules, Fig,4.42 shows the
lowering of the slide across the monolayer on the water sur-
face with polar carboxyl groups ( as shown by circles) tou-
ching the water molecules, Under thewxconditions, the first
- layer is transferred on to the slide on the first down trip
( Fige%4e4b), The following up-trip causes the deposition of
the second layer ( Fig,4.4¢), the next down journey ( Fig.4.4d)
gives third layer and so on, The film thus formed on the
slide will contain only even number of layers, TFor getting
a film having odd number of layers outside water, the slide
- is first dipped into the solution and then the spreading

of the monolayer is done on the surface of water, In this
case when the slide is taken out, first layer will be depo=-
sited on it, Subsequent deposition made by dipping and
withdrawing the slide will give the second; third layers
and so on., Thus in the deposited Ye~films containing even
number of layers, both,the upper and lower surface of the
film are made up of hydrophobic methyl groﬁps and in those
having odd number of layers, the upper surface consists of
methyl group while the lower one is composed of hydrophilic

carboxyl groups.

4.4 EXPERIMENTAL DBETALLS

ae. List of Precautions

i)} In the present investigations extremely pure samples (Price's

Bromborcugh's) of palmitic, margaric and stearic acids were
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used, Oleic acid, benzene and wax used were of T merk's
grade., Barium chloride and potassium bi-carbonate were of

analar grade,

ii) The water used for solution preparation was deionized and
then doubly distilled. Deionized water was produced by passing
ordinary water through the columns of a 'deionigzer'. A block
diagram of this deionizer is shown in PFig.4.5. It must be
remarked here that deioniged water, if used directly, may
contain some organic impurities, TFor greater details referee
nce is made to the recent work of Nathoo (51).

iii) The whole experimental set-up was covered up with trans-
parent shield box in order to avoid dust contamination or

the introduction of any foreign material. Departure from
this precaution may cause disruption of the film structure,
All the operationsneeded during experimentation were donme

from out side ( see Fig.4.6),

ivs Great care was ®ken against mechanical vibrations or other
disturbances during deposition, Any mechanical vibration

may result in major cracks-in the deposited film giving rise
to voids and inhomogeneities in the film, For this, the
Langmuir trough was kept on a Trigid foundation and an anto-
matic slow speed motor driven arrangement was used for the
upward and downward journey of dipper:mounted with 'cohdition-

ed'! slice,

v) The small deposition cabin was equipped with an air
conditioner ( with humidity control) in order to bring the

temperature to the required velue ( about 22°¢). The air



conditioner also helped in making the cabin dust free,

vi) The pH of the solution was always maintained to about
7.2 by adding specific quantity of KHCOz. Any departure
from its pH may markedly affect the nature df the deposited
film,

vii) Since the hands of the worker are themselves the most
likely souree of greasy contamination, cleaned surgical

gl es were used during the entire process of deposition.

b. Automatic slow speed motor driven arrangement

This is a modification over the previous arrangement

" in which the dippr was manually operated up and down for

the successive depositions, There was a chance of possible

mechanical cracking of the deposited films, It is an

experience of the author that a considerable percentage of
between

films shorted when sandwiched A metal electrodes, After

making the modification.over the previous arrangement the

percentage of such COnducfing films reduced considerably.

The arrangement is shown in photoéraph 4.6. Fig,4.7 i8
a gelf explanatory sketch of the zbove arrangement, HThere
is a slow spé? motor which. can be attached with dipper by a
rubber pullys The motor is fixed on a rigid surface
and its motion is apparently vibration free. Any vibration
if exist is absorbed by rubber pulley and the motion of the
dipper is quite free and smooth, A low voltage power supply

has been used for input to motor as it operates at 6 volts.The

stand carrying the motor arrangement was completely separate
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from the table on which the trough was placed,

T+ has been found that the films deposited by this
arrangement are uniform, An indirect proof of this is the
thin film step gauge device fabricated by the author (56)
using barium stearate films., A brief description of the

optical device is as follows:

Langmuir films (refractive index n, 1.,43) in tens
of steps have been deposited onto an E,D,F. ( extra dense
flint) glass slide ( refractive index n, 1.65). The cond-
ition of destructive'interference in reflected light nn, = n?
is nearly satisfied for the three media Mgk, ( no=1.35),
barium stearate ( n, = 1.43) and E.D.F. glass (n2= 1.65),
Distinct interference_cdlours are observed when seen in white
flourescent light, The step gauge may be used for estimating
the thickness of dielectric films e.g. MgFZ, Zns, A1203 ete
deposited by evaporation technique. This is done by depo-
siting this film in a coating unit on a dummy E.D.F. slide -
( refractive index 1,65) and then matching the colours of
this film with one of the steps on the step gauge, For
other details of the device a reference-ié made to the paper
(56), The main idea to descrife the étep gauge here is that
the colours on the step gauge on any particular step are
quite homogeneous indicating that the film deposited by the
above fechnique is uniform.

Next chapter describes in detail about the structure

and properties of'built-up’films,



CHAPTER V

STRUCTURE AND PROPERTIES OF 'BUILT-UP! FILMS

After discussing how the Langmuir films are prepawed
the necessity arises obviously to know about their structure
and other properties, The present chapter,therefore, cons-

discussion about
titutes a systematic{structural,lielectric and electrical

properties of these films,

5.1 General Properties

The built-up filmiof Barium-stearate deposited by the
technigue of Blodgett and Langmuir, have been studied-in
detail ( 17,18,50,57). The films consist of superposed
sheets of oriented molecules and have been shownAto form
positive uniaxial birefringen£ crystals, wiﬁh the optic
‘axis perpendic&lar to the plane of the film. In the
condensed layefs of long-chain fatty acid soaps, fhe mole-—
'cules stand very nearly perpendicular tothe plane of the
solid surféce (58,59). Electron diffraction investigations
(60) show that the filmsactually form hexagonal trystals
with the symmetry axis i.e. the optic axis, perpendicular
to the plane of the film, X-ray diffraction studies on the
films also proved that the films are ecrystalline in nature
forming very thin crystals having knowhnumber of molecular
layers, |

The built-up films of these fatty acid soaps, say
barium stearate can be of X,Y or Z type depending on the
molecular orientation in adjarent  layers of films as has

already been discussed in sec., 4.2. There it has been
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shown theoretically, that the surfaces of Y gnd Z films should
be composed of methyl groups while those of X films should
be composed of carboxyl groups ( in the case of barium
stearate, divalent barium ion is substituted for hydrogen
atoms of the carboxyl groups). Since the methyl groups are
hydrophobic i.,e, practically no affinity for water,the
surface of Y and 7z films are expected to be hydrophobic i.e.
nonwettable by water having large contact angle. On the
other hand the surface of X-film should be hydrophilic
having very low contact angle with water as it consists of
hydrophilic { wettable by water) carboxyl groups. However,
Langmuir (50) experimentally found that the surfaces of both
X and Y films have almost the same contact angle with water.
No work seems to have been done on Z films whose deposition
is rather uhcommon. Also X<ray diffraction studies of the
built-up X and Y films of barium stearate (61,62) have

shown that the lattice spacing normal to the film is the
same in both types of films and this spacing is equal to
the distance between two successive planes containing barium
atoms i.e. carboxyl groups ( see sec. 5.2 b), It has been
shown in sec, 4,2 that for X-films the distance between

the two successive barium atoms should be half of that

for Y-films. The contact angle and spacing anomalies
regarding ¥-and Y-films of barium stearate as desc-
ribed above have been explained by Iangmuir (63) in terms

of the overturning of molecules in adjacent layers of the

X~-film just after deposition. This overturning of molecules
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in the layers of the X-film which results in a molecular
reorientation or a sort of recrystallisation in the film,
according to Iangmuir arises because of the thermal vibra-
tions. This molecular reorientation can be possible at
ordinary room temperatures because the molecules in the films
are bound together with very weak Vander Waal's forces and
the films have low melting points. The molecules in the
first and second layers of aY~film are strongly anchpred'
with their polar carboxyl groups face to face (fig.4;3b)
forming a stable configuration and hence the reorientation
of the molecules in these films is not at all expected.
This anchoring in the case of X-films is relatively weak
due to the’methyl (inert) and carboxyl groups being face
to face ( fig.4.%d),and this results in unstable configu-
ration, This unstable structural configuration of X~film
tends to attain the stable structure of Y-film by the
general overturning of molecules in the layers of ¥X-films
under the influence of thermal vibrations until the mole-
cules in the first and successive double layers of the
X-film become strongly and stablyahcﬁored with theéir carb-
oxyl groups face to face, Tne X-film thus becomes identi-
cal to Y-film and gives the same contact angle (with

water)and normal spacing as the Y-film,

5.2 Studies on Thickness Determination

Thickness is perhaps the most significant film para-

meter. Mainly two types of methods have been used to
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determine the thickness of a monémoleoular film of a long
éhaiﬁ organic substance. Either the thickness was determ-
ined by the area-density method (already described in

sec, 3.2 ¢) which requires the film to remain on the water
surface or by using optical methods which require the
films to be deposited on the solid surface. The well
known optical methods of measuring film thickness will be
described in detail because the thickness of these films

has been used in the present work,

5.2 2. Optical Methods

(i) Interferometric Method

Blodgett and Langmuir (17,18,57) have determined the
thickness of 'built-up! barium.stéarate films by interference
of monochromatic polarized light reflected by the films,

In this methed the angle of incidence is wvaried until

the reflected intensity becomes minimum, The thickness

of the film is calculated from a knowledge of this angle of
incidence, wavelength of the menochromatic light used and
the ordinary refractive index of the film, Iater, Jenkins
and Norris (64) also determined the thickness by the same
method. In their work, they kept the angle of incidence
constant and varied the wavelength until the reflected
intensity recorded by a spectrophotometer reduced down

to minimum. Holley (61) made use of a Mjchelson Inter-

ferometer in another attempt for thickness determination.
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(ii) Polarimetric Method

Rothen and Hanson (65-67) performed ellipsometric
studies to measure the thickness very precisely . The
sensitivity of this apparatus is quite high and it is
capable of detecting even small changes in thickness,
This polarimetric method is based on the measurement of
the change in ellipticity of light reflected from the
film, Stearic acid or Bariuﬁ stearate films of known
number of layers were used as optical gauge for compari-
son purposes, Mattuck (68,69) recently used an interfe-
rence reflectometer of barium stearate itself to detcrmine
the thickness by Hartman's polarimetric methcd (70) uti-
ligzing white light interference fringes,

These optical methods involve the refractive index
of the film and require the use of standard reference film

known

with{optical characteristics. The refractive index of
the film can not be assumed to be equal to that of the
substance in bulk, an unambiguous determination of the
refractive index of the film is necessary for evaluvating
metrical thickness of the films, Aléo any differential
phase changes upon reflections have to be eleminated to

avoid spurious effects in thickness determination.

(iii) Multiple Beam Interferometric (MBI) Method

Tolansky's (71,72) multiple beam interferometric
technique was first used by (ourtney-Pratt (73,74) for de-

termining the thickness of molecular films. He applied
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fhis method to molecular layers of fatty acids spread by

the dkoplet retraction technique on mica cleavage surface
This method makié use of doubly silvered mica, forming the
interference system coes not directly yield the metrical
thickness as it required the knowledge of the refractive
index of the film, DMoreover, the differential phase c hanges
'upon reflections at mica silver and monolayer silver inter-
faces are involved which are not unambiguocusly known, This
method has been used (75,76) in connection with other types
of studies also, involving deposited monolayers,

| An accurate determination of the metrical thickness
éf tbuilt-up! films of barium stearate and other substances
was first carried out by Srivastava and Verma (77,78) using
multiple beam interferrometric technique (73%,74). Their
method 1is independent of the optical properties of the film
and therefore directly determinesthe metrical thickness.
Also, the differential phase changes have been eliminated
by using the standard reference film of barium stearate

itself,

5.2 b, Lattice Spacing 'ct': X-ray Diffraction Studies

The studies of X-ray diffragtion on 'built-up' films
of various long-chain organic compounds have been carried
out by many Workers_(53,61,77,79f9o) making use of the
conventional sealed off X-ray source, These X-ray diffra-
ction studies have shown that the 'built-up! films are

crystalline in nature and the process of building-up the
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films is merely mechanically growing the crystal layer by
layer. Indeed, the building up technique can sometimes be
used for crystallisation of some otherwise intractable
substances, focr example, unsaturated acids (80). Most of
the workers in their X-ray diffraction studies used relati-
vely thick built-up films having large number of layers
while Bisset and Iball (88) investigated barium stearate
and palmitate films containing only few layers., These
workers, from their detailed intensity work have® establis-
hed an analogy between optical diffraction from ruled
gratings and X&iay diffraction from these layers, _Clark
and Leppla studied a few layers of lead stearate (83,91).
The lattice spacing of built-up lead stearate films was
also measured by Stephens and Turck-lee (92) using elec—
tron microscopic technigue,
Holley and Bernstein (84,85) and Fankuchen (62) mea-

sured the lattice.spacing of built-up barium stearate films

perpendicular to the plane of the film., The lattice spacing

in both X and Y types of films was found to be the same,
Since the molecules in the X-films are uwnidirectionally
oriented, their spacing normal to the film should be half
to that in Y-films in which the molecules in adjacentv
layers are oppositely oriented. The above apparently
surprising résult can be interprefed in terms of Iangmuir
theory of overturning andﬁnkhoring of molecules discussed
earlier (63). As the molecules in adjacent layers in a

Y-film of barium stearate are oppositely oriented ( Fig.4.3b)
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the barium atoms are located close to parallel planes having
2. spacing twice tc the meolecular chain length, Since sca-
ttering of X~rays from carbon anc hydrogen atoms can be
assumed to be very small as compared to that from bérium
atoms ( large atomic number), the lattice spacing normal
to the film measured by X-ray diffraction must correspond
to the distance betWeen adjacent planes containing barium
atoms i.,e, unit cell height 'c!., Therefore, half of the
lattice spacing must be equal to the metrical thickness of
the monomclecular film of barium stearate. )
Recently,Srivastava and Verma (78) studied the X-ray
¢iffraction effect in built-up films of barium palmitate,
margarate,‘steérate and behenate and measured the te!
spacing of these filmé: A microfocus X-ray source descri-
bed by Bhrenberg and Spear (93) was used and the diffra-
cted spectra were recorded on a Bragg-Muller spectrograph.

Films were 'built-up*on silvered microscopic slices and it

was found that the silver coating of the slide,forming the
supporting base for built-up films does not produce any diff-
raction effects to confuse or interfere with the inter-
pretation of the pattern obtained from the film, The
monomolecular spreading of film on water is alsc supported

by the gcod agreement found between the measﬁred value of
thickness by interference and the chain length measured

by X=ray diffraction, They also found that the lattice
spacing perpendicular to the supporting surface is twice )

the thickness of the monomolecular films measured optically.
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5.2 ¢, Electron Optical Studies

For investigating the detailed structure of thin
film systems the obvious choic%&naturally, the well-known
electron ciffraction technique., The technique was first
used by Havinga and de Wael (58:53) and Germer and Storks (60)
for the 'built-up! mono—énd multilayer films of fatty acids:
and their soaps., In their pioneering work, Germer and
Storks have carried out a detailed structural analysis of
’built~up‘films of stearic acid and barium stearate. The
hydrocarbon chains of the barium stearate molecule were
found to form hexagonal arrays with their axes oriented
normal to the substrate and separated by 4.85 R,v The
stearic acid molecules form monoclinic crystals., On a
clean metal surface, the molecules in the first layer are
oriented with their chain axes almost normal to the subs-
trate and the chains are laterally close-packed bdbut irre-
gularly arranged., Barium steafate molecules have a more
precise normal alignment than stearic acid molecules., 1In
layers on top of the first one the molecules of fhe acid
as well as of the soap are‘régularly arranged in the way
these molecules are arranged on Resoglaz foils. In barium
. stearate, the arrangement is random about the.normal to the
surface although often large single crystals are formed.

In the case of stearic acid it was found that crystals are
formed with t he .chain axes nearly in the plane containing
the surface normal and the dipping direction and pointing

upward from " the surface, Stephens and Turck-lee (92)
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also. used electron diffraction technique for studying the
structure of 'built-up! lead stearate films and suggested
a monoclinic cor .Orthorhombic.structure depending on-the
space group.

Optical studies of barium, stearate films have also
.shown that the multilayers constitute uniaxial crystals with
the optic axis perpendicular to the plane of the film, The
.birefringenee is readily demonstrated (18) by placing a
1000 layer film,‘built-up“on glass,between two crossed
.nicol prisms or crossed pclaroids, +the film being placed
azimuthal angle 450. The investigation of the birefringence
of a 1000 layer film of barium stearate has also been done
later (18) using‘an ired-gypsum plate in the us&al way
and the results show that the film behaves gs a positive
uniaxial crystal. Such uniaxial crystals are characteri-
zed by two refractiﬁe indices, The refracti;e indices
measured bj Blodgett and Langmuir.(18) are found to be
n, = 1,491 and n,= 1;535 for 'built-up'barium stearate
films, The equations used describe the refraction-of' .
extraordinary ray, the inteqsity of the ray reflected frcom
the upper surface and frem the film solid boundary, the
phase change at the boundaries, Browster's angle and otger
properties of birefringent films, Lucy (94) also measured
the refractive indices of bariunnStearate'built-up‘»films
and found the values n,=1.419 and n,=1.550.

Faucher et al. (95) have also developed a theory

for determining the optical constants of;built—up§barium

-



-7~

stearate films on micrograss slides coated with chromium,
They have shown a good agreement between their theoretical
formulae and the experimental measurements.

Recently, Tomar and Spivastava (96~99) have also
measured the refractive index of the built-up barium-
stearate films and other substances. Their recent measu-
rements (99) of réflectance and transmittance on such
built-up films have tested the validity of Schopper's
formulae (100) and have indeed confirmed that these films
are optically anisotropic, A theory of refractive index
oftbuilt~up' films has also been developed by Khanna and

Syivastava (101).

5.3 ELECTRICAL PROPERTIES OF FILMS

Since the electrical properties of Iangmuir films are
of importance in the context of the present work a detailed
discussion of these follows:

(a) Dielectric Constant Measurements.

A study of the dielectric comstant of thin built-up
multilayers is of importance becanse of the possibility of
their use in the development of some thin film electronic
and other devices, The dielectric constant of built-up
films was measured by a number of workers in different
thicknesses and frequency ranges. Early studies of the
- dielectric behaviour of built-up stearate multilayers were
carried out by Pbrter and Wyman (102-104), Race and Reynolds
(105-107), and Buckwald,Zahl and co-workers(108,109).
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Porter and Wyman and Race and Reynolds carried out small
area probe neasurements using snall droplet of nercury which
forms the upper electrode of the capacitor. Film of organic
layer was deposited on the aluminiged slide forming the
lower elecirede of the capacitor. Porter and Vyman, who
made megsurements on multilayers containing 7 to 145 barium
stearate monolayers, obtained the values of dielectric
constént ranging from 1.9 tc 3.5 with an average of ~2.5.
Race and Reynolds made their_measurements cn scmewhat thicker
films and cbtained values of 2.44 - 2,56 fcr barium stea-
rate and 2,5 for calcium etearate. The dielectric constant
was found to be independent of frequency between 40 anc

106 Hz.

BuchWaid', 7z&hl and co-workers (108,109) studied the
insulating behaviour of stearaterfilms containing 1 to 41
monolayers by immersing the multilayer-coated metal rols
into conductive salt solutions. They found a decrease in
capacity with an increasing number of layer. Hgwever, they
fouad atleast itwo-fold variaticn in apparent dielectric
constant which were influenced by the choice and concentr-
ation of the electrolyte.

Recently, Handy and Scala (110) investigated the
electrical properties of barium stearate films using the
evaporated metal electrodes rather than mercury drops
to sandwich the organic films deposited on aluminium slides.
They founcd the dielectric constant to be varying from

2,1 to 4.2 with an average value of 2,5, which is evidently the
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same as reported by earlier workers on stearate films., The
capacitance was also measured as a function of frequency
and a slight change in the capacitance with freq&ency'was
cbserved., .
Drexhage and Kuhn (111) who have studied the capaci-
tance as a function of thickness of cadmium stearate films
- have shown the constancy of dielectric constant with thick-
ness., Mamn and Kuhn (112) calculated the dielectric cons-—
tant of monolayers of cadmium salts of fatty acids of
different chain lengths'containing‘18-22 carbon atoms.
The capacitancg.was rmeasured with a IL-0C precision bridge
cf Rode and Schwarz at a frequency of 1000 c.p.s. and the
dielectric constant was found to be increasing with decr-
easing chain length. Recently Holt (113} has. shown that
in general the standérd cdeviation in capacitance per unit
area of each film is = as low as 3] , that is, of the
same orcder as the accuracy tc which the areas of the elec-
trodes can be measured., He has found nc variation of capa-
citance with frequency. Heriuchi et al (114) have also
carried out similar measurements on barium stearate films
and shown capacitance to be frequency independent over a
wide range ( 1KHmz.~ 1MHz). The dielectric constant was
calculated to be 2.5 as has been reported in earlier

studies.

Srivastava and co~workers (115,116) have recently
developed a theoretical formulation for the static die-

lectric constant of such films, e.g., barium stearate
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etc, Since these crystal films are composed of long-chain
molecules as entities, the conventional theory of dielec-
trics can not be applied here as such because of the nece-
ssity to calculate the intramoleculer and intermolecular
interactions, The calculated value of dielectric constant
has been found to be 1.6 for a monolayer and 3.0 in the
case of multilayer films of barium stearate, Khanné and
Srivastava (117) have alsc carried out both the theoretical
calculation as well as the experimental measurements of
the static dielectric constant of built-up films cf seve-
ral other compounds and have found good agreement bétween
the calculated and measured values. They have also studied
(118) experimentally, the thickness dependence of the die-
lectric constant of built-up films. In fhese cases the
¢ielectric constant saturates affer increasing with thick-
ness, In fact, an exactly similar thickness dependence

of dielectric constant has been observed in evaporated

Zzns films (119), which has been interpreted in terms of
decreasing porosity or increasing continuity.of films with

increasing thickness,

(b) Dielectric Loss Measurements.

Dielectric loss is a mécroscopio propertyvof the
substance, Very few systematic sfudies have been made on
loss properties of built-up molecular films, The dielectric
losses in anodic oxide films and evaporated film systems

have been studied extensively and are reviewed in several
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articles (120 = 131). Roce and Reynolds (105) have made
some measurements on dielectric loss ( tan §) for 'built-
up! stearate films. The plot of the dielectric loss
against frequency show larger deviation. However  these.
ceviations appear to be randcm and show no definite depe-
ndence con frequency. The order of magnitude of tan §
measured was low ( less than 0,001 with a standard devi-
ation of 17%) ae compared 4o that obtedined by Haskins cnd
co=workers (108). Assuming equivalent parallel resistance
and canaciidnce of the films, their (108) data indicate

a two-fold variation in dielectric constant and 15 - f£01d
variation in tan & as a function of thickness and the
order of magnitude of tan § in their case was 1000-10,000
times higher than the value cbtained by Race and Reynolds
(105). Tne wide difference in their values was caused by
the electrolyte in which the film was immersed,

Recently, Holt (113) and Handy and Scala (110)
carried out cdetailed studies of dielectric behaviour of
Tangmuir films., Holt (113) obtained some information that
the tangent loss ( tan & ) dreops from 0.02 at 225 Z to
0.006 at 3700 3 for stearate films, Hewever, in his work
no systematic study of the thiokﬁess dependence of tan &
was carried cut, The variaticn in loss angle with frequ-
ency followed normal thin film behaviour., Handy and
gcala (110) showed the variation of dissipation factor
with frequency. They observed a slight maximum near

as
700 st and interpreted itjsuggesting the presence of

his
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weak polar adsoption mechanism with a characteristic relaxa-
tion time of 0.2% m sec,' At higher frequencies (>1OKHZ),
the scatter in measurement of dissipation factor become
comparable with the observed wvalues,

It is interesting to point out the recent studies
on tan & by Nathoo (51) for a 23 layer film of stearic
acid at room temperature over the frequency region ‘IO"'4
to 1OO'HZ. Under these experimental conditions, no peaks
were observed and the dielectric lossgsiﬁbund to decrease
by an order of magnitude with increasing frequendy in the
range studied. However, these authors have made no attempt
to study . the. thickness dependence of the dissipation
factor in Iangmuir films, In the present‘work_a detailed

and systematic shickness' dependéent study of the. dieleetric loss

in :Langmuir. films has also’been carried out {(Chapt. IX).

(c) Resistivity Measurements.

Thin anodized as well as thermally oxidized films of
some inorganic materials and some organic polymer films
are generally good insulators with high resistivities,
zZahl and co-workers (108, 109) have measured the resis-
tivity of organic multilayer films and an increase in
resistance was observed with increasing number of mono-
layers. However, there was several orders of magnitude
variation in resistivity which was influenced by the
choice and concentration of electrolyte. The variations

in resistivity values were generally ascribed to inhomoge-
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neties or voids in the films. DPorter and Wyman (102) also
measured the resistance of stearate 'built-up' films and
found an increase in resistivity with increase in thick-
ness., Recently, Handy and Scala (110) have also measured
the resistivity of Iangnuir films at low voltages (below
50 mV) where the conduction behaviour is ohmic. They
plotted the resistivity against thickness and found that
the points were approximately uniformly distributed over
a certain limited area of the plot. For a given thick-
‘ness, the upper limit of resistivity was corresponding to
those layers which possess the smallest fraction of veids.
They found that there was a wide range of variation of
resistivity values for the same number of layers which
supported the contention that the organic films in gene-

ral possess porous structure.,

(d) Dielectic Break down In Films,

The well-~known phenomenon of dielectric breakdown
in solids involves some fundamental processes not yet
fully uncerstood in detail. A great amount of work,
particularly on evaporated film systems, has been carried

out and has been well reviewed recently (132 - 134).

' Langmuir films of fatty acid salts aée known to
have high breakdown strength ofithe order .of - ?Q6V Cmtiq
The earliest stﬁdies of the breakdown of these films
uﬂder d.cs voltage were carried out by Porter and

Wyman (102), Similar attempts were made by Race and
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Reynolds (105) in the early period and the data was colle-
cted on films of cadmium arachidate., These earlier measur-
ements do not predict anything about the breakdown mechg—
nism and no efforts were made by these workers to inter-
pret their data in terms éf any known theory at that time.
Some more attempts also y;el%ionly,the order of magnitude
of dielectric strength of‘Langmuir films, For instance,
Thiessen et al (135) wegé.able té apply electric fields
upto 5x106 V em™ ! on barium and calcium stearate capacitors
in the thickness range 100 4 — 1000 %. Similarly Holt (113)
reported the dielectric strength ~ 10° v em™' for varying

thickness range of barium stearate.

4 systematic and detailed study of dielcectric break-
down in‘built—up‘barium Stearate films was first carried
out by Srivastava and co~-workers (136 - 143). Results on
the thickness dependence of d.c. breakdown field (136)
have been reported in the thickness range 25 - 2000 3.

The breakdown strength has been found to be a péwer depe-
ndent function of thickness ( 47%) as predicted by Forlani
and Minnaja'é electronic breakdown theory (132, 144),
based on an electron ionization avalanche mechanism, The
dielectric strength of barium stearate films fo; varicus
thicknesses is of the order of 106 V/em, Incidentally,
Thiessen et al, (135) have already shown that electric
fields up to 5XTO:% V/em can be applied to barium énd
calcium stearate capacitors, 100 - 1000 ﬁ ( 4- 40 layers)

in thickness, The a.c. dielectric strength (r\~106 V/cm)
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is found to be somewhat smaller than the corresponding
dc strength of the film and the breakdown field is found
to be linearly increasing with frequency. By using the
ultra thin Langnmuir films of barium stearate (1-10 mono-
layers), the first experimental evidence fotSchottky
emission dominated dielectric breakdown was given by
Srivastava (145). ‘

The temperature d.ependence of the onset dc break-
down field (143) in the films has also been studied in the range
770K t03320%QThe breakdown field has been found to decrease
slightly with increasing temperature. The temperature
dependence of the dc destructive breakdown field was
also studied in the temperature range 77°K to 320°K. De-
tailed interpretation of the data was given in terms of

tunneling and Schottky emission phenomenon (146),

(e) Tunneling Properties.

Considerable interest has been revived in studies of
electrical conduction through thin insulating films since
Mead proposed (12) the hot electron transport through thin
(100 3) insulating films by quantum mechanical tunneling.
Many workers (110,'ﬁ12, 114, 147; 148) have carried out
detailed studies of electrical conduction, including
tunneling, through Langmuir films.

Miles and McMahon- (147) studied tumneling through
Sn~Barium steafate-( Pb or In) structures and found the

device resistance to be strongly time dependent ané not
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reproducible., Handy and Scala (110), in their extensive
work, investigated bariumand calcium stearate Langmuir
films 1 tc 10 monolayérs in thickness, for use as ultrathin
insulating barriers between évaporated metal electrodes,
Their MIM structures exhibited highly ncnlinear and streraly
temperature de?endent characteristics. Their results

show the Langmuir films to be promising for studies of

. electron tunneling phenomenon. However, in their work,
Handy anéd Scala did not give an explanaticn of the obser-
vel temperature dependence,

Horiuchi et al. (114) alsc studied electrical tunne--
ling through calcium stearate monolayers and gave details
of temperature and voltage dependence of current through
the Langmuir menclayers. Mann and Kuhn (112), in their
interésting and thorough work, have given a quantitative
proof of the tunneling theory by using the monolayers of
fatty acid salts of different chain lengths., .MHann et al.
(148) have verified the expcnential decrease of conduct-—
ance with increasing barrier thickness, as predicted by the
tunnelinmg i theory. The results of this research have
been shown by the authors to berelevant to the photegra-
phic sensitization process. By using fatty acid moncla-
yers as ''distance keepers';-the sensitiger was.fixed
at a definite distance from the silver bromice surface,
Since fhe dye molecule was still sensitized it was conc-
luded that the sensitization in this case was due to energy
transfer rather than an electron injection mechanism
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(149, 150)., TFor details and information on related work

reference is made to the original paper (148).

(f) Forming Process and Differential Negative Resistance,

The application of voltage greater than a minimum VF
across a metal-thin film insulator-metal device may cause
a radical and essential change in its electrical proper=-
ties, such as a large permanent increase in the conduc+ti-
vity, This process is designated '!' forming'' process and
VF isAknown as 't forming voltage'!', This process has
been found to occur most readily in many thin film insul-
ators with reactive anions such as oxides and fluorides and
wa s thoﬁght to be a characteristic feature of non~-stoi-
chiometric insulators. The ''formed'' samples showed a
pronounced differential negative resistance (DNR) in its
I~V characteristics (151 -~ 163). Until a few years ago,
DNR behaviour was established only for amorphous or poly-
crystalline insulators. Recently investigations on lang-
muir films by Gundlach and Kadlec (164, 165) have shown
that DNR also occurs when organic monolayers are sandwi-~

ched between metal electrodes and formed,

Gundlach and Kadlec performed experiments both on
diode structures (164) (metal-organic film - metal ) and
triode structures (165) (metal-film-metal-film-metal)

- using Al electrodes and organic film of cadmium arachidate,

(i) DNR on diode Structures

Once the sample is ''formed'' at 77°K with top Al
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electrode positive, typical J-V characteristics are obtai-
ned, As a rule, DNR is not observed in the firstlvoltage
cycle but appears in the second one, Hpowever, it disapp-
ears in the successive two to four further cycles and
finally the characteristic becomes smooth. The most pro-
nounced DNR (peak to valley ratio of the current is maxi-
mum) is observed at about 190°K and it goes on diminishing
beyond this voltage, di%?pearing above about 210°K. Al-
most similar results were obtained with A;f%op electrode
but the device always exhibited short circuit above about

170%K and in this case appreciable DNR occured at about

150°K.

(ii) DIR onrtriode devices

Gundlach and Kadlcc (164) after a successful attempt
to study the DNR on diode structures, extended their
studies on triodes by making use of organic monolayers
and following the arrangement and-circuitry, etc, of
Hickmott (157). However, all three electrodes used were
of aluminium vo avoid unnecessary asymmetry. The grid,
of thickness ~~ 50 K y contained a significant number of
pinholes and the other two electrodes (plate and cathode)
were several thousand angstroms thick. The device was
formed at 77OK; DNR was found to occur in the second

a
voltage cycle and to0 disppear in the next few cycles,

A
At about 17OOK9 the DNR was more pronounced.
In both the experiments on diodes and triodes,

Gundlach and KadlCc have explained the observations
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qualitatively in terms of the filamentary models of Dearn-
ley et al. (166) according to which DNR occurs by filament
. breaking because the fractured filament does not contri-
bute to the current, After the so-called dead time, the
filament may reform, which presumably occurs at about

2.8 V in the present case.

The succeeding chapter describes the suitability and
advantages of 'built-up' films which le to‘their extensive
eléctrical investigations, Method of selection of substrate,
cleaning procedure, de@ails of the experimental set-up
are discussed, Sandwich fabrication and measurement

techniques of internal voltage have also been described,
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CHAPTER VI

STUDIES ON INTERNAL VOLTAGE IN BUILT—UP MOLECULAR FILM
SYSTEMS: EXPERIMENTAL

Thin film capacitor (TFC) is one of the many dimportant
components readily fabricated by vacuum deposition and
other techniques., It is nothing but a sandwich of diele-
ctric material film between Wo electrodes ( of metal films),
Apart from the vacuum deposited = dielectric films,‘built;
up! Iangmuir films(18) of long-chain fatty acid compounds,
also known as organo-metallic compounds, have also been
used extensiﬁely as a dielectric film between metal elect-
rodes. As described in the last c hapter their dielectric
and other electrical properties such as.tunneling through th-
in. . barriers,temperature and thickness dependence of curr-
ent-voltage characteristics, dielectric break down, diffe-
rential negative resistance (DNR) etc. have been investig-
atcd experimentslly by a number of workers., These 'built-
up’molecular films have been proved very useful as thin
insulating barriers of known and closely controllable thic-
kness which are extremely uniform, Subsequent sections
of this chapter will deal in detail about the suitability
of these Langmuir films, fabrication technique of the test
samples, experimental set-up and the method of measure-

ment of internal-voltage.

6.1 Suitability_and Agvantages of Iangmuir Films
As mentioned'earlier studies of the intrinsic fields

in built-up thin films of barium salts of long-chain fatty
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acids | CHy (CH,), ,COCH| of different chain lengths ( n
is the number of carbon atoms in the chain of fatty acid)
such as palmitic ( n = 16), margaric (n = 17) and stearic
( n = 18) acids etc., and its thickness dependence have
been carried out in the present work, The Langmuir films
have been chosen for the present studies because the
thickness of these films are accurately kmown (77,78) and
the closely controllable(say 25 @). The

extreme uniformity of thickness of these films has also
been established by a detailed quantitative studies of
tunneling phenomenon in these systems (112). The films
can be prepared relatively free from holes, gross defects
and conducting imperfections (112), These films have
been shown to have high dielectric strength (e 107 V/cm)
(136, 138) and good thermal stability (113). It has also
been established that these films can be exposed %o
vacuum and metal electrodes can be aeposited on them
without any damage (113). This is essentiél because
electrodes have to deposited by vacuum evaporafion on
these filﬁs. Above all the films have easy reproduci-

bility in preparation (167).

6.2 Selection of Substrate and Cleaning Procedure

Obviously, one of the major factors governing the
degree of uniformity of deposited film in the above
process, is the smoothness of the substrate used, There-
fore, in the present studies, considerable attention has

been paid to the selection of proper substrates with smooth



surfaces and subsequent thorough cleaning to minimize the
appreciable variations in the electrical properties, Micro-
glass slides having no scratches were first selected, The
deposition was made onto these slides after cléaning them
properly,

The selected microglass slides were first rinsed tho-
roughly with deionizedzggstilled water, The planeness and
the smoothness of the selected slides was then checked by
the standard method of matching their surfaces with a
‘master optical flat (71). On proper illumination, the
formation of reasonably straight, equidistaﬁt, parallel
and smooth fringes show that the slide surfaces do not
have much curvature and are almost plane (7T1)).

The selected microglass slides were then treated with
hot chromic acid rinsed with doubly distilled water and
allowed to remain in a caustic soda solution for several
hours. A thorough washing was done using a sfrong jet
of doubly distilled water and dried by a current of wafm

air.

After the above cleaning.procedure, these slidés
were then cleaned ultrasonically to remove any greasy
contentss The ultrasonic cleaner used is shown in the
figure (6.1), Tpichloro-ethylene of the analar grade was
used a8 the degreaser in the present work. These thoro-
oughly cleaned glass slides are now ready for capacitor
fabrication as will be discussed later (Sec. 6.3). These

cleaned slides were preserved in a thoroughly cleaned
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FIG,6,1 PHOTOGRAPH OF ULTRASONIC CLEANER
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glass container ( vacuum dessicator)till they were loded

in the vacuum chamber,

6.5 Faprication of Test Sample

(a) Preparation of Mask.,

The devs':red shaping of thin Afilm system. involves
fabrication of masks of different shapes and using them in
a variety of sequences. For the sake of simplicity physical
masking technique is used in which the mask is mounted in
between evaporant source and the substrate in contact with
the latter. Long strips of 1mm width were mde with a sharp
knife on the very thin sheet of aluminium. These strips
were about 2 mm apart from each other., When glass slide
is placed on this mask and the metal is evaporated long
narrow strips are formed on the éubstrate, The shape of
this mask and the strip electrode system are shown in
Fig.6.,2 {a). This mask has been used for the first elect-
‘rode ( bottom electrode) deposition. The top electrode .
is a eommon strip deﬁosited perpendicular to the bottom
electrodes., Thus a comb like electrode structure is

formed ( Fig.6.2 b).

(b) Sample Preparation

The cleaned and carefully selected microglass slides
as discussed in the preceding section (sec. 6.2) are

used for the fabrication of the film sandwiches of the
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type Metal-Insulator-Metal ( M-I-M). For obtaining the
required structure, long narrow strips of aluminium ( in
general) were first deposited on the_selected glass slides,
The metal aluminium was deposited on the slide by thermal
evaporation in vacuum (r~w10_6 mm of Hg) with the help of

a high vacuum coating unit ( Fig.6+%). Before depositing
aluminium the slide was finally cleaned by ionic bombard-
ment in vacuum, A self explanatory pipe linq,diagram“of the

evaporation unit is shown in Fig., 644.

High purity aluminium (99.99%) supplied by M/S Johnson
and Mathey was used for evaporation and making electrodes
of the sandwich structure. Tne thickness of the aluminium
electrode was roughly kept constant every time by keeping
(i) the distance between the filament and the work holder
fixed (ii) placing the same amount of aluminium on the
filament (iii) passing the same amount of current through
filament and (iv) evaporating the metal for the same time.

0
The thickness of the electrode used was ~~ 400 A .

The ‘built~up’ films of barium saits of long chain fatty
a?ids of different chain lengths are then deposited on
these partly aluminized glass slides, having desired
number of layers, using the Blodgett—Lanémuir technique
as described earlier ( chapter IV sec.4.1). Y-type films
have been used for the presentsxudy because their charac-—
teristics are well understood. The upper ( top) common

electrode of the desired metal is then evaporated on the



FIG.6+3 PHOTOGRAPH OF VACUUM COATING UNIT
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Langmuir film by thermal evaporation in vacuum. The only
precautions needed for the evaporation of second electrode
are that (i) the appropriate filament or boat should be'
chosen ( Table W) for a particular metal and (ii) Ionic
bombardment cleaning should not be performed otherwise it

may result in local heating of film, thereby the |

melting of the organic film having molecules bound together
by weak Vgnder Wzyll forces, The lateral and transverse views
of the sandwich structure, thus fabricated, are shown in
fig.642 b and6i2 c. The area of each sandwich is nearly

1 mmz.

6.4 Measurement of Internal Voltage

As discussed earlier a high intrinsic field exists
in a thin insulating film sandwiched between electrodes
having different work fﬁnctions. Simmons (10) demons-
tratedthe existance of this intrinsic field inside the
A1203 films sandwiched between dissimilar electrodes,

For thin films < 100 K, this field is of the order of
megvolts/cm. Because of its magnitude . Simmoriz”
thought fhat.the field should be manifested under voliage
breakdown conditions; that is, the junction should
exhibit polar dielectric strength characteristics,

Simmons measured the breakdown voltage of M1~I»M2
( M1 and M2 are different ) structure with the electrode

of lower work function negatively biasced and called i%
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as V1. Then he reversed the polarity and measured the
breakdown voltage again., He found it less than the
previous one and called it as V2. He calculated the value

V47V which is nothing but the intrinsic field
2s

(chap. II).

of

In the present investigation our main emphasis will

be tc measure the value _.V1—V2 . We will be calling this

voltage as internal voltage. The measurement techniques
which have been followed in the present investigations are

as follows:

(a) Breakdown-Voltage Technigue

It is essentially the same as adopted by Simmons in
his work. The details of the technique are as follows:
The tunneling currents were measured with the top electr-
ode éésed positive as well as negative, Since these
built—-up films are very good insulators, very small values
of tunneling currents were observed { range 10~ ~ 1077
amperes )., These small values of tunneling currents
were measured using a sensitiﬁe electromefer,amplifier;

The author used a highly sensitive electrometer amplifiér

for the present investigations._ This electrometer ampli-
6 =12

fier has current ranges from 10 - - 10 amps and the
voltage range O-1 volt full scale deflection using a

moving coil meter as indicator with 100 mm scale length.

The input impedence of this amplifier is 102 ohms.

Pressure leads were used for the electrical contactswith the

two electrodes, Fig.6.5 and 6.6 show the photograph and block
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diagram of measurement set up. The . complete. circuit. including

the low=svoltage power supply, was electrically shielded to

avoid any stray éignal effect, This was done by using

shielded cables and amphinol connectors. The possibility

0of any light signallfallihg on the test sample was avoided

for the reasons which will be discussed in the chapter VIITI.
A non gero current was observed evenat zero applied

bias indicating the existance of internal fields, If a

gradually increasing voltage is applied across the elect-

rodes of one of the junctions, with the electrode of lower

work function negatively biased, then the initial increase

in voltage decreases the intrinsic field Fy to zero. At

this stage a zero current is observed. For Al-Ba stearatetd layer)-

Sn structure (Pig.7.4) this'voltage\was observed to be

O,48V with tin biased positive (170) , Further inérease

df poténtial gradually increases the field in the insulator

until a critical field Fd in the opposite direction is |

attained and the current becomes unstable and increases

as a function of time, This situation will be referred
to as the onset of the breakdown, TFor the Al-BaSt-Sn
Structure this breakdown voltage has been found to be -
Vi~ 1.8 V in the present investigations. The voltage V

, 1
under these conditions is given by -

V1 = ( Fd + Fi ) s 0465134

where s is the thickness of the dielectric film,

A voltage bias of opposite polarity is now applied
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to the second junction, Increasing the potential between
the electrodes gradually increases the field in the insu-
lator from the intrinsic field value Fi until the current
again becomes unstable and increases and a function of

time ioe, until the breakdown field Fd is attained, 1In
this case there is no field reversal i.e, no gero current is
observed. Tne breakdown voltage V2 under these conditiont
is |

/

Vy = (Fqg = Fy)s (6.2

For the Al-Ba stearate-Sn structure, the value of Vs ha s
been found to be V, = 0.9V. The difference AV = (V1—V2)
divided by a factor of two gives the value of internal
voltage, Therefore the value of internal voltage for

Al-Ba stearate (4 layer)- Sn structure will be 0,45 volts, '

(b) Zero Current-Method

In the present investigations it was found that in
the case when electrode of lower work funcfion is negati-
vely biased, the initial increase in voltage decreases
the intrinsic field Fi to gero. At this voltage the cu-
rrent observed in electrometer amplifier is nearly zero.
Even small increase in voltage at this stage results in
chénge in sign of current. Since this voltage works
against the intrinsic field Fiu to bring it to gero, the

field because of this applied voltage is equal in magnitude
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to ¢ that of F;... Or in other words this voltage which
neutralizes the intrinsic field is nothing but equal to the
internal voltage. As canbe seen in the Seé. 6.4a and from
fig. 7.4 the current changes sign at Vs .48 volts for the
case of Al=-Ba stearate ( 4 layer) -~ Sn structure, Also

the internal voltage measured from difference in break-
down voltage in two polarities is 0.45 volts., The two
values are very close to each other, so this method also
gives quite accurate values of internal voltages and it is

a good check over the previous method.

(c) Bqual Magnitude of Current Method.

If we consider the linear portions on the two curves

(Pige 7.4 chap,VII)plotted as log I‘Vs V and look at the two
values V% and-V}Ifor'the same magnitude of current it is
very close fo .- twice the internal voltage, This is
expected since internal voltage tends to enhance the curr-

ent in one direction and restricts it in the other direct-

ion. This is a further check over the previous two methods,
These observations confirm that there exists an internal
voltage and its value in the present structure lies close

to 0.5 V, with the tin electrode showing positive polarity.

(d) Direct Voltage Measurement

To further verify the correctness of this internal voltage
impedance15

ther voltage was measured_directly with theihighf (~10- 00> 7
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meter amplifier used as voltage measuring deviceand it
was found to be 0,49V for Al-Ba stearate ( 4 layer)-Sn

-strueture, with tin showing positive polarity. The pro-
cedure is much faster and allows quite accurate determira-
tion of the internal voltage.

If one utilizes the breakdown voltage method (Simmons
'Z‘\‘O?j‘ it would give somewhat uncertain results because
of the‘difficulty of accurately locating the breakdown
point., Although all the above measurement methods (a),(b) and
(¢) were used for a relative study the direct voltage
measurement method (d) was mainly employed because the
latter method is quicker and more accurate,

The next chapter describes systematically the detailed
results obtained on the measured internal voltage as a
function of thickness. It also contains the detailed

discussion of the results.



CHAPTER VII

RESULTS AND DISCUSSION OF INTERNAL VOLTAGE MEASUREMENTS

ON LANGMUIR FILM SYSTEMS WITH DISSIMIIAR ELECTRODES

This chapter describes t he results and discussion
of the detailed and systematic measﬁrements on internal
voltage taken on 'built-up' films of barium palmitate
| C45 Hzqy COO|, Ba, barium margarate | Cyq Hzs co0{, Ba,
barium stearate | Cy, Hyg COO[, Ba and Stearic acid
| €47 Hzg COOH| with aluminium as the bottom electrode
and tin, silver, bismuth, tellurium and lead as the top
electrodes. 1In one particular case tin was deposited
as the base electrode and aium;nium as the top electrode.
The measurements have been taken on different thicknesses
of the organic dielectric., The internal voltage has been
extrapoelated to zero thickness, for the case of even
number of layers to give the gctual value of difference
in work functions of the t wo metals. Taking, aluminium
as reference metal and using the value of its work func-
tion, the work functions of other metals have been deter-
-mined in their thin film form . Thus it was possible
to study the thickness dependence of work function-of
these metals, The interesting difference in behaviour
for the cése of e#en and odd number of layers has also
been investigated, The current wersus voltage ( I-V
characteristics) has also been plotted on a linear
scale and it was found that the sandwich structure

behaves like a diode junction. These diode characteris-
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tics have also been plotted for different structures.

To interpret our results more systematically it is found
necessary to study the discharging and charging beha-
viour of M;-0-M, structure with time ( where M, and M,
refers to different metal electrodes and O refers to orgenic
monolayeri), The discharging of these gtructures in closed
circuit and its voltage recovery in open circuit have also
been studied. All the measurements were taken at the

room temperature,

741 Results

(2) Measurement of Internal Voltage in Asymmetric Junctions

(i) Breakdown Voltage Method: Current-Voltage characteri-

stics. -

The typical current-voltage characteristics of the
substances namely, barium palmitate,'barium margarate,barium st-
earate and stearic acid have been studied, The different
structures used for investigations are aluminium-Organic
layer - M, where M refers to the different metal elect-
rodes namely, Tin, Silver, Bismuth, Tellurium and Lead
whibh have been used for the purpose of counter elect-
rode, In one particulér case tin was used as t he base
electrode and aluminium as the top electrode. The
tunneling currents were measured with the aluminium ele-
ctrodes biased positive as well as negative_and are

shown in well labelled and self explanatory figures
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(7.1 = 7.14) for both the polarities. As is evident
from the curves the tunneling currents were in the range
of 10-11 - 10_7 amperes, When aluminium is positively
biased, the current in each curve increases with increa-
sing voltage. At a certain value of voltage ( which is
different for different structures) the current becomes
unstable and starts increasing as a fuﬁction of time,
For the case when the aluminium is negatively biased the
current changes sign at a certain value of voltage. (This
voltage'is different for different structures)., At
higher voltages the current again becomes unstgble and
increases as a function of time., The point at which

the current becomes unstable and increases asg a function
of time has been taken to be the breakdown point which
characterizes the breakdown voltage. The point of inst-
ability of current, in each curve, differs for the two
polarities and this indicates an internal voltage. The
value of internal voltage is half of the différence of

those voltages at which the currents become unstable,

(ii) Zero Current Method.

By an inspection of each curve ( Fig.7.1 -~ T7.14)
it is evident that the value of this internal voltage
agreeé quite well with the voltage at which the current

changes its sign. Therefore the voltage at which the
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current ohgnges its sign is equal to the internal volfage.

(iii) Equal Magnitude Current Method

By inspecting a¥two voltages Vland'V'II in each
curve (Fig, 7.1 = 7.14) for the same magnitude of current
it is observed that the difference vIiigl is very close
to twice the internal voltage. This is expected since
the internal voltage tends to enhance the current in one
direction and restricts it in the other direction. From
the above observations (i), (ii) and (iii) we are convi-

nced that an internal voltage exists in each structure.

(iv) Direct Voltage Megsurement

The internal voltage for the above samples was also
measured directly with a high impedence (v 10154TLJ
electrometer amplifier used as a voltage measuring device
and its value was found tg be in good a greement with
those measured by other procedures (i), (ii) and (;iix
A comparision of the values of internal voltage for
diffefenf structures obtained by}gﬁove procedures is
shown iﬁ Table 3. This procedure is much faster and
more accurate ag described in the chapter VI, Sec.6 4,

Therefore, for the study of internal voltage this direct

measurement method has been utilized,

7.1 b. Thickness dependence of Internal Voltage.

The values of Internal voltage have been measured
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directly for different thicknesses of the various structures
Al - 0 - M, where O refers to the organic film and M repre-
sents different metai electrodes used. The thickness of
the organic film varies from 1 to 8 monoiayers ( ~25 K

to ~ 200 2 ). TFigures 7.15 to 7.23 show the plots of
internal voltage versus thickness for the various struc-
tures, TFigures 7.15 and 7.16 drawn for the various stru-
ctures Al - Ba stearate -~ Ag and Al - Ba stearate-Sn

show two curves each, the curve‘a’ for odd number of mono-
layers and the curve'd for even number of layers. These
curves demonstrate the difference in'the behaviour of

odd and even number of layers. The other figures 7.17 -
7«23 have been drawn for even number of organic layers.

The scatter of the experimental data about the mean values
of a number of observations haS been shown in all the
graphs by vertical bars., To determine the scatter, a
number of observations have been taken for the same
thickness of different test samples of the same substa-
nce, The dots in the experimerital plots correspond to

the mean values of a number o©f observations under similar

conditions, The curves shown are the best fit curves about

these points.
As is clear from these figures, the internal volt-

age decreases linearly with increasing thickness of the
organic film, Xach curve has been extrapolated to zero
thickness for the purpose which will be discussed in a

later section ( Sec. 7.2). The intrinsic fields in the

Langmuir films have been calculated for each thickness
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by dividing the mean value of internal voltage by thick.

ness. Attempts were made to study the camcitors with

Au, Cu and Be as one of the electrodes, However, these
electrodes shorted presumably because the gold,copper
and berryleum slowly diffuse into the insdlating film,
The results have been summarized in Table 4, The dis-

cussion of the results will be given in section 7.2.

7.1 c. Diode Characteristics of Metal-Insulator-Metal
Strueture,

Figures 7.24 - 7437 show the current voltage

characteristics for various Al - 0 - M structures on a

linear scgle., It is evident from all these figures that
the different sandwich structures, composed of dissimilar
metal electrodes on the two sides of Iangmuir film behave
like a diode, The working inverse voltage (WIV) is diff-
erent for different combinations of electrode mate-
rials. For a particular thickness of the dielectric, the
working inverse voltage is magimum for A1 — 0 -~ Sn stru-
cture, Also it is evident that for a particular structure
the working inverse volgage is maximum for a monolayer.
The maximum dc¢ forward current is of the order of nano-
amperes. Table % summarizes the results found on diff-
erent diode structures. The discussion of these diode

characteristics will be given in see. 7.2.

7.1 d. Measurement of Work Function of Different Metals
and Study of Their Thickness Dependence.
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The difference in the work funcfion of aluminium
with other metals has been measured by extrapolating the
internal voltage curve to gzero thickness, The extrapo~

should
lated value at zero thickness{give - the real difference
in work functions of two metals. Taking Al as reference
metal and considering its value of work function to be
4.08 eV the work functions of other metals under study
vigz Sn, ALg, Te, Bi, Pb have been ealculated, The results
afe summarized in Table 6.

Dependéence of the work function of netal filii on the thi-
ciness ow the yetal has also been studied, The thickness
of the metal film was measured by an eIectronieFilm Thick-
ness Monitor. Bxperiments were made on tin films ththe
thickness range %90 X - 1025 3. The w ork function has
been found to be independént of the tin film thicknéss

in the thickness range studied.

-

(e) Time Dependence of Internal Voltage:

Decay and Recovery Characteristics,

Observations have also been made on the time depe-~
ndence of the internal voltage in MIM structure which
can also be called a dielectric cell. It has been obser-
ved that the internal voltage decreases slowly wﬁen dis=—-
chafged in a closed circuit through a very high resistance
(«J1o1§n@). Figure 7.38 shows the discharing of Al-Barium

stearate ( one-layer ) — Sn dielectric cell in a closed
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circuit, If the dielectric cell is partially dis - .
charged by connecting. its "teruinals to a low
resistanceé - and then left in open circuit it shows a
subseguent voltage recovery. FPFigure 7.39 shows the charging
of A1l - Ba ~ Stearate ( one layer) - Sn dielectric cell

in open circuit,

7.2 DISCUSSION: Interpretation of Results.

All the results obtained above in various subsecti—
ons a,b,e,d and e of section 7,1 will be discussed systema-

tically and in detail helow,

Figures 7.1 - T.14 drawn for tunneling currént
versus voltage show the existence of internal fields inside
the Langmuir-films when sandwiched between dissimilar
electrodes, The detailed discussion of all these curves

7.1 - 7.14 has already been given in seg. J.la,

Figures 7.15 - 7.23 drawn for internal voltage
versus thickness of the dielectric film show that the
internal voltage decreases linearly with increasing number
of monolayers, In all the structures taken under inves-
tigation the dower aluminium electrode always has a tend-
ency to form a very thin oxide layer on it. Therefore
the actual structure is Al - ﬂléo3 - 0 - M. The alumi~
nium oxide layer could have given some contribution to
the internal voltage but since the same values of int-

ernal voltage ( with reverse signs) have been found in the
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two dkfferent configurations A1 - 0 - Sn and Sn - 0 -~ 41
as shown in figures 7.16 and 7,23, it can be concluded
that the oxide layer does not give any contributien to the
internal voltage., A further discussion on these naturally
grown A1203 films will be given in-the next chapter, How-
ever, gold was also tried as the electrode material in
order to minimize this oxide formation but the samples
were found shorted,This is in agreement with Handy énd

Scala's ‘work (110).

From figures 7.15 and 7,16, which have heen drawn for
the structures Al - Ba stearate »~ Ag and Al ~ Ba stearate-
Sn and which have two curves each one for the odd number
of monolayers and the other for the ?gen number of mono-—
layers, it is evident that the odd,(?xlren number of layers
behave in different fashion. The curves for odd and even

number of layers for the figures 7.15 and 7.16 can be

empirically representedlby the following equations:
For fig. 7.15 (a)
Vo = 00025 no ; = 0.60 .o (701)
and for Fig. 7.15 (b)
Ve = 0,02 1, - 0.54 oo (7.2)

For fig. 7.16 (a)

V! = 0.0261) - 0.67 e (7.3)
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and for Fig. 7.16 (b)
- ! : __.
Vé = 0.0zone 0.60 L X3 (704)

where Vs and Vé refers to internal voltage for odd number

of monolayers,

V. and Vé refer to the intermal voltage for even

number of monolayers,

ng and né represent:. the odd number of barium
stearate monolayers.,
. 1, and n! represent the even number of barium

stearate monolayers.

From figures 7.15 and 7.16 as well as from equations
Tely, 7.2 and 7.3,7.4, the larger voltage @bserved for
the case of odd monolayers is very significant. TFigures
7.40(a and b) show the structure of Y type film containing
odd and even number of monolayers. From the figure
7.40(a)it is clear that odd number of layer films have
one wnpaired molecular layer of the dipolar molecules.
From figure 7,40(b)it is evident that for a film having
even number of léyers there are no unpaired dipolar
layers and therefore in such a film the molecules of the
insulating barrier do not contribute to the polarization
effects and therefore to the internal voltage. The
curves 7.15 and 7.16, therefore, directly indicate that
the internal voltage is related to unpaired layers in

the case of odd number of layers. Therefore this addi-
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tional voltage is expected to come from the polarization
existing in the unpaired layer in the dielectric, How-
ever, the voltage in the case of even number of layers
results wholly from the difference in the work functions
of the two metals due to the absence of the molecular
polarization e ffects ( difference in the work functions
of aluminium and silver for figure 7.15 b and of alu-
minium and, tin  for figure 7.16 .b), As deduced in
earlier chapter II sec. 2.1, the internal voltage can
be expressed in terms of work functions of the electrode
as |

. ~Nm —'Yﬁﬁ

= - = . vs (7.5)

€

i.e. the internal voltage should be independent of the\
thickness of dielectric,

This analydis holds good if there are no trapped
charges at one or the other of the metal insulator inter-
faces., If the number of suech charges at this interface
is m per unit area, then the field due to it is ‘SEE
where k and GO are dielectric constant of Barium szea-
rate and permittivity of free space, and the potential
difference between the electrodes due to this field

is —gE%HIL s Where n refers to the number of monolayers

0
and T refers to thickness of a single barium stearate
monolayer., Since the trapped charges are also some-

what mobile in the presence of the internal field, they
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move in a direction so as to neutralize the intermal field.,
This results in 5 decrease of the internal voltage inside

the dielectric, Hence the observed wllage becomes

2 e eok

Y, . Tm
av . 2 M _ e omx o (7.6)

- This equation agrees with the observed behaviour as given
- in equation (7.2) and (7.4). Equation 7.6 does not agree
with the observed behaviour as given in equation (7.1)
and (7.3) for odd number of monolayers because an addit-
ional voltage term because of the polarization existing
in unpaired layers has not been included,

The extrapolated values of voltages for gero
dielectric thickness in figures 7,15b and 7.16b should
give the difference of work functions of aluminium and
silver and of aluminium and tin respectively, The obser-
ved polarities of aluminium-barium stearate - silvér and
aluminium-barium stearate - tin have been found to have
aluminiumvas negative and silver and tin as positive
electrodes, Therefore, the work function of silver is.
0,53 volts higher than that of aluminium, Similarly the
work function of tin is 0,60 volts higher than that of
aluminium, By studying the polarity dependent break-
down voltage in a MIM structure with aluminium - alumi-
nium oxide =~ tin, Simmons found the work function diff-
erence between aluminium and tin to be 0,34 volts ( Simmons

did rnot use silver), The present result is somewhat
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different from that of Simmons', but as has already beén
seen, the observed intermnal voltage in our case is a func-
tion of the thickness of the insulator film. As can be
seen - m figuresT7,15 and 7.16 as well as from equation |
( 7,6), any increase in the value of the insulator thick-
ness always gives a smallerfvalue of the internal voltage
The observed value of internal voltage in figures 7.15b
and 7,16b is maximum‘for a two layer film., But this two
layer film also contains some trapped charges and gives a
smaller value of internal voltage than what is expected

from the true differencelof work functions of metals.,

Therefore the observed thickness dependence. internal volt-
age in our case,when extrapolated to zero thickness neut-
ralizes the effect of any trapped charges and gives true
differenne of work functions of the two metals. Simmons'
work was done at a fixed thickness and, therefore, the
observed internal volfage may not be the true work func-
tion difference of aluminium and tih. The present method
can be more useful for determination of the work function
of mevals as it does not involve any breakdown opnditions
and gives the required results directly. Also the method
can be used for studies of any variation of the barrier
heights with temperatufe at the metal-insulator inter-
facez, The interpretation of the remaining curves in the
figures 7415 = 7,23 with structures A1 - Ba  Palmitate -
Sn, AL -~ Ba lMargarate - Sn, Al - stearic acid - Sn, Al-
B stearate -~ Pb, Al -~ Ba stearate - Bi, Al -~ Ba-~
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stearate - Te and Sn- Ba stearate - Al is essentially
the same as déscribed above for Al-Ba Btearate-Ag and
Al-Ba Btearate-Sn, The results of internal voltage and
intrinsié fields for all these structures have been summ-

ariged in Table 4.

Discussion of diode characteristics

Figures T«24 -~ 7437 show the plots of current versus
- voltage on some Al ~ 0 -~ M structures on a 1inear'sca1e.

It can be seen from several curves that each sandwich
behaves like a diode structure. The fact that large int-
rinsic field exists inside a thin insulator film when
sandwiched between dissimilar electrodes has been utilized
here to make the metal-insulator-metal’ structure work as

~a diode, The working inverse voltage range for a parti-
cular Al ~ Ba stearate ( 1 layer) - Sn diode structure

is about ~0,6 volts ( see fig, 7.24). The maximum dc
forward current is of the order of few nanocamperes, The
characteristics of the present diode sfructures can be
understoqd by the following arguments (180) consider the case
of Al = Ba stearate ( 1 layer) - Sn structure ( fig.7.24).
The dielectric is sandwiched between dissimilar electro-
des, so there exists an intrinsic field because ¢ f the worl
function differences of two metals, The

work function of tin is higher than that of the alumini-

um (170), giving an intrinsic field in theAinsulating

film directed from aluminium to tin. S0 when tin ( i.e,

the electrode of higher work function ) is negatively
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biased the current increases and then becomes unstable,

If the tin electrode is positively biased, the applied
voltage neutraliges the internal voltage and the current
decreases’ and becomes zero for g voltage which is nearly
equal to the internal voltage. If the tin electrode~is
made more positive, the current starts flowing in ihe
backward direction, Thus it is seen that the operation
voltage (wo&king inverse voltage) for this particular dio-
de is =0,6 volt which is nearly equal to the intermal vol-
tage of the sfrucfure, since at a reverse applied bias
voltage greater than this voltage, current will start

flowing in reverse direction,

The maximum dc forward current of this diode is very
small ( of the order of few nanoamperes ) but it is sugg-
ested that the value of this current may be increased by
utilizing a suitably doped dielectric, It is also evident
from various curves that for a particular combination of
electrodes ( say Al and Sn ) the working inverse voltage
as well as the maximum de forward currents are maximum
for thinnest dielectric layer. Therefore the working
inverse voltage as well as the maximum dc¢ forward current
of such diodes may‘be increased by choosing (i} suitable
metals for upper and lower electrodes which have larger

work funetion differences (ii) thinner dielectric films,

Work function determination

As has already been discussed the extrapolated value
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of internal voltage at zero thickness is the true diffe-
rence ofwork functions of two metals., The difference of
work functions of the metals Ag, Sn, Bi, Pb and Te has been
measured with respect to Al, Taking Al as the reference
metal and considering its work function as 4,08 eV (171)
the work funetion.of all other metals under study were
calculated, Tnerefore the study provides a method of .
‘determination of work function of metals,

The study of wrk function was also made for different
thicknessés‘ of the metal film(181), The work function has
been found %o be independent of the metal film thickness
in the thickness range ( 390 - 1025 X). It is expected
since the work function of metal'is é property of its
band structure and the band structure in thin film form has
the same gross structure as}in,thé case of the bulk material.
Theoreticelly this thickness denendence of the work fumction

ie expeeted only for a few atomic layers,

Time dependence of internal Voltage

To understand the behaviour of dielectric cell more
precisely , a time dependent study of internal voltage in
charging and discharing conditions has been made, TFigures
7.38 and 7.%39 show the time dependence of internal voltage
taken under different conditions. TFig. 7«38 has been
plotted for a Al - Ba stearate ( 1 layer) - Sn structure
when the circuit is closed through a very high resistance

(f\f101?fL). The sandwich shows a slow discharging
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behaviour, The initial rate of discharging is 1.5x10—5

V/sec, giving & life time value of 4,2x10% sec.

Figure 7.39 has been plotted when the dielectric cell
is partially discharged through low resistance and then left
for subsequent recovery in open circuit, The voltage rise
is nearly exponential in nature with a time constant of
about 5 minutes, This recovery pfocess results since after
discharging, the double~charge layer: has to rebuild itself
by diffusion of charges through the dielectric~film, Since
.the transfer of charges from one face of the dielectric to
the  ¢ther depends upon the resistivity of the dielectric,
the time required for the space charge layer to rebuild
itself is given by the resistance of the MIM structure

multiplied by the capacitance of the same,

Next chapter describes in detail the interesting
behaviour of internal voltage in the Langmuir films of

barium stearate in the MIM structure with similar electrodes,
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TABLE II

TECHNICAL DETLILS OF PREPARATION OF VARIOUS METAL FILMS.

Metal i mpo;”“ ‘fbvaporation Source
| Filament Boat
kg 961 - Mo
Al 660 W -
Au 1063 - W
Be 1284 - Mo
Bi - 271 - e
Cu 1083 W ‘ -
Pb 528 - Mo
Sn 232 - Mo

Te 452 W -

* Reference 167, p.69
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TABIE ¥ -

COMPARISLON OF INTERNAL VOLTAGE WITH WORKING INVERSE
VOLTAGE (WIV)

Figure) Structure Number Interna} Worklﬁémlnveru
refer— of diel- | voltage se voltage'
ence | | ectric in volts [(WIV) in volt
’ layers,
7,24 Al—BafStearate—Sn 1 0.65 - 0,60
T.25 Al-Ba—Stearate-Sn 3 0.62 1 0.60
| 7.26 Al-Ba-Stearate-Sn 2 0.57 ' 0.55
7.27 Al-Ba-Stearate=Sn 4 0.50 0.50
7.28 Al-Ba-Stearate-Sn 6 0.48 0.45
7.29 Al-Ba-Stearate-Sn 8 0.45 0,40
T7.30 Al-Ba-=-Palmitate-Sn 4 0.48 0.45
7.31 Al-Ba-lMargarate-Sn 4 0.47 0.45
7.32 Al=Stearic Lcid=-Sm 4 0.48 0.45
7433 AleBa-sfearate-Pb' 2 0.20 0.23
7.34 Al-Ba-Stearate-Bi 2 0.16 ' 0.15
7T.35 4l-Ba-Stearate-Te 4 0.14 0.17
T.36 Al;Ba—Stearate~Ag 2 0.50 0.50
737 Sn-Ba Stearate-Al 2 0.55 0,55

** Lpproximate value derived from varisis curves 7.24 ~7.37
* Mean value of intermal voltage derived.from various
curves 7.15 = 7.23
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CHAPTER VIII

RESULTS AND DISCUSSION OF INTERNAL VOLTAGE TN LANGMUIR
FILMS WITH SIMILAR ELECTRODES.

Simmons (10) in his ptoneering work obtained no

internal voltage in capacitor structure with similar ele-

ctrodes., The justification for this absence of internal
voltage as given by Simmons is that there is no work fun-
ction difference of the two metal electrodés to develop
any internal field, A new effect has been found in the
present work when an odd number of Iangmuir monolayers
are sandwiched between similar electrodes (172). A volt-
age is found to develop in the capacitor system even in
this situation of symmetric electrodes. Since this volt-
age also develops within the system, we have calléd this
voltage also an internal voltage. But it must be empha-
sized that this voltage has nothing to do with the Simmons'
effect arising because of the difference in the electrode
work function. The basic reason for the development of
this voltage is the fact that the film containing odd
number of layers has one unpaired molecular dipolar
layer as expléined earlier in chapter VII Sec. 7.2. This
unpaired layer results in the net polarization effects
leading to the observed voltage, As expected, the system
with a Iangmuir film containing even number of layers
between similar electrodes does not show any intermal
voltage because there is no unpaired layer in such a £ilm
and therefore no net polarization effects, Systematic

studies have been done on the Iangmuir films of barium
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stearate. The detailed tﬁeory of the development of this voltage
ha.8algo .. Jbeen given in this chapter ( sec.8.2), A
detailed quantitative correlation of the experimentally
measured voltage with the theoretical results has also
been given, This analysis has led to an interesting new met-
hod i of @etermining the dipole moment of the molecules

which can be suitably oriented in the form of Langmuir

films and the dipole moment of barium stearate molecule

thus determined, This newly developed method of deter-
mining the dipole moment has also been utilized for de—
termination of dipole moment of stearic acid molecule in the
Al-stearic acid - Al structure where stearic acid films

have been deposited by Langmuir technique, The experi-
mentally observed results have been mafched with the known
value of dipole moment for free stearic acid molecule and

the correlatioh has been found to be satisfactory,

8.1 RESULTS

The preparation of the sample and the measurement
procedures are the same as discussed in the previous
chapters Viand VIifor the case of dissimilar electrodes,
The results obtained for wvarious types of ®tudies have

‘been categorized below,

8.1 a, Study of Current-Voltage Characteristics:Bxistence
of Internal Voltage,

In Fig. 8.1, the tunneling current in the Al - Ba
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stearate ( 1 layer) ~ Al structure is shown with the base
aluminium electrode biased positive or negative, It is
seen from the figure, that when the top aluminium electrode
is negatively biased, the current is always negative, but
when this electrode is positively biaged, the current is
negative at low bias voltages but becomes positive at
higher bias voltages. These measurements clearly show
that there is an internal field in the capacitor structure
and its direction is such as to oppose the current flow

due to a positive applied bias to the top electrode,

8.1 be -Direct measurement of internal Voltages

Thickness dependence of internal Voltage.

The above interesting phenomenon of internal voltage
has also been studiedldirectly and in systematic details,
These voltages havngegz measured by the direct voltége
measurement method with a high input imped%nce (f»f1015 ohms )
electrometer amplifier used as é voltage measuring device,
Figure.r 8.2(%andb) shews the plots of intermal voltage
versus number of monolayers in Iangmuir films of Barium
Stearate. Curve 'a' in fig, 8.2 represents the behaviour
for odd number of monolayers whereas the curve 'b! corres-
ponds to the even number of monolayers, It is evident
from curve 'a' that there exists an intermal voltage in
the odd monolayers case and this intermal voltage decrea-

ses linearly with thickness of the 4 ielectric, Curve 'Db!

demonstrates the absence of any internal voltage in the
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case of even number of monolayers., The scatter in the
values of internal voltage has been shown by vertical bars,
Phe dots in the bars show the mean value of intermal
voltage. This value has been calculated after taking
measurements over a number of éamples of the same thick-
ness, The curves shown are again the best fit curves about
the mean points, The discussion of the results will be

given in a later section ( sec,8.2)

(c¢) Determination of dipole moment of barium stearate

molecule.

With the knowledge of the internal voltage, in the
Al-Barium stearate - Al structure having odd number of

monolayers, the dipoie moment of barium stearate molecules
has been determined, It has been found found to be -0.23

debye in the direction perpendicular to the surface of the
film with the negative end of the dipole closer to the

bottom aluminium electrode,

8.2 DISCUSSION: INTERPRETATIN OF RESULTS

A systematic detailed discussion of the results

obtained in the above section is as follows:

As 1s exﬁected the current at zero applied bias
voltage of the above capacitor with odd number of layers
should be transient in nature., Therefore this transient
behaviour of the current was also studied,

Figure 8,3 represents the pero applied bias

current as a function of time. It is noticed that the
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hehaviour of zero bias current is transient and it decre-

asegas a function of time. The current decay characte-
ri stics, as evident from figure, consist of two regiomns.
First, an initial rgpid decay of the current governed by
the time constant of the circuit consisting of capacitor
and the resistance of the electrometer amplifier used in
series with the capacitor. This decay time is observed to
be about one second, After this initial rapid decay the
cufrent decrease becomes slow presumably because'of a conti-
nuous thermal generation of carriers in thé:space c harge
region as well as a slow release of trapped chargeiat
 these interfaces, The thermal generation phenomehon is
somewhat similar to the diode c urrent generation in p-n
junctions, The non zero current at zero applied bias
indicates the existence of an internal field in this capa-

citor structure,

Figﬁre 8,2 shows the tunneling currents in the fore-
ward and baqkward bias voltage conditions, When the top
aluminium electrodé is positively biased, the current is
negative at low bias voltage and its value b ecomes zero
at a certain value of applied voltage. A4lso the current
becomes positive at higher bias voltages. This indicates
that there is an internal field and hence the intermal

voltage in the capacitor structure.
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The existance of the above mentioned internal‘volt—
age can be more systematically understood from figure 8.2 (curves
a and b). From curve ‘'a' it is found that the value
of internal voltage for one monolayer capacitor is ~0,07V
with the bottom electrode showing negative polarity and
this compares well with figure 871 where at +0.07V the

current is found to be zero.

Again referring to figure 8.2 the internal volfage
is always zero for even number of monolayers ( Fig.8.2b)
whereas it decreases linearly with increasing number of
monolayers for odd layers case ( Fige. 8.2 d). The diffe—k
rence in the behaviour for odd and even layers is very
interesting and significant since it'directly indicates
that the internal field is related to unpaired layers in
the case of odd number of layers, This type of differen-
ce in the behaviour has also been observed in the case
of dissimilar electrodes in the previous chapter VII '

( See Fig. Te15 and 7;16) and the reason for the oceur-
rence of the internai voltage in the present structure
appears to be the same as those discussed for the addi-
tional voltage for odd number of layers in the case'of
dissimilar electrodes., Therefore referring to (i) the
figure T.40for the orientation of bariums tearate mole—
cule in the case of odd and even number of layers, and
(ii) the discussion of chapter VII for additional voltage
in the odd monolayers case, one expectsthe intermal field

and hence the intermnal voltage in the present case to come
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from the polarization existing in the unpaired layer of
polar barium stearate molecule, The aluminium electrodes
alwayg have a very thin oxide layer on them, This oxide
on the lower aluminium electrode forms a double dielect-
ric layer structure ( Al - Al,05 ~ Barium stearate - A1)
but since no voltage is observed in the case of even
 number of monolayers one can conclude that the oxide layer
is not giving any observable contribution to the internal
voltage, Gold and silver were tried in order to minimige
the oxide formation but it was found that these materials
when used as first electrode do not makelgood contacts

because of diffusion

with barium stearate film/, Handy and Scala (110) also

drew similar conclusions from their studies.
Possible contribution of light to the internal volta-

€e and tunneling was avoided by making the measurements

keeping the capacitor in a dark enclesure.

Theoretical Formulation ¢ This section gives a quantitative
the

formulation of gheory of the development of the above

described voltage in the symmetric structure,
The internal voltage in the figure 8,2a can be app-

roximated by the following empirical formula

V(n) =V, + vn .. (8.1)

where V(n) is the voltage for any film of n number of

monolayers. v, =-0,08V 1is the extrapolated value of
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internal voltage at zero thickness and v = + 0,014V is

a constant.

To understand this behaviour of the internal voltage
consider a thin dielectric slab of thickness 't' and a
unit surfsce area with a uniform polarization P perpen-
dicular to the plane of the fiim. Then the surface charge
density ‘o=’ is equal to P. Following the rationalized
- MKS system of units, the field inside the dielectric due

to this polarization is E, where

E = E_OE" R o (852)

where 60 is the permittivity of free space and k is the
dielectric constant of barium stearate { = 2,5). Due to
this field the voltage difference between the two faces

of the dielectric is

L
Tk
0

V= .o (8.3)

For the case of the uniform polarization, therefore,lthe
internal voltage will increase with the thickness of the
dielectric. In the present system under investigation ,
however, only one unpaired layer is polarized and other
'Qpaired layers have zero polarization to begin with, It
may be assumed that the polarization of unpaired layer
gets eually shared among all the 'n' layers thereby

making the effective uniform polarization as 1/n times
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that of the unpaired monolayer, Thus equation (3) gets

modified to

_ Pt _ _PT
V = ﬁom "'" E,OI j{'— 09(804'>

( T being the thickness of one monolayer) thus making the
voltage independent of the number of monolayers. The po=-
larization of the monolayer is due to the two carboxylic
groups and the barium atom in ( 017H35000323a complex,

If the number of these barium stearate molecules per unit

surface area of the dielectric is N and the component of
the dipole moment perpendicular to the face of the diele-

ctric is P, then the internal voltage is given by

U S S 3 (85)
0 0

Thus knowing the dipole moment of barium stearate molecule,

the internal voltage canbe calcdlated and vice-versa,

The above amalysis holds good if there are mo
trapped charges at one or the other of the metal insulator
interfaces, If the number of such charges at this inter-

face is m per unit area, then the field due to it is
em

e and the potential difference between the electrodses
0 -
due to this field is SEEJL—(Where n is number of barium
0

stearate monolayers)., Since the trapped charges are also

somewhat mobile in the presence of the internal field,
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they move in a direction so as to neutralige the internal

field, Hence the expected voltage becomes,

_ NP emn T
v = ——e—;E bnd -—e-;-E—— co(806)

This equation agrees with the observed behaviour as given
in equation (8,1)s The first term on the right is respon-
sible for the develoﬁment of internal voitage as it conta-
ins the polarization term whereas the second term shows
the decrease of the voltage with thickness. By comparing

equations (8,1) and (8,6)

v, o= _PF.IG\'T .. (8.7)

0

Vo= ..(8.8)

To estimate the value of dipole moment 'P' we consider

the following:

The inter hydrocarbon chain distance for barium
stearate molecule has been found to be 4.85 R and the

chains are arranged in hexagonal arrays (60). The number

18

of chains per square meter will be 4,88x10 ~, and thus

the number of barium stearate molecules per square meter
of the surface would be N = 2,44 x 1018. Substituting
this value of N in the above equation (8,7) the component

0f the dipole moment of barium stearate molecule is obtained
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and is =0.23% debye in the direction perpéndicular to the
surface of the film with the negative end of the dipole
closer to the bottom aluminium electrode., The vertical
component of dipole moment in stearic acid chain is -0,93
debye with the negative end nearer to the bottom, when

the hydrogen atom is in cis position (173,p.304) with res-
pect to cafbohyl oxygen. TFigure 8,4 ( a and b) show geo~-
metries of stearic acid and barium stearate molecules., The
vertical component for two of these stearic acid chains would
be ~1.86 debye, If two hydrogen atoms are now replaced by
a barium atom, the dipole moment of the barium-~oxygen

bond becomes more positive than that of the hydrogen
oxygen bond, Barium oxide dipole moment is known to be

7.95 debye (174). Using 3,97 debye for each of barium
oxygen bonds in place éf the 1,51 debye for the hydroxyl
bond we obtain, from Fig. 8.4 b an estimate for the ver-
tical component of the dipole moment of barium stearate,
with barium in cis position as 2,76 debye. The present
observed Value of -0.,2% debyenlies between the -1,86 debye
for the two stearic acid chains and 2.76 debye for the
barium stearate molecule., The experimentally observed
negative value shows near cancellations of the positive
moments of the bariuﬁ oxide (Ba-0) bond with the
négative moments in the carbonyl bonds, The position

- 0f the barium atom could be o . off from the 0=C-0
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plane which may reduce the component of the bond moment
in the 0=C-0 plane, If we take Ba - O bond about
539161 above the 0=C-0 plane then the net moment of the
barium stearate will agree with the observed wvalue of

-0,2% debye,

The number of trapped chafges 'mt* is obtained from
equation 8.8, Putting the values of e, eo and k and v the
value of these trapped chargés per unit area is found to
be nearly 0.7x1011/cm2. Tor thin films this seem to be

a reasonable number for a metal insulator interface,

The above developed method has been successfully
applied for determination of dipole moment of stearic

acid molecule., The details are asgs follows:

Samples of Al - Stearic acid - Al were prepared
by the usﬁal technique, Stearic acid films were deposited
by‘the technique (51) described earlier in chapter IV, The
internal voltage was n@asured by the .usual technique as
used in tﬁe previous studies, TFig. 8.5 shows thé values
of internal voltage at various odd number of stearic acid
layers. The extrapolated value of internal voltage at
zero thickness ( V,) is -0.17 volts with bottom.electrode
showing negative polarity. The numbef of stearic acid
18

chains per square meter as derived earlier is 4,88x10

and hence the number of hydrogen atoms (N) in —COOH group
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18

per square meter is also 4.88x10 . Keening the values
of V,', M, € ( = 8.854x107 °) k ( = 2.5 for stearic

acid) in equation 8.7, the dipole moment of stearic acid
has been found to be -0.24 debye in the direction per-

pendicular to the surface of the film with the negative

end of the dipole ~loser to the bottom aluminium electrode,

The known dipole moment of a free stearic acid
molecule is 1,8 debye (.173‘p.304) which can be obtained
from figure 8.4 a if the O-H bond is assumed to be rotated
from the cis planar configuration by an angle about 37°12!,
The vertical component of dipole - moment
of stearic acid in this position will be %1.21
debye. The measured vertical component the moment comes
out to be somewhat less than the expected dipole moment
calculated on the basis of an isolated stearic acid mole=~
cule., The difference is partly due to the approximate
nature of the total number of stearic acid molecules per
square meter of the surface since the stearic acid Iang-
muir films prepared experimentally were not tightly

(chapt,.IX ?.143 ) o
packedf. Further the close proximity of stearic acid
all aliigned with the dipole moment parallel to one ano-
ther can cause mutual depolarization effects by bond dis-
tortio and thereby reduce the effective dipole moment
of each molecule, This may be the mechanism causing a sizable

reduction of dipole moment in our experiments,

The results obtained in the present chapter yield

a new method for the determination of dipole moment of the
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suitably orientable molecules, The results are also
helpful in understanding the behaviour of internal volt-
ages in thin dielectric films with similar electroées
and its thickness dependence at low thicknessgs, The
studies are also helpful in finding out the trapped

charges in thin films,

Next chapter describes the detailed and systematic
studies of thickness dependence of dielectric loss in the

ultra thin Iangmuir films,



CHAPTER IX

STUDIES OF THICKNESS DEPENDENCE OF DIELECTRIC LOSS IN
ULTRA THIN TANGMUIR FILMS.

INTRODUCTION

As has been described in detail in chapter VII
Secs 7.1 ¢, the phenomenon of internal fields iﬁ asymmet—
ric structures has begn utilized to develop a thin film
dielectric diode system, Since in the context of this
device’the dynamic dielectric characteristics ( dielectw
ric loss tan &) of Langmuir films also become important,
a detailed and systematic study of this dielectric pheno~
menon has been carried out and is being presented in
this chapter. TFrequency and temperature d ependence of
the dynamic characteristics ( tan 8§) of these films
have already been studied by several workers (51, 105, 108,
110, 113) but the studies of thickness dependence of
dielectric loss ( tan 6) are very scarce, A detailed rev-
iew of the above work has already been given in chapter

V Sec, 5'.3b'e

The dielectric loss is a bulk property and should
not depend on thickness of the insulaﬁor film, However
if the film has a defect structure which varies with
thickness and takes part in a particular relaxation process,
the dielectric loss is expected to become thickness de-

pendent. To the author's knowledge no detailed and sys-

tematic study of thickness influence on dielectric loss

in Langmuir films has been reported so far,
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The present chapter describes a systematic and
detailed study of thickness dependence of dielectric loss
0
in Langmuir films in the ultra thin range of 25 «.250 A

( 1=10 monolagyers).

9.1 Experimental measurements

The samples Al - O ~ Al were prepared by the usual
technique as described in chapter ..VI. The different di-
electric materials chosen for the present investigations
are barium plamitate, barium margarate and barium stearate.
These are the three consecutive members of the same
homologous series and form very good films, The value of
tan & was measured bY a Marconi's Universal bridge ene-
rgized by a 9V dc supply. All the measurements for
thickness dependence have been carried out at a fixed frequency
of 1000 H@;which is the oscillator frequency of the bridge.
All the measurements were taken at room renperature, .
Pressure leads were used for contact with aluminium ele-

ctrodes,

9.2 Results and Discussion

Figures 9.1 - 9,3 give the plots of tan 6f versus
thickness in Al - 0 - Al structureé for different films
having 1 - 10 monolayers ( thickness ~ 25 - 250 E). The
value of dielectric loss has been plotted after taking
loss due to series electrode resistance into account, It

is evident from all these figures that the dielectric
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loss has‘a dependence on thickness in the very low thick-
ness range, The dots in the graphs show the mean value of
five or more observations for the same.thiokness of the
sample and the scatter observed in the experimental data
has been shown by vertical bars, Tne plots shown are the
best fit curves about the mean points. The values of
thickness for single monolayer of Barium Palmitate, Barium
margarate and Bgrium Stearates are 23,25 8 24,05 ﬁ and
25.75 ﬁ respectively.-(78).

The various graphs shown in the figures 9,1 - 9.3

were actually obtained after applying correction due to
the influence of the electrode resistance on the loss

angle, The measured loss angle 1is given (178) as

tan &, = tan &, + WRC | «e{9.1)

where & is the applied freqguency, R, the electrode res—

istance and C the film capacitance.

The first term on the right represents loss due
to the dielectric film (tan &.) and the second term
refers to the loss cgused by the series resistance of
the measuring electrodes, At higher thicknesses of the
dielectric the capacitance will be very low and the
loss due to series resistance of the measuring electro-
des will be very small, Hence the second term may be
neglected for the dielectrics of higher thickness,

If the film thickness is low the capacitance will be
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high and the loss due to series resistance of measuring
electrodes should become significant. Knowing the vAlues
of v , Re’ C and tand, from experiments, tanéf was cal-
culated and plotted in various figures for different

substances,

As isevident from the plots 9.1 - 9.3, there is
a sharp decrease in the tanéf values as one goes from
1 to 2 monolayers, But as the thickness of these films
is further increased, the decrease in the tanéf values
becomes slow, There is little change in tanéf values
for 8 to 10 monolayers films. Also, it is evident from
the curves that after a certain thickness each curve
tends to become parallel to the thickness axis, . Thus the
interesting feature to be noted is that the dielectric
loss depends on the film thickness when the thickness is

very small,

Weaver (124) made a detailed study of dielectfic loss
in the ionic films of alkali halide, He suggested the
basic loss mechahism in these films to be excess vacancy
concentration and pin holes in the dielectric, This
latter mechanism which is based on the existance of pin
holes seems to operate in the dielectric loss of the ionic fil-
ns (ref,26,p.193)of barium palmitate, barium margarate
and barium stearate studied here, The presence of voids
or pin holes in Langmuir films has been confifmed through

several studies of other workers, Ries et al, (175,176) have



~142~

carried out electron micrograph studies of stearic
acid films, From their studies he concluded that voids

in stearic acid films are inevitable if the transfer

is accomplished at a surface pressure significantly below
the collapse pressure of the film, The variability of ele-
ctrical measurements made on Igngmuir films by Handy and
Scala (110) also shows iﬁdireetly the presence of voids
in the film if the transfer is accomplished at low comp-
ression, They found that even in the best samples, 2 or
% monolayers were needed to bridge voids penetratihg
through the films, In this layer by layer depcsition
process it has been shown that with increasing number of
" monolayers the voids in the previous layers are rapidly
covered up by succeeding layers thus making the film
progressively more and more uniform, This fact is con-
firmed by d.c. resistivity measurements of Handj and
Scala (110) on barium stearate films ( 1-10 monolayers),
The resistivity indeed increase steeply with increasing
thickness or decreasing concentration of voids, The
author has also studied the d.c, resistivity of the
Tangmuir films as a function of thickﬁess through mea-
surements of the current at fixed voltages. Figure 8.5
shows the measufements on barium stearate films, The
nature of the curve clearly shows that there ié a steep
increase in the resistivity of the films with increasing
thickness as observed by Handy and Scala (110). Holt

(113) has also drawn similar conclusions from his
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studies of Langmuir films, He also concluded that each
deposited monolayer tends to bridge discontinuities and
gaps left over by the previous layer, Because of this
the multilayers have the interesting property of becoming

more uniform as they get thicker,

In the present investigations films Were,deposited
using oleic acid as the ' piéton oil*', The surface
pressure of oleic acid is about 29 dynes/cm. This is
significatly below the collapse pressure of the mono-molecular
films (pelmitate,margarate and siearate) , which is about
42 dynes/cm, Therefore, a large number of voids canbe
expected in the films studied here., The observed thick-
ness dependence of the dielectric loss in the films of
barium salts of the fatty acids can now be qualitatively
explained in terms of the defect structure or voids of
the films. Dielectric loss is observed to be very high for
a monolayer Dbecause large number of voids or pin holes
are expected in the single layer film, The loss value
drops rapidly for a two layer film because voids will
‘be rapidly bridged when the second layer is deposited
on the first, After this the drop in the loss value
becomes slower because the voids will now be covered up
gradually with incfeasing number of monolayers., Obvi-
ously after certain number of layers the loss should net
depend on the thickness of the film., This tendency of
the near constancy of the dissipation factor can be seen

in the figuregs for 8-10 layers.
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From the above discussion it is clear that if the
monolayer molecules are brought nearer by using higher
piston force ( mechanically or otherwise), the dielectric
losses should reduce, This is exactly what has been
obscrved by Marc and Massier in his.studies on Langmuir

films of calcium stearate (177).

The results obtained in the above studies have been

summarised in Table 7,

The above discussion is purely qualitative, A

guantitative explanation of the above results is not

possible at present because the actual distribution of

voids and their thickness dependence in Tangmuir films

.are not known,



g% (000% 5L o)

0°0 910°0 LL0'0 610°0 6L0°0 +20°0 120°0 220°0 0¢0°0 0v0°*0 GgLGe 8jeleslg~ed ¢'6
e1%(00p*41%+p)

0°0 8L0°0 810°0 6L0°0 020°'0 020°0 020°0 020°0 920°0 8£0°0 G0*%2 © 93BIBIIE~BY 26
zg%( 000+ %)

.0°0 Li0°0 810°0 81L0°0 020°0 020°0 020°0 020‘0 ¥20°0 +t¢0°0 G2*¢e . 8}elTuTed~ed L6
| | : | M ! ] P 1

oL | T6 | T8 W 1 19| 16 “ B ] 1% | T | (Dastero | erdmisnt | sox

) SSOWOTY 4 —-UomW ®© JO | UL °0uB}SQNS ladeyax

JUBISFITP JOT Aw@ UBY) SSOT OTIF09TOTIC JO anT®RA UBS[ SSaWOTYS m OTILO6TaTI(Q eanITg

SS0T DIYLOETEIC A0 HONIONHIAQ SSHNAOIHL

ITA HTAVE



CONCLUDING REMARKS

Summary of the work done

(a) Basic Nature of The Present Investigations,

The purpose of the presemt study was to show the
suitability of the 'built-up' thin films of some long
chain fatty acid compounds for the thickness dependent
studies gf the intermal voltages and hence of the internal
fields, The advantages of these films are that their thick-
nesses are closely controllable ( down to one monolayer
of ~s 25 K), extremely uniform and accurately known
(77-78)., An optical device (56) namely ! Thin Film Thick-
ness Step Gauge' has been developed using these Langmuir
films. The observance of homogeneity of colours on this
step gauge provides sufficient evidence for the uniformity
of thicknesses of these films. It is also practicable to
get these films almost free from gross defects and conducting
imperfections (112). Tnese features constitute a sound
basis for studying these films‘and therefore particularly
these films are eminently suited for the thickness deﬁendent
studies., BEven with the evaporated film systems, for
‘example, it is not easy to carry out such a systematic
thickness dependent studieé because the very small and
uniform thickness of such films are very dif ficult to obt-
ain, Moreover their thickneéées will have to be measured
and they will not be closely controllable, The influence

of film thickness on the dielectric loss has also been studied,

(b) Basic Techniques Used

The capacitor structure of the type metal-insulator



-l [

metal ( MIM) were fabricated using'built-up’ langmuir films
of stearic acid ané metallic compounds of some long-chain
fatty acids ( e.g., barium palmitate, margarate and stearate)

as the insulating media between two thermally deposited
metal films of nearly constant thickness under high vac-
uum with the help of a coating unit suitable for this
purpose, Insulating films were built-up by a delicate
but easy technique of Blodgett and Lengmuir ( 17,18) by
which even +the films of monomolecular thickness can be
built-up by transferring them from the highly cleaned
water surface under a constant surface pressure, These
films are suitable for use as. a dielectric as they offer
high dielectric strength v 107 V/em (136-147), The rep-
roducibility of these films was quite satisfactory which,
of course, was very necessary for the present investiga-
tions, The films are also stable under vacuum and metal
electrodes could easily be deposited without any damage
to them,

The measurement of internal voltage was carried our from the
current voltage characteristics in the two polarities
(breakdown voltage) as well asngfectly using a highvimpe—
dance voltage measuring device, The details of the measu~

rement technique are given in chapter VI,

Sumry of the Results,

It -has been shown through the study of tunneling

current characteristics in two polarities and direct voltage
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measurements that when the insulating film is sandwiched
between two asymmetric metal electrodes, a high internal
field develops, The internal voltage because of this
field has also been measured, A detailed and systematic
study of thickness dependence of this internal voltage has
been carried out in the thickness range from 1-8 mono-
layers (~ 25 -~ 200 K). Different behaviour has been
observed for the case of odd and even number of monolayers.
The internal VOltage has been found to decrease linearly
with thickness, The I~V characteristics for the two
polarities have also been plotted on a linear scale and

it has been found that the sandwich behaves like a diode
junction, Work functions of the different metals hawc been
measured using aluminium as the reference metal, The
study of work function for various thicknesses of the
metal film electrode has also been made. The work
function has been found to hHe independent of the elect-
rode thickness, Discharging of the internal voltage in
closed circuit and its subsequent recovery in open cir=-
cuit has also been studied, thereby calculating the life

time and time constant of the structure,

The above interesting study of internal voltage
has also been extended in the built-up! films of barium
stearate with symmetric electrodes, The sandwich with
even number of monolayers showed no internal voltage-
However, with the 0dd number of monolayers, the sandwich

(Al = O -~ A1 ) showed an internal voltage, This is a
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new and very interesting feature of Langmuir films, This

o
internal voltage developed in the case ofﬁsdd number of

monolayers has been confirmed through tunneling currents
at low voltages in the two polarvities and through direct
voltage measurement procedure, A thickness dependent
study of this internal voltage has also been carried out and
the internal voltage has been found to vary with thickness
showing a 1inéar decrease, The dipole moment of the
organic monolayer molecule has been determined from the
knowledge of this internal voltage. This measured dipole
moment has been correlated with the theoretically calcu-—
lated value, Thus a new method for determining the
dipole moment of sultably orientable molecules in the
form of a Langmuir film has been developed, The method
has successfully been applied for determining the dipole-
moment of stearic acid molecule when it is in the form
of a Langmuir filﬁ; The measured value of diﬁole moment
has been correlated with the known value of dipole moment
for a free stearic acid molecule. The correlatisdn has
been found to be satisfactory, The transient behaviour
of curfent with time or the decay characteristics has
also been studied., The trapped impurities per unit area
have been estimated fyomia knowledge of internal voltage,
The phenomenon of internal fields in the asymmetric
structures has been utilized tu. develope. a thin film
dielectric diode system, In the context of this device

the dynamic dielectric characteristics ( dielectric loss,
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tand) of the Iangmuir films also become important, a
detailed study of thickness depentence ofttand! in the
ultra thin range of Langmuir films has been made, It hgs
been observed that dielectric loss has a dependence on

thickness at very low thicknesses.,

summary of The Basic Interpretation of Results.

In the case of asymmetric electrodes the difference
in the work functions of two metal electrodes occur.
This work function difference, in turn develops an
intrinsic field in the system, The behaviour of this
intrinsic field is such as to enhance the current flow
when electrode of lower work function is positively biased
and oppose it when the electrode of lower work function
is negatively biased, The internal voltage,at the two
interfaces, because of this intrinsic field has been
found to decrease with increasing thickness of the diel-
ectric film, This is because of the presence of the
trapped charges in the dielectric film which, in the
presence of intrinsic fields, move in a direction so as
to neutralize the double charged layer thereby reducing
the internal voltage. Therefore, the internal voltage
measured at any thickness will be the reduced value of
the actual internal voltage developed because of the
work function diffefence iﬁ the two métal electrodes,

An extrapolated value of this voltage at zero thickness
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will give the actual value of :.the difference in the
work functions of two electrodes., This analysisvhas
been found proper for the My - 0 - M, structures with

organic film having even number of monolayers,

In the case of odd number of layers,apart from the
above reasogbfor the development of internal voltage,
an additional voltage has also been found. It is because
of the polarization existing in the unpaired dipolar
layer in the case ofjgdd number of monolayers, Thickness
dependence of the iﬁternal voltage showed the same

behaviour as in the case of even number of monolayers,

The samples My - O - M2, for the case of both odd and
even number of monolayers, haye been found to work as
diode junctions, The mgximum forward bias current is
of the order of a few nanocamperes, For a parficular
structure +the working inverse voltage ( WIV ) for this
type of diode ie comparable with that of the internal
voltage, From the knowledge of thickness dependence
of internal voltage ( Pig. 7.15 = 7.23 ) and from various
curves for diode characteristics ( 7.24 ~ 7,37), it is
evident that for a particular combination of electrode
materials a diode structure of thié type will have the
maximum working inverse voltage for a single monolayer
because the internal voltage for a particular combina-
tion is maximum for a single monolayer. The forward
éurrent is also maximum for a single monolayer. The

working inverse voltage ( WIV)for such a type of diode
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can be increased by choosing proper metals as the electrode

material which have larger work function difference,
Furthermore, the maximum dc forward current could be

increased by choosing a suitably dopcd! dielectric,

The decay characteristics of internal voltage through

15

a resitance of "V10 ~ ohms show that the rate of decay
is slow, The subsequent voltage recovery is also an inte-

resting feature of the dieleetric cell.

The above study of internal voltage provides a method
of determination of work function difference between two
metals, If the Wwork function of one of the metals is

known the work function of ancther can be determined,

The independence of work function of metal film
of its thickness in theé range studied ( 390 — 1025 E) is
expected, It is because the work function is a property
of band structure of the metal and the band structure in
thin film form has the same gross structure as in the case
of the bulk material. Theoretically this thickness depen-—
dence of the work function is expected only for a few

atomic layers,

The gtudy of internal voltage in the dielectric film
with symmetric electrodes is also very interesting, The
structure AL - 0 - Al with even number of monolayérs show
the usual behaviour and no internal voltage has beeh obs~—

erved in this case, In the case of 0dd number of mono-—
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layers, i.e. in the case .. when the insulating film has

a net dipole moment, an intermnal voltage has been found to
exiet . This is because the polarization existing in the
unpe ircd pelar layer produces an  intrinsic field in the
insulator film thereby developing an internal voltage

at the two interfaces, This is a new and unique feature

of the Langmuir films,

The theoretical formulation developed gives a new
method of determination of dipole moments of the suitably oric-

ntatle . molecules in the form of ILengmuir films,

The studies of dynamic characteristics carried cut

in the present investigations areAZ&?ge interesting. It
although

shows that/dielectric loss is essentially a macroscopic
property valid for suffiéiently thick samples, however,
if the sample hgs a defect structure which varies with
thickness and takes part in a pafticular relaxation
process, the dielectric loss is expected to become thick-
ness dependent, In the present investigations, the
dielectric loss has larger values at low thickness but
at higher thickness it tends to becowme thickness indepen~
dent, The observed thickness dependence of the dielecté
ric loss of Langmuir films has been explained in terms
of defect structure or voids present in the films,

Dielectric loss is observed tc  be’

. very high for a monolaycr because large mnuubor
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of voids or pin holes are expected in the single layer
film, The loss value drops rapidly for the 2-layer

film because voids will be rapidly briedged when the
second layer is'deposited on the first, After this the
drop in the loss value becomes slower because the voids
will now be covered up gradually with increasing number
of layers, Obviously after certain number of layers the
loss should not depend on the thickness of the film, This
tendency of the near constancy of the dissipation factor
can be seen in various figures 9.1 -~ 9.3 for 8-10 layers.
A quantitative explanation of the results obtained is
not possible because the actual distribution of voids
and their thickness variation in Iangmuir films is not

known,
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