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ABSTRACT

The planar capacitors were prepared by depositing two co-planar
electrodes of relatively thick aluminium films on one side of two
different substrates, namely, Corning glass (7059) and "Melinex"
which is the trade name of plastic sheets (polyethelene terephthalate).
The Tength and width of the electrodes are 25mm and 4mm respectiveliy
while the width of the gap between them is 2mm. The capacitance
of these capacitors was (i} calculated (1i) measured at different
frequencies in the frequency range (1-100)Kc. The calculated values
of the planar capacitance are slightly Targer than the measured ones;
but they could be considered in reasonable agreement if we allow,
gualitatively, for the reduction in two of the contributions to the
calculated capacitance, namely, the contribution from the medium
above the electrodes and the contribution from the medium underneath
the substrate. The reduction is due to the presence of the Tid and
the bottom of the shield box which enclosed the capacitors during
the measurements. The in situ monitoring of the changes in the planar
capacitance and the dissipation factor of the capacitors, which used
as sensing devices, as a consequence of depositing discontinuous
gold and aluminium films across their gaps enabled us to (i) measure
(deduce) the capacitance of the films {ii) see the factors which
affect the dissipation factor after laying down the films. It was
found that the capacitance of the films and the dissipation factor
depends on the d.c. resistance of the films at the moment of halting
the deposition, the operating frequency and time. Also the measured
capacitance of our films was compared with (i) the calculated capacitance

under certain conditions and not for the films themselves (ii) the

- i -









1.1 Thin film microelectronics

In the past, most major advances in electronic technelogy
have been associated with a reduction in the size of new devices
compared with those in general use at the time. The prime example
of this is the general replacement of vacuum tubes by semiconductor
devices. In more recent years the space programme has required
the development of smaller circuits to ease the problems associated
with pay-load limitations and this represents one of the motivations
behind the present widespread interest in thin film microelectronics
which primarily exists for the purpose of micro-miniaturization

with conseguent high component packing densities.

1.2 Thin film resistors

Before the design of a thin film resistor can begin, it is
necessary to choose the most appropriate film and substrate material
for the particular application under consideration and once these
have been chosen, the design problem consists of establishing a
geometrical pattern of a given thickness which meets the resistor
requirements of stability, power rating, size, resistance value
and frequency response.

Generally, the pattern that evolves will resemble one of
the two shown in Fig. {1.1). The straight line pattern on the
Teft is normally used for low-value resistors, and the meandering-
1ine pattern on the right is used for larger values. A major part
of the resistor design problem is the specification of the dimensions
indicated in the figure. The resistance of the straight 1ine resistor

can be expressed as
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Fig. (1.1} Thin film resistor patterns




where p and tf are the resistivity and thickness of the film respect-
ively, % is the aspect ratio of the film and RD is the surface
resistivity or the sheet resistance of the film, which is expressed
in Q/g.

From the capacitance point of view (1), the straight line
resistor pattern has very little capacitance associated with the
resistor path itself. In fact, the termination areas (the two
electrodes) provide considerably more shunting capacitance than
the path does. In the meandering-line pattern there is a shunting
capacitance between adjacent meanders that can be significant,
particularly when the substrate material has a highdielectric constant.
It is clear that the resistor lines are connected at one end so
that the capacitance of interest is actually distributed along
the resistor path. This makes the Tump-equivalent model only an
approximation, particularly at high Trequencies where the shunting
capacitance effects are most important. An equivalent circuit
of the meandering-line resistor, which includes the distributed
nature of the capacitance, is shown in Fig. {1.2). This equivalent
circuit also includes the series inductance effects, and is drawn
torepresent the meandering 1ine resistor shown in Fig. (1.1).

Measurements have been made on tantalum nitride film resistors
with different meandering patterns. The total shunting capacitance
was found to be about 0.1pF and the series inductance was about
SnH. Resistors of value above 1000 are limited in performance
by shunting capacitance effects, whiist those of smaller values

are more affected by the series inductance. In the region of
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10003, the impedance 1is essentially a pure resistance to frequencies
above 100MHz. To appreciably improve the high frequency performance,

it is necessary to reduce the shunting capacitance.

1.3 Planar capacitors

As already mentioned in Section 1.2 there is always capacitance
between any two metallic paths deposited on one side of dielectric
substrate. It will be appropriate at this stage to illustrate the
different contributions to such capacitance and hence the factors

which affect its magnitude.

1.3.a Theoretical calculation of planar capacitance

The capacitance betwen two metallic electrodes deposited on
one side of dielectric substrate as in Fig. {1.3) was calculated
by different researchers (1-3}, who reported that there are two
main contributions to such a capacitance:
(1)  Contribution from the medium above the electrodes, which may
be any dielectric, and whose value (CI} depends on W, d, L and the

dietectric constant of the medium.

m
ra
—
-~
S

=< L L (1.2
= 2 Kk ) !

where K(k) is the complete el11iptical integral of the first kind,
F
m

€, = 8.85 x 1077 and

kK = —d , k' o= /- ke

1 2K + d 1 1

(i1) Contribution from the medium below the electrodes namely the



substrate cantribution C11 whose value depends on T, Er, W, d and L
where T, Er are the thickness and dielectric constant of the substrate
respectively. The value of the substrate contribution can be calculated

by comparing this contribution with that of an equivalent capacitance

of parallel plate capacitor as in Fig. {1.4)

C t
¢ = I - 0,886 E,. —> pF/cn (1.3)

IT L d
0

By conformal transformation an exact relationship between tn and
du in terms of W, T and d can be obtained. The Schwarz-Christoffel
transform yields a solution in terms of elliptic integrals. Numerical

values of these integrals K are available from standard reference

tables.

1d

d' = 2K(cosa, w/2) with d' = —L&

0 0 47

Tt

t' = K(sins, =/2) with t' = —2

0 0 47

t

Cosp = —cannd with w' = ™ g0 . ™
tanh{ZW' + d') 47 47

)

In fact there is a contribution from the medium underneath the substrate (C_,
but this can be ignored if E.>> T and T >> 24 + d. In view of

this presentation we have to ask why the capacitance (CIII) between

faces 7 and 2 in Fig. {1.3) was not involved. Generally speaking,

to calculate (CIII) the thickness of the electrodes (te) and the

dielectric constant (e} of the medium separating them must be known

according to the following equation



Fig. {(1.3) Different contributions to the planar capacitance

(not to scale)




C = E & teL (1.4}

€ can be taken as that of air (unity) (4)

To have an idea about the magnitudes of (CI) and (C__) we

II

will quote an exampie already published in the Titerature {1)
if L = 2.64 x 10°2m, W=d=2.54 x 107"m, T = 12.7 x 107%m, Er = 5.8
C, = 0.18pF , C_= 1pf

to calculate (C___) for such dimensions, we put t_ = 10%4°, ¢ = 1

I1T

in equation (1.4}, Copy = 8.8 x 107°pF,
It is clear that (CIII) is much smaller than C, and CII and

this explains why it was not involved.

1.3.b Literature survey related to planar capacitors

From the published literature it appears that there is anly
one relevant paper and that is by Kaiser and Castro {3) who calculated
and measured the capacitance between two metallic paths {electrodes)
deposited on BaTiD3 with very high dielectric constant (Er = 1770,
T = 0.02 inch). Their calculations were carried out for-E ranges
from 0.2 to infinity corresponding to d from 1 to 7 whi?eTthe measure-
ments were performed only for W 1. It is very important to emphasise
that the motivation behind thegr investigation was not interest
in planar capacitors in the sense illustrated in Section 1.2 for
they were really concerned with how to avoid the harmful effects
oh thin film circuits performance resulting when the size of the
capacitance between the various conductive paths is no lenger negligible

Compared with circuit components. As a matter of fact, it is not

necessary for all the planar capacitors to be prepared as in Fig. (1.3)



but the two metallic electrodes could be of interdigitated nature

and in this context, Keister and Scapple (5) have used planar quartz
capacitors, with deposited aluminium electrodes etched to the appropriate
comb pattern by means of the conventional photo-resist etching

technique, to determine the thickness and rate of deposition of

silicon monoxide films by observing the change in capacitance as

a result of depositing these films on the quartz capacitors. Also,
Binotto and Picicentini (6) have studied the effect of varying the
geometrical dimensions and frequency (10®Hz - 100MHz) on the Toss

factor and capacitance of interdigitated planar capacitors with

96% alumina glazed as substrate (T = 0.03 inch, E_ = 9.6}. Inter-
digitated planar capacitors were also used in the investigation

conducted by Channon and Barnwell {7) to develop humidity senmsitive

thick film paste which can help in the fabrication of humidity transducers

using standard thick film processing eguipment.

1.3.c Representation of planar capacitors

The capacitor is the only element which can be made to approach
the ideal (8} very closely, that is, to have the least amount of
unwanted residual properties. Nevertheless, actual capacitors do
not have ideal behaviour not only because of internal losses, but
also because connections must be made by means of leads which introduce
series resistance (rs) and inductance (L') as shown in Fig. {1.5).

At Tow frequencies the effects of (rs) and (L') (9,10) are negligibie
provided that external connections are kept very short. However
internal losses (dielectric Tosses) {11) occur in all solid and
Tiquid dielectrics due to (i) conduction currents (ii) hystersis.

The conduction current is due to the imperfect {nsu1at1ng gqualities

of the dielectric and is calculated by the application of Ohm's
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law; it is in phase with the applied voltage and results in a power
toss in the material and is dissipated as heat. The dielectric
hysteresis is defined as the lagging of the electric flux behind

the electric force producing it, so that under a varying electric
field a further dissipation of energy as heat occurs. The mechanisms
responsible for the hysteresis {12) will depend on the ways in which

a substance may be polarized; there are various forms of electrical
pclarization 1ike electronic, ionic, structural dipole, point defect
dipole and interfacial polarization at crystallites. Dielectric
hysteresis cannot be measured as a separate quantity and in practice
only the total dielectric losses are measured usually by means of

an a.c. bridge. Consequent to these Tosses the current through

such an imperfect capacitor will not lead the applied voltage by

T but will differ therefrom by an angle & called the loss angle of the
Eapacitor. The angle & is 2 measure of the imperfection of the capacitor.
perfect capacitor is one in which there is no energy loss so that & = 0;
this ideal is most nearly obtained in a capacitor with air or other
gas as a dielectric. So far as its effect in an a.c circuit is
concerned, an imperfect capacitor (13) can be represented by a perfect
capacitance in combination with a resistance. The equivalent
Capacitance and resistance can be most simply arranged either in
series or in parallel. The resistance is chosen to dissipate the

same power as the imperfect capacitor, and in combination with the
capacitance to give the same loss angle. The equivalent serijes
arrangement (the capacitor being considered as an impedance) is
usually more convenient in practice, but the parallel arrangement

(the capacitor being considered as an admittance) is sometimes useful,

particularly for h.f. measurements; both are illustrated in Fig. (1.6).

- 10 -
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By straightforward circuit analysis, the following relations can be deduced

C r 2
C = —21 (1.s) , -2 . _tan?é + 1 (1.6)

2 1 + tan2s r tanZsé
1

if tang << 1 .. 02 = Cl and if tan2s >> 1 .. r =r.

It will be appropriate in the present context to find expression for

tans in terms of the rea? (E;) and imaginary (EH') parts of the
dielectric constant (Er) of any dielectric material. From the definition
of dielectric hysteresis already mentioned, Er can be described as

complex quantity (14)

Er = E; - jE;' (1.7)

If a sinusoidal voitage (V = VOeJ“t) is applied to a capacitor, the

relation between current I and voltage V may be written

1= ¢ L osve = GoVECL
o

dt
I = ij(E# - jE;')% = mVE;'Cn + juVE;Cﬂ (1.8}
where C is the capacitance with the dielectric between the electrodes
and C0 is the capacitance without it, The current (I) may be resolved
into two components (15): a charging current (juVE;COJ in quadrature
with the voltage, and a conduction current (uUE;'CU} in phase with
the voltage as shown in Fig. (1.6). Using the conduction component,

the effective conductivity (o) of the dielectric can be written as

o = mE;'ED (]'9)

and consequently tané = E;'/E; = &l (1.10)

- 12 -



1.4 Discontinuous metal films

Swann {16) drew the analogy between rain falling on a pavement
and the growth of a metal film on a supporting layer, It is generally
an appreciable time from the start of rain fall before a continuous
film of water on concrete is formed, and so it is also with the
formation of a metal film. In general when a film is deposited
on substrate in vacuum by evaporation or sputtering the nucleation
of the deposited film begins a2t many different nucleation sites,
usually at imperfections in the substrate surface as a result of
the loss of the high mobility of arriving atoms at such sites (17},
Additional particles (arriving atoms) agglomerate around the nuclei,
and an island structured film is formed. As the deposition is contin-
uous, islands coalescedecreasing the island density. The islands
then grow until contact is made with neighbours, and gradually the
voids between the agglomerates are filled producing a filamentary
network. Eventually, a macroscopically uniform thin film is obtained.
To sum up, a discontinuous metal film consists of a two-dimensional
array of microparticles {islands) separated from each other by distances of the
order of a few to about 100A° (18). The aggregates are of different
sizes and ranging from few atoms per island to 10* or more (19). For
electrical conduction to occur, electrons have to be transferred
from one island to the next across the gaps, and it is the mechanism
of this transfer which determines the resistance of the film. Several
mechanisms have been proposed to account for the electron transport
between separate islands, for example thermionic emission (20}, field
emission {21), tunneliing and activated tunnelling {22,23), substrate-
assisted tunnelling {24) and space-charge limited current flow across

the substrate surface {25). As discussed by Neugebauer {26) and

- 13 -



by Hi1l (27,28) the parameters involved in the conduction mechanism
are the island size, the distance between conducting islands, the
nature of the substrate surface and in special cases the thermal

expansion coefficients of the thin film and thc substrate.

1.4.a Factors affecting the island size and inter-island spacing

Most of the detailed information on thin fiim properties is
organized according to the film deposition process used rather than
the film material. However the patterns of behaviour of discontinuous
films, irrespective of the ways of their production, are reasonably
consistent; for example films laid down as continuous and then argon
ion etched to become discontinuous have similar electrical and ageing
characteristics to those formed directly by deposition. In general
there are five factors that determine the island size and inter-
island spacing (29): thermal effects at the substrate, the kinetic
enerqgy of the arriving vapor, the arriving vapor flux density,-the
angle of incidence of arriving vapor, and electrostatic effects
at the substrate. Increasing the substrate temperature increases
the mobility of arriving vapor resulting in larger islands and greater
inter-island separation. Increasing the kinetic energy of the arriving
vapor has the same effect since more energy must be dissipated by
lateral motion of the arriving vapor. Increasing the arriving vapor
fiux density imparts more momentum at the surface and has the same
effect. Increasing the angie of incidence of the vapor stream from
normal to glancing incidence imparts a higher velocity component
parallel to the substrate surface, also resulting in greater lateral
mobility and increased agglomeration. The electrostatic effects
at the substrate are less well established but study of Pt, Au,

Ag and Ni nucleation on 25A° thick Si0  films on n- and p-type Si

- 14 -



has shown that the metals carrying a positive charge {Pt, Ni) resulted
in smaller, more closely spaced islands on n-type substrates, while
the reverse was true on p-type substrates (30). The opposite appears
to be true of Au and Ag, which apparently carry negative charges.

Less agglomeration has been observed when d.c. electric field is applied
in the plane of the substrate (31-36) or when the substrate is charged
by electron or ion bombardment (37). Hi11 (27,28) identified four
types of discontinuous films and classified them according to particle
size and spacings. He assigned various conduction mechanisms as

being the dominant mode of intergranuiar charge transfer. Type

{i) fiIms consist of small particles separated by small gaps, leading
to high activation energies and short tunnelling path lengths. Type
(i) films (small particles separated by large gaps) typically show
high activation energies and the dominant conduction mode is predicted
to be thermionic emission into the substrates. Type (iii) fiims
(Targe particles and small gaps) should exhibit low activation energy
and negligible resistivity within the metallic grains. Type (iv)
fiims (large particles and large gaps) should be characterized by

small intergranular resistance and thermionic emission and/or bulk

conduction through the substrate.

1.4.b Representation of discontinuous metal films

For this purpose it is assumed that the film is a matrix made
up of islands {38), all identical in size as in Fig. (1.7a). If
Rl is the inter-island resistance, C' is the capacitance between
two neighbouring islands and R2 is the resistance associated with
each island [Fig. (1.7b)], the whole matrix can be represented by
three frequency independent companents: a resistance R, in series

with a resistance R_ in parallel with capacitance Cg as in Fig. {1.7¢).
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an island film: {a) the matrix of islands; (b} & (c) the equivalent electrical
circuit of the film allowing for the inter-island capacitances;
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Again the impedance of an island film can be regarded as either paraliel
or series combination of a resistance and capacitance both are frequency
dependent [Fig {1.7d)]. By straight forward circuit analysis the

following relations emerge

. [ (R+R )2 + R 2 (R uC')?
R.(f) = = 12 Z L {(1.11)
P W | R +R +R (Ru(')?
L1 2 2 1 _|
. R+ R +R (RuC)2 |
R(F) = 2|12 2 (1.12)
W 1T+ (R o)z
L 1 _
B R 20! N
c(fy = % 1 | (1.13)
p { (R +R )2 + wiCi2R 2R 2 t
L 1 2 1 2
i 7
¢ () = Yo P B (1.14)
: e |

At Tow frequencies, the current is largely blocked by the capacitance (C')
(39}, thus, it flows through the resistance (Rl) and consequently
(R.) and (R_.} will be z (R +R ) which is the d.c. resistance of

p s w1 2
the film. On the other hand, at high frequencies. the current flows
through the capacitance, since the impedance of the capacitor is
much Tower than the resistance (R ) and the net resistance will

1

be £ R .
W 2

t.4.c The capacitance between two neighbouring isliands (C')

In view of the fact that the island metal film is a matrix
of islands dispersed on the surface of the dielectric substrate,
it 1s expected that the presence of these aggregates will affect

the potential and charge of any selected one in the matrix, Let

- 17 -



the total number of islands be n, if Vi and Qi are the potential
and charge of the ith island respectively, then the following equations (40)

can be written

Vl ) 5110 * Szlq T N Slen
V2 = Slzq + Ssz e + Sann

(1.15)
Vn = Sanl + San2 Foieraiaseras Sann

The coefficients Sij are called the coefficients of potential or
the mutual susceptances. This set of eqguations can also be solved
for the charge on the conductors {dislands) in terms of the potentials

of the conductors as

Ql = cllvl + C21V2 R + anvn
Q2 = Clzvl + C22V2 F e - anvn

(1.16)
Qn = C}nUl + cznvz N + Cnnvn

The quantity C_ 1is called the coefficient of capacitance or the self

capacitance, and C.. is called the coefficient of induction or the

-8 -



mutual capacitance. For the sake of calculation, consider that

the system consists of two spherical islands completely immersed

in a dielectric as shown in Fig. (1.8). To calculate the capacitive
coefficients as given by equations (1.16) for this system, it can

be assumed that sphere 1 is at unit potential by placing a charge
4nenEra at its center, if sphfziE2Ei:2at ground potential, a charge
will be induced of magnitude — 0T at distance a to the left
of the center of sphere 2 by theDmethod of charge imsges in spheres.
This charge in sphere 2 will have its image inside sphere 1, which
in turn will have its image inside sphere 2, etc. The charges inside
sphere 1 can be added and will be C11 since sphere 1 was held at

unit potential. By symmetry this will also be sz. The total charge

induced in sphere 2 is C12(= CZI). This can be shown to give {41}

C = = 4nc E_a sinhg I Csch{2n-1)g (1.17)
11 22 s I n=1
C = C = -44c E a sinhg T Csch 2ng (1.18)
12 21 o T n=1
“1lope - 2a®
B = & cosh -
fa ]
Equation (1.18) could also be written as (42)
dre Era
C = ¢ = —2 " 1+ f(m)] (1.19)
12 21 2
flm) = m+m2 +m® +2m" + .......
m = 2 - a if 28> 8 0 m=4
D 2a + S

-9 -






G = C = f45¢ E a (1.20)
12 21 o

C = 1.1 x 107*pF

12 21

1]

For example if Er =10, a = 10%A° ; C

1.4.d Literature survey related to a.c properties of discontinuous

metal films

From a survey of the literature, it is evident that much of
the experimetnal and theoretical work has been devoted to studies
of the d.c. conductivity of discontinuous metal films whilst little
attention has been paid to the behaviour of these films in alternating
electric fields. There is a common feature in most of the Timited
number of pubiications concerned with the a.c. properties of discontinuous
metal films, namely, the concentration on investigating the variation
of the a.c. resistance Rp(f) or Rs(f) [Fig. {(1.7d)] with frequency
under different conditions. In this respect, Hirsh and Bazian (43)
have studied the frequency response of discontinucus Ni films in
the frequncy range (0 - 2MHz) at a number of temperatures between
4.2°K and 297°K. They found that the decrease in resistance with
freguency was more pronounced in the films possessing a larger d.c.
resistance, Also Joglekar (38) has investigated, in situ, the resistance/
frequency behaviour of vacuum-evaporated discontinuous Bi films
deposited on glass in the 50KHz - 40MHz range and reported that
the behaviour changed markedly with fiim thickness and temperature.
Recently Angadi and Ashrit (44) have reported, for the first time,
the frequency response of discontinuous Samarium (rare-earth metal)
fiims in the frequency range 100Hz - TMHz, for different film thicknesses.
In 1983, Angadi and Shivaprasad (45) studied the frequency response

of discontinuous (Mn, Pd) films in the freguency range 100Hz - 1MHz
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for different film thicknesses. In fact none of the aforementioned
investigators mentioned anything related to Eb or C, (Fig. (1.7d)]

of the studied films. Other researchers have taken another route

in their studies by trying to find the best-fit for their experimental
results. In this context, Deshpand and Crowell {46} studied, in

situ, the variation of Rp [Fig. (1.7d)] for discontinuous Mo films

in the frequency range 0.IMHz - 50MKz upon exposure to oxygen at

1077 to 10% torr. From their findings and equation (1.11) they

were able to estimate values for R, R Cg [Fig. {1.7c)] which

g!
gave the best fit. 1In the same way, Wlicznerski {47) has conducted
researches on the variation of the conductance (EL-) for discontinuous
Cr films in the frequency range 107'Hz to 107Hz aﬁd deduced values

for R, R, C Regarding the capacitance of the Cr films, he failed

b> "g* g’
in determining exactly its change with frequency. Last but not
least, Morris (48) has studied the variation of admittance against
frequency (0.0THz to 10MHz) for five metal films. Only films 1,2
were discontinuous as deposited while films 3,4 were originally
continuous and became discontinuous by Joule heating but film 5
was semi-continuous. From the admittance measurements he was able
to evaluate the equivalent gap capacitance Cg [Fig. (1.7c)] and
the surprising thing was its large value (Cg~TOpF) for all the films.
He claimed that massive aggregates (films 3,4) or very long filaments
{film 5) can develop such Targe gap capacitance but it cannot possibly
apply to the fine island structure of films 1,2.

Up to this stage of the survey, it is clear that there have
been no definitive attempts to study the capacitive chracteristics

of discontinuous metal films; nevertheless there are two papers

where some information about the capacitance of fiims was reported.
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The first is by Castro and Beynon (49} who studied the variation

of the a.c. resistance with frequency for Mn and Mn-Si0 thin films

at a number of temperatures between -180 and 100°C. The frequency
range extended from 100Hz to 1MHz; a Wayne-Kerr universal bridge

was used up to 20KHz and a Wayne-Kerr r.f. bridge above that frequency.
They reported that the capacitance was less than 2pF for all the

films studied. The second is by Tick and Fehlner (50} who were
concerned with the behaviour of composite discontinuous films of
gold-rich islands grown on palladium nuclei. At first the chracteristics
of Pd films, which were eventually used as the nucleating layer

for the gold films, was examined. An a.c. bridge was used to measure
the capacitance of the Pd films at 40KHz and it was approximately

2pF. Secondly, gold was deposited in incremental amounts and the
variation of the resistance with freguency was studied and nothing
reiated to the capacitance was reported apart from the fact that

it was essentially constant with frequency.

1.5 Two-dimensional artificial dielectrics

The so-called “artificial dielectrics” comprise arrays of
metallic elements within a supporting dielectric material. The
effect of the metallic insertions is to afford a medium Qaving an
effective dielectric constant in excess of that of the supporting
medium. The excess can be adjusted by suitable choice of the shape,
distribution and concentration of the elements. Kock {51) discussed
theoretically the properties of cubical arrays of spheres, discs
and stripswith reference to the condition where the linear dimensions
and separation of the metallic elements are small compared with
the wave length of the incident radiation; he pointed out to the possibility
of using artificial dielectrics as lenses for microwave radiation. Riddle (52)
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exploited the idea of artificial dielectrics to measure the rate

of evaporation of metals by sensing the change in capacitance between
two parallel electrodes which span the stream of evaporating atoms.
Generally, the metallic elements can be arranged within the supporting
medium either in two or three dimensional arrays and the emphasis

here will be on the first case since it is relevant to discontinuous
metal Tilms remembering that the latter are two-dimensional arrays

of metallic elements (islands). In the work of Kharadly and Jackson (53},
theoretical and experimental studies were conducted on artificial
dielectrics composed of two-dimensional array of infinitely long
perfect conducting circular cylinders and thin strips arranged with
their axes normal to the electric field. For two-dimensional array

of parallel elements supported and distributed within a medium of
permittivity ee where ¢ is the dielectric constant of the medium

and € is the free space permittivity, {(in our case the medium

will be the air or space between the two faces 1,2 in Fig. 1.3)

the effective permittivity of the system €€, is given by

ee = eg + Na (1.21)

where N 1s the number of elements per unit area; o is the polarizability
per unit length in the direction of the electric field and it depends

on the shape of the element and on the nature of the supporing medium;

a is related to o which is the polarizability of the element in

free space by the expression o = ea and egn. (1.21) may therefore

be written

e = e (1+ jf— ) (1.22)
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We have considered the medium between the two faces 1, 2 1in Fig. (1.3},
after depositing the discontinuous film, as a two-dimensional artificial
dielectric but in the same time the isiands (elements) are Jocated

on the surface of another supporting medium (substrate) and we may

have another two-dimensional artificial dielectric if the presence

of the islands will enhance the dielectric constant of the substrate
and according to Leaver (54) this will be the case. He derived

the following equaticns

Erle - -I + 2VA/ (].23)
r 1 - vA/3
A= 82+ 32 [(1 + %)‘2 + 0.5(3 + 25)72 L 0.077(2 + -z-)'a ] (1.24)
d a

where Er’ Erl are the dielectric constants of the substrate before
and after laying down the islands, A is a constant for certain array
characterized by separation (s) between the islands, each with radius a,

and v is a factor related to the ellipticity of the islands.

1.6 Statement of the problem

As already mentioned in Section 1.4.c, it is clear that no
attention has been given so Tar to explicit studies of the capacitance
of discontinuous metal films and accordingly itis of interest and
value to conduct researches which will throw 1ight on this ignored
aspect of island films i.e. its capacitance (Cp or C. in Fig. 1.7d).
The achievement of this main goal requires, among other things,
the presence of sensing devices, namely, the planar capacitors and
the preparation of such capacitors in the present work was of twofold

use {i) to measure and calculate their capacitances. The importance
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of this step stems from the fact that there is only one publication

in this domain as illustrated in Section 1.3.b and so work directed
toward the study of planar capaciters in its own right is required,
(i7) the in situ monitoring of the changes in the planar capacitance
and dissipation factor of the capacitors as a consequence of depositing
discontinuous gold and aluminium films across their gaps will enable

us to measure (deduce) the capacitance of the films.
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2.1 Choice of the metals

Gold and aluminium were chosen because gold isTand films would
be chemically stable and free from multilayer oxidation (55}, while
aluminium granular films have great susceptibility to oxidation (56,57},
even if they are kept under vacuum (58}, which may lend them to
exhibit different properties from those of gold. These two metals
can be evaporated easily since their melting points are 1063°C and

659°C respectively.

2.2 Choice of the substrates

Corning (7059} glass and "Melinex" were used as substrates
in the present work. The first is especially made for supporting
thin films both commercially and for studying basic electrical properties.
Generally speaking, if a glass substrate contains a considerable
amount of altkali ions (59), these ions will migrate to the surface
and react with some metallic films resulting in compliete disintegration
of the films. This process is accelerated in the presence of an
electric field. Corning (7059) is considered as alkali-free since
the percentage of the alkali content is less than 0.2% by weight.
The second 1is the trade name of plastic films (polyethylene
terephthalate) produced by 1.C.I. in England. This polymer was
selected because it is infrequently used as substrate for thin metallic
films and is substantiaily inert to most chemicals whilst having

good thermal properties {60,61).
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2.3 Cleaning of the substrates

There has been a great deal of emphasis in the Titerature
on the importance of substrate cleanliness (62-64} for (a) reproduc-
ibi19ty of results and (b} the validity of applying simple nucleation
theory to experiments. Recommended procedures for glass substrates
vary but generally involve {i) removal of the surface grease by
ultrasonic cleaning in acetone or washing in hot detergent solution,
(i1) washing in water, {i19) washing in de-ionized water, {iv) drying
in isopropyl alcohol vapour. In the present work the following procedure
was adopted; the substrates were placed in glass rack and then
immersed in a solution of a detergent and de-ionized water (3c.c
Decon 90 in 100c.c water). This solution was brought to the boiling
point and held there for about one minute; after that the rack was
rinsed twice with de-ionized water to remove any detergent remaining
on the substrates. Dnce the substrates are roughly dried, they
were transferred to isopropyl vapour tower for about 20 minutes.

Melinex was cleaned by washing in Xylene (60).

2.4 Deposition of the two planar electrodes on the surface of

substrates

Each of the dielectric substrates {Corning or Melinex 76mm x 25mm)
was transferred immediately after cleaning to the vacuum chamber
which is promptly evacuated for depositing, by thermal evaporation,
two relatively thick aluminium films (W = 4mm, L = 25mm) separated
by a gap (d = 2mm) as shown in Fig. (2.1). Aluminium was used as
electrodes on account of its Tow resistivity (56) and satisfactory
adherence to substrates without the need for an intermediate bonding

layer. The importance of using a relatively large gap {(2mm) is
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to avoid bridging the two electrodes by dustparticles which could
influence the losses of the planar capacitor (65,66). The substrate was
placed on the chamber baseplate and a helical tungsten filament,
loaded with aluminium, Tocated above it. A simple masking system

was used to achieve the aforementioned dimensions, a metallic strip of
2mm width was mounted very close to the substrate to get the required
gap with sharp boundaries (67,68}, while another two metallic sheets
were used to mask the rest of the substrate except for the areas
specified for the two electrodes as illustrated in Fig. (2.2). The
thickness of the aluminium films was not monitored during deposition
but they appeared to be thick from visual tests. The pumping system
used to evacuate the chamber consists of an o0il diffusion pump and

a single stage mechanical oil-sealed rotary backing pump which also
"roughs" down the coating plant to about 1072 torr. The oil diffusion
pump was connected to the coating plant chamber via a high-vacuum
isolating valve which permits the diffusicn pump to be kept under
vacuum and at operating temperature when the coating chamber 1is

at atmospheric pressure. The pressure in the vacuum system was

monitored with Penning and Pirani gauges.

2.5 Attachment of leads to the electrodes

Leads must be made to the planar capacitor in order either
to use or to measure its capacitance (69). In this respect, two fine
(0.1mm in diameter), short {1.5cm) and bare copper wires were bonded
to the aluminium electrodes with thermosetting silver preparation
FSP43 which is an epoxy based resin containing siltver in the form
of flake. It is suitable for application to different types of

materials provided that they will withstand the minimum stoving
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E metallic strip Zmm width; F two masking metallic sheets
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temperature of 80°C necessary for curing the preparation. Silver
preparation, FSR43 is supplied as two separate components, FSP43R
and FSR43H, which are mixed together in the ratio by weight of two

parts of the first to one part of the second components.

2.6 Shielding of the planar capacitors

It is well known that the capacitance between two electrodes
is only definite if one conductor completely surrounds the other (70);
consequently the capacitance between the two planar aluminium electrodes
will suffer a lack of definition due to the dependance of such
capacitance on the position and motion of neighbouring objects.
This Tack of definition can be eliminated if the planar capacitor
is completely enclosed within a shield which in this case is a die-
cast metal box held at ground potential. 1In doing so, the total
(working) capacitance is generally dependent on the capacitance
between the individual electrodes and ground {metal case) Cla, C23

as well as the direct capacitance between the electrodes themselves

C as shown in Fig. {2.3). The working capacitance of the system

1z

C will be given by the following equation

C = ( + 23 23 (2.1)

Despite the fact that C12 15 now independent of the surroundings
outside the shield, the latter has added an extra unwanted capacitance

1328 g Clz. It should be noted that the two aluminium
C + C

i3 23
electrodes were insulated from the shield and brought out to external
terminals via two BNC socket instalied in the wall of the metal

case.
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Generally speaking, if a separate terminal is provided for the shield,
the arrangement will be known as a three-terminal capacitor (65)

as distinguished from a two terminal capacitor, which, if shielded,
has the shield permanently connected electrically to one of the

electrodes.

2.7 Measurement of small capacitance

In general the measurements of capacitance, particulariy those
of high accuracy, are made by a null method which uses some form
of the basic ratio bridge, shown in Fig, (2.4). The capacitance
of the unknown, Cx’ is balanced by a calibrated, variable, standard
capacitor, Cw’ or by a fixed stardard capacitor and a variable
ratio arms, such as RA. Such bridges’with resistive ratio arms
and with calibrated variable capacitors or resistors can be used
over a wide range of both capacitance and frequency and with a direct-
reading accuracy which seldom exceeds 0.1%. Ffor higher accuracy,
resolution, and stability in capacitance measurements at audio freguencies,
a bridge with inductively-coupled or transformer ratio arms has
many advantages, and increasing use of transformer-ratio-arm bridges

is being made in the measurements of many types and sizes of capacitors.

2.7.a Transformer ratio arms

The advantages of transformer ratio arms in a bridge are that
accuracies within a few parts per million are not difficult to obtain
over a wide range of integral values, even for ratios as high as
1000 to 1, and that these ratios are almost unaffected by age, temperature,
or voltage. The low impedance of the transformer ratio arm also
makes it easy to measure direct impedances and to exclude the ground

impedances in a three-terminal measurement without the use of guard
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circuits and auxiliary balances. To illustrate these characteristics,
a simple capacitance bridge with transformer ratic arms is shown

in Fig. {2.5). On the toroidal core, a primary winding, connected

to the generator, serves only to excite the core; the number of

primary turns, Np’ determines the load on the generator but does

not influence the bridge network. If all the magnetic flux is confined
to the core - as it is to high degree in a symmetrically wound toroid
with a high-permeability core - the ratio of the open-circuit voltages
induced in the two secondary windings will be exactly equal to

the ratio of the number of turns. The ratio can be changed by the

use of taps aiong the two secondaries, but when the number of turns
between taps is fixed, the voltage is highly invariant. Changes

in the core permeability with time and temperature have only a second
order effect on the ratio, because they modify only the very small
amount of leakage flux that is not confined to the core in a practical
transformer. The ratio is, therefore, both highly accurate and

highly stable. In Fig. (2.5), the two transformer secondary windings
are used as the ratio arms of the capacitance bridge with the standard
capacitor, CN, and the unknown, Cx’ as the other two arms in a conventional
four-arm bridge network. The condition for balance or zero detector

current, is easily shown to be tnat

VC =VC o = = B . X (2.2)

This balance condition is not affected by the capacitances shown
from the H and L terminals of C and C, to the terminal G connected
to the Junction of the ratio arms. The capacitances between L and

G shunt the detector, so that they affect only the bridge sensitivity.
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Fig. {2.4) Basic ratio bridge

Fig. (2.5) A capacitance bridge with transformer ratic arms
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The capacitances between H and G are across the transformer windings.

To the extent that the transformer can be assumed ideal, i.e.,, with

no resistance in the secondary windings and with no fiux that does

not 1ink equally both secondaries, the current drawn by the H-G
capacitances does not change the voltages VN and vx or the balance
conditions. The junction of the ratio arms, G, is therefore a guard
point, or at guard potential, in the bridge. All capacitances to

G from the H or L corners of the bridge are excluded from the measurement,
and in view of this advantage the use of such capacitance bridge

will be necessary to measure the direct capacitance C  without
12

13 23

 +C

13 23

being sensitive to the presence of which is automatically

excluded.

2.7.b Assembly used in the present work for measuring the capacitance

When a General Radio capacitance bridge type 1615-A, which
has transformer ratio arms as explained in Section (2.7.a), combined
with audio oscillator (generator) and null detector type 1232-A
the obtained resolution was *1072pF which is far from being satisfactory
especially to detect the change in capacitance of the pianar capacitor
£¢s a result of depositing discontinuous metai film across its gap
auring in situ measurements. The reason behind this Jow resolution
is the presence of noise; to minimize its effect and hence improve
the resolution a phase sensitive detector and phase shifter were
added to the aforementioned equipment as illustrated in Figs. (2.6}
and (2.7). Such assembly provided a resolution of *107"pF which
is considered quite reasonable. Regarding how the bridge will see
any unknown capacitor, there are two modes (i) as a series combination
of resistance {rl) and capacitance (cl) [Fig. (1.6}] and the information

available after balancing the bridge is (cl); the dissipation factor
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D(tané). (ii) as a parallel combination of c.r [Fig. {1.6)] and

the displayed information is (cz); the conductance G(—lJ. It is

T2

the first mode which has been selected in the present work because
for most purposes it offers the greater range and convernience {771)
while the second mode 1is useful in some measurements of dielectric
materials and is necessary when external standards are added to
the bridge and when the loss in the bridge standards exceeds that
of the capacitor being measured. MWith respect to freguency, the

bridge can operate up to 100Kc.

2.7.c Measurement of the capacitance of planar capacitors

A batch of 20 capacitors, 10 for each dielectric (Melinex
and glass) were prepared as mentioned in Section {(2.4) and were
kept in a desiccator. Each capacitor was then mounted inside the
shield box such that y, = T4mm, y, = 33mm as in Fig. (2.3) and the
two copper leads were bonded, by soldering, to the socket installed
in the box. The bridge was balanced at 1, 10, 20, 50, 100kKz and
after performing this step for all the capacitors, the average value
for the capacitance and dissipation factor were obtained (72}. It
should be noted that the bridge was balanced first with onty the
copper leads bonded to the socket, namely, without the planar
capacitor to measure the background capacitance and hence, by subtraction,

the capacitance between the deposited electrodes alone can be deduced.

2.8 Principle expicited in measuring the capacitance of island films

Since the prime objective in this research is to measure (Cp)
[Fig. (1.7d)], it will be necessary to mention the principle exploited
to achieve this aim. In theory, if & capacitor is connected to

capacitance bridge then its equivalent parallel capacitance (cz) [Fig. {1.6)]
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can be measured. Th bridge will be out of balance when another unknown
capacitor, which will be the island film in the present work, shunts

the original one and by restoring the balance the capacitance of

the unknown can be obtained (73, 74). Keister and Scapple (5) exploited
this principle in their work, already mentioned in Section {(1.3.b),

where they measured the increase in the capacitance of planar

capacitors as a result of depositing Si0 films with different thicknesses.
They reported that after each deposition was completed, the bell

jar was opened, the planar capacitor (sensing device) removed and

its capacitance measured.

2.9 Concept of mass thickness

It was reported that the thickness of island films cannot
be exactly specified because the assumption of homogeneous and plane
parallel surfaces does not hold for these fiims (75,76). To overcome
this problem, some finvestigators described their films by the d.c.
resistance at the moment of halting the deposition (18,46,77) while
others used the concept of mass thickness (78-80). The mass thickness
(dm) of aggregated film does not represent the true mechanical thickness
but it is only a measure of the deposited mass per unit area (M);
dm = g% where {p') is the bulk density of the metal. Generally,
quartz crystal osciilators (81,82) are used to measure (M) in the
Tollowing manner: when an oscillatory quartz crystal with natural

resonant frequency f f, = EE- where N' = 1.67 x 10**Hz.A° and

G 2
(t) is the crystal thickness in angstroms (A°), is positioned in
the vacuum chamber so that vapour is deposited on the substrate

and on defined area of the crystal surface while a second crystal

{(reference crystal) is housed in an oscillator circuit and the two
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frequencies are mixed and the difference frequency then mixed with

a variable oscillator to produce a final difference
(2.3)

As deposition proceeds the freguency of the crystal in the coating
chamber decreases as a result of evaporant deposited upon it whereas
the frequency of the external c¢rystal remains constant. The measurements
taken are those of the freguency differences between the two crystals
and consequently AF = -af .

A deposited mass per unit area (M) will cause a change afo
given by

M, = T2 M (2.4)

where o is the density of quartz and so

ot2

p'N!

AF (2.5)

In the present work the films will be described by both the d.c.
resistance at the moment of halting the deposition and the mass
thickness (dm); the latter was determined directly in angstroms

(A°) by using film thickness monitor (Edward F.T.M.2). It is vary
important to take into consideration the temperature stability of
the monitor crystal because individual crystals are frequency calibrated
at one nominal temperature, normally 25°C, but if the operation
temperature rises or falls about the nominal, a shift in frequency
can be expected by different extents and direction for each crystal.
Heat from any source in the chamber can affect the monitor crystal
frequency while the reference crystal frequency remains constant.

As a result, whether the monitor crystal frequency increases or
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or reduces, there is an undesirable shift in the final difference

{aF}. Any change in the monitor crystal frequency before evaporation
is initiated can be offset by the zero control, but if the freqguency
changes due to temperature during evaporation false thickness readings
result. To check the effect of heat radiation alone dummy experiments
were performed with the monitor crystal well shielded and no remarkable

frequency shift was observed.

2.10 Deposition of the island films across the gaps of the planar

capacitors

The procedure adopted by Keister and Scapple (5), mentioned
in Section (2.8), is inappropriate here since the intention is to
deposit island films whose electrical properties vary drastically
from the moment of halting the deposition and consequently in situ
monitoring of the proposed change in capacitance is required. This
implies the use of leadthroughs to connect the sensing device either
to the capacitance bridge or to the electrometer which js capabie
of measuring the d.c. resistances, up to 10*2, of the deposited
films. it is recognized that the use of Teadthroughs will introduce
a parasitic capacitance which will shunt the sensing device and
the deposited film. Regarding the deposition of the island Tilm,
each of the planar capacitors was located on the baseplate in the
vacuum system while the filament was above and its distance (y)
could be changed as shown in Fig. {2.8). The main advantages of
such a configuration are (i) to minimize the unwanted capacitance
resulted from the Teads required to connect the capacitor to the
Teadthroughs {ii) the offset of capacitor relative to the filament

will allow inclined incidence to the evaporated atoms and hence
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promote the physical discontinuity in the deposited films as mentioned

in Section {1.4.a). A manually controlled shutter was used to serve

for (i) protecting the substrate during the outgasing of gold and
aluminium (ii) halting the deposition when the desired d.c. resistance
was attained {18,46,77) as measured by the electrometer {83} and

in the same time the thickness monitor will indicate the mass thickness
of the films. The electric field in the plane parallel to the substrate,
created from the voltage supplied by the electrometer, was minimized

to secure the discontinuity of the deposited films (84).

2.11 Measurement of the capacitance of isTand films

Immediately before starting the deposition, tne capacitance
bridge with the planar capacitor in circuit was balanced at 1, 10,
20, 50, 100Kc with the corresponding readings C,’ D where C is
the series capacitance and D1 is the dissipation factor, Deéositing
the discontinuous film disturbed the balance which could be restored
with corresponding Cz, 02 and by using equation {1.5) the eguivalent
narallel capacitiances Cl', Cz‘ couid be deduced. The parallel
capacitance of the fiim (Cf) is therefore CZ' - Cl'; it was assumed
that the out of balance is due only to the presence of the metallic
aggregates across the gap of the planar capacitor and to justify
this assumption dummy experiments were conducted such that unloaded
filament was heated up and as a result a siight momentary out ¢f
balance was observed but once the shutter was interposed or the
filament power reduced to zero the balance was completely resfored

which indicated that the heat radiated had no effect on the permanent

out of balance which occurred after halting the deposition.
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3.1  The measured capacitance of planar capacitors with glass as

a dielectric

Following the procedure mentioned in Section (2.7.c), the average
values of the measured capacitance (Cm) and the dissipation factor
(Dm) are presented in Tables (3.1) and (3.2) for the cases of closed
and open shield box respectively. In fact it was the event of
interrupting the balance by removing the 1id of the box which inspired
the idea of studying the effect of varying the volume of the shield
box on the measured capacitance. To achieve this study without
mounting the capacitor in different boxes, the change in the
capacitance was observed as a result of moving an earthed metallic
sheet over and under the capacitor and this is virtually equivalent
to the variation of (yl) and (yz) [Fig. (2.3)1. A decrease in the
capacitance was observed as the sheet approached the capacitor from

either directions as shown in Figs. (3.1) and (3.2).

Table (3.1) Table (3.2}
f{Kc} Cm(pF) Dm f{Kc) Cm(pF) Dm
i 0.7837 0.0012 1 0.8010 0.0012
10 0.7826 0.0012 10 {0.7992 0.0012
29 0.7790 0.0012 20 0.7966 0.0012
o)) 0.7770 0.001%2 ! 50 0.7955 0.0012
100 0.7730 0.0012 : 100 0.7230 0.0012

3.2 The measured capacitance of planar capacitors with "Melinex" as

a dielectric

The average values of the measured capacitance (Cm) and the
dissipation factor (Dm) are presented in Tables (3.3) and (3.4)

for the cases of closed and open box respectively. Figures (3.3)
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and (3.4) illustrate the variation of the capacitance with the distance

of the earthed sheet as the latter moved over and under the capacitor

respectively.
Table (3.3) Table {3.4}
f{Ke) Cm(pF) D ’ f{Kc) Cm(pF) D,
1 0.3664 0.0051 ‘ 1 0.3795 0.0051
10 0.3656 0.0072 ’ 10 0.3785 0.0072
20 0.3633 0.0075 | 20 0.3763 0.0075
50 0.3628 0.0087 f 50 0.3750 0.0087
100 0.3620 0.0090 | i 160 0.3720 0.0090

3.3 Calculation of the planar capacitance

The contributions (CI) and (CII) can be calculated by using the
relevant equations in Section 1.3.a; also the contribution (sz)
[Fig. 1.3] must be considered because the condition Er > 1, TO> 2W + d
is not valid in the present work. Since our substrates are remarkably

thin, we may assume that CI = CIV.

i - for Corning glass as a dielectric [W = 4mm, d = 2mm, L = 25mm,

T = 0.8mm, Er = 5.8]

CI = 0.2115pF, CII = 0.3997pF

C = Cp + CII + CIV ~ 0.8227pF (3.1)

i1 - for "Melinex as a dielectric (W = 4nm, d = 2mm, L = 25mm,

T = 0.036mm, Er 2.95]

Cr = oy

0.2115pF

(CII) is extremely small comparedwith (CI) because d is much larger

than T(2) and hence

€= CI + CIV = 0.4230pF (3.2)
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3.4 The measured capacitance of discontinuous gold films deposited

on glass and "Melinex"

The only feasible way, in the present work, to assure the
physical discontinuity of the deposited films is to know their d.c.
resistances (Rl) at the moment of stopping the deposition; on such
a2 basis and taking into consideration the fact that discontinuous metal
films generally have high sheet resistances (85}, four gold films with
different values of (Rl) and (dm) were deposited on glass in different
evaporation cycles. Immediately after halting the deposition, the
sensing device was connected to the capacitance bridge toc monitor
the changes in the capacitance (CZ) and the dissipation factor (Dz)
with time at different frequencies and eventually the capacitance
of the deposited films (Cf) was deduced as described in Section (2.170).
At the end of the room temperature vacuum annealing period, the
d.c. resistances of the fiims were measured again (Rz) to assess
any expected changes. Another four gold films were deposited on
"Melinex" and the same steps, as in the case of glass, were followed.
The results are presented in Tables(3.5) to (3.12). It should be
noted that the values of (Cl), reported in the Tables, were already
incorporate the parasitic capacitance introduced by the leadthroughs.
This capacitance is 0.4885pF and 0.4780pF at 1Kc and 100Kc respectively.
Also, the values of (Cll) were not displayed since (Dl) is less than
0.01 and hence ClI = C1 (8). For the time being, it is sufficient
to observe (1) the dependence of (Cf) on Rl, time and frequency

(ii) the more pronounced dependence of (Dz) on the same quantities

as shown in Figs. (3.5) to (3.12).
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Table (3.5)
In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (R, = 5 x 10%q, d = 60A°)

1

across the gap of planar capacitor having glass as a dielectric

Before deposition Immediately after halting the deposition
flke) € (pF) D |tlmins) f(ke) D C (pF) C'(pF) Cp=C' -C'

1 0.8097 0.005 2 20 0.8 1.3971 0.8519 0.045 i
10 0.8082 0.005 3 50 0.25 0.8937 0.8411 0.040 |
20 0.8069 0.005 4 100 0.1 0.8370 0.8287 0.030
50 0.80711 0.005 & 10 1.1 1.9850 0.8982 0.090

100 0.7987 0.005 11 20 0.4 0.9411 0.8113 0.044

13 50 0.16 0.8256 0.8050 0.039

15 100 0.07 0.8055 0.8016 0.029

17 10 0.62 1.1313 0.8172 0.090

24 10 0.56 1.0735 0.8172 0.090

25 20 0.26 0.8661 0.8113 0.044

30 50 0.09 0.8115 0.805C 0.039

36 100 0.05 0.8070 0.BO15 0.028

38 10 0.43 0.9683 0.8172 0.0%0

44 10 0.4 0.9480 0.8172 0.090

47 20 0.18 0.8376 0.8113 0.044

60 20 0.16 0.8321 0.8113 0.044

! 63 50 0.055 0.8074 0.8050 0.03%
! 74 10 0.29 0.8858 0.8171 0.089 ;
85 10 0.27 0.8767 0.8171 0.08% ;

86 20 0.12 0.8229 0.8712 0.043
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Table (3.6)

In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (R

across the gap of planar capacitor having glass as a dielectric

1

=5x 107q, dm = 48A°)

Before deposition

Immediately after halting the deposition

f{Kc) Cl(pF) D1 t{mins) f(Kc) 02 Cz(pF) Cz'(pF) Cp= Cz' - C;
1 0.8007 0.005 2 20 0.068 0.8034 0.7997 0.075
10 0.8000 0.005 3 10 0.1 0.8206 0.8125 0.125
20 0.7922 0.005 5 1T 0.9 1.7950 0.9819 0.1812
50 0.789%0 0.005 7 50 0.040 0.8504 0.84%90 0.060
100 0.7823 0.005 8 100 0.040 0.8326 0.8313 0.048
10 20 0.042 0.8667 0.8652 0.073
12 10 0.069 0.9236 0.9192 0.1192
13 10 0.067 0.9233 0.9192 0.1192
14 10 0.065 0.5230 0.9191 0.1191
16 1 0.63 1.3681 0.9794 0.1787
18 50 0.020 0.8483 0.8480 0.059
21 20 0.032 0.8651 0.8642 0.072
27 10 0.052 0.5207 0.9182 0.1182
30 10 0.049 0.9204 0.9182 0.1182
32 T 0.44 1.1677 0.9783 0.1776
35 50 0.015 0.8472 0.8470 0.058
37 20 0.028 0.863%5 0.8632 0.077
43 20 0.026 0.8638 0.8632 0.071
45 10 0.042 0.9197 {§.918] 0.1181
51 10 0.040 0.91%6 0.9181 0.1187
53 1T 0.34 1.0902 0.9772 0.1765
55 20 0.024 0.8627 0.8622 0.070
65 20 0.022 0.8626 0.8622 0.070
68 10 0.035 0.9191 0.9180 0.1180
70 50 0.010 0.8461 0.8460 0.057
72 1 0.26 1.0429 0.9769 0.1762
85 20 0.020 0.8625 0.8622 0.070
87 i0 0.032 0.9183 0.9174 0.1174
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Table (3.7)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing gold film (R1 = 5 x 10%, d, = 32A4°)

across the gap of planar capacitor having glass as a dielectric

Before deposition Immediately after halting the deposition
f{Kc) Cl(pF) D1 t{mins) f{Kc) D2 C (pF) Cz'(pF) Cf = C; - Cl'
1 0.8033 0.005 2 T 0.11 1.0263 1.0140 0.2107
| 10 0.8011 0.005 4 10 0.11 0.9984 0.9983 0.1872
! 20 0.7992 0.005 5 20 0.008 0.9816 0.9815 0.1823
; 50 0.7911 0.005 7 50 0.005 0.9623 0.9623 0.1712
L_ 100 0.7886 0.005 9 i 0.078 1.0193 1.0131 0.2098
14 10 0.008 0.9932 0.9931 0.1920
15 20 0.006 0.9873 0.9873 0.1881
19 T 0,063 1.0104 1.0064 0.2031
23 1 0.059 1.0068 1.0033 0.2000
24 10 0.0065 0.9884 0.9884 0.1873
26 20 0.004 0.9664 0.9664 0.1672
29 1 0.054 0.9986 0.9957 0.1924
36 1 0.050 0.9968 0.9943 0.1910
| 37 10 0.006 0.9833 0.9833 0.1822
: 45 1 0.045 0.9958 10.9938 0.1905
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Table (3.8)

In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (R1 = 5 x 10°%q, d. = 22A°)

across the gap of planar capacitor having giass as a dielectric

Before deposition

Immediately after halting the deposition

f{Kc) Cl(pF) D1 t({mins) f(Ke¢) D2 CZ(pF) Cz'(pF) Ce = C; - Cl‘

1 0.8065 0.005 2 1 0.027 1.0320 1.0312 0.2247

10 0.8043 0.005 3 10 0,006 1.0175 1.0175 0.2132
20 0.8001 0,005 4 20 0.006 1.0084 1.0084 0.2083
50 0.7982 0.005 7 1 0.022 1.0280 1.0275 0.2270
100 0.7876 0.005 11 1 0,021 17.0252 1.0247 0.2182
26 10 0.005 1.07143 1.0143 0.2100

30 1 0.018 1.0191 1.0188 0.2123
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Table (3.9)

In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (R

= 5 x 10%¢, ¢
m

=6

across the gap of planar capacitor with "Melinex" as a dielectric

3A°)

Before depositipn_:

Immediately after halting the deposition

f(ke) ¢ (pF) D it(mins) f(Ke) D] C (pF) C'(pF) Cp=C'-C"
1 0.6338 0.004 Z 20 0.84 1.1487 0.6735 0.044
10 0.6310 0.005 3.5 50 0.215 0.6940 0.6633 0.039
20 0.6295 0.006 7 10 1.2 1.7519 0.7180 0.087
50 0.6243 0.007 10 20 0.6 0.9146 10.6725 0.043
100 0.6175 0.007 12 100 0.07 0.6487 0.6455 0.028
15 10 1.1 1.5824 0.7160 0.085
! 18 50 0.15 0.6731 10,6583 0.034
22 100 0.04 0.6435 0.6425 0.025
32 20 0.36 0.7515 D0.6653 0.041
34 10 0.75 1.1156 0.7140 0.083
36 50 0.095 0.6612 0.6553 0,031
40 100 0.03 0.6407 0.6395 0.022
42 20 0.3 0.7298 0.6695 0.040
47 10 0.62 0.9857 0.7120 0.081
54 50 0.05 0.6549 0.6533 0.028
60 100 0.02 0.6408 0.6405 0.023
62 20 0.24 0.7070 0.6685 0.039
73 10 0.47 0.8668 0.7100 0.079
89 50 0.04 0.6533 0.6523 0.028
90 100 0,01 0.6391 0.6385 0.021
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Table (3.10)

In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (Rl =5 x 107g, d. = 50A°)

across the gap of planar capacitor with "Melinex" as a dielectric

Before deposition

Immediately after halting the deposition

flke) C (pF) D tlmins) f(kc) D C (pF) C'(pF) Cp=0C' ~C"
1 0.6325 0.004 2 10 0.23 0.7929 0.7531 0.123
10 0.6301 0.005 3 20 0.09 0.7066 0.7009 0.072
20 0.6283 0.006 5 50 0.025 0.6815 0.6811 0. 060
50 0.6211 0.007 6 100 0.010 0.6663 0.6662 0.047
100 0.6192 0.007 9 10 0.14 0.7668 0.7521 D.122
1 20 0.06 0.7024 0.6999 0.071
13 50 0.02 0.6804 0.6801 0.059
17 100 0.006 0.6652 0.6652 D.046
19 0 0.1 0.7586 0,751 0.121
23 10 0.095 0.7569 0.7507 0.120
24 20 0.044 0.7003 0.6989 0.070
31 20 0.040 0.699 0.6979 0.069
34 50 0.015 0.6783 0.6781 0.057
36 10 0.080 0.7539 0.749] 0.119
50 20 0.032 0.6966 0.6959 0.067
57 50 0.010 0.6772 0.6771 0.056
61 1 0.7  1.2026 0.807 0.1746
81 10 0.05 0.7490 0.7471 0.117
82 20 0.024 0.6943 0.6939 0.065
85 50 0.010 0.6752 0.6751 0.054
87 1 0.65 1.1465 0.8060 0.1735
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Table (3.11}
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing gold film (R = 5 x 10%q, d_ = 30A°)

1
across the gap of planar capacitor with "Melinex” as a dielectric

Before deposition . Immediately after halting the deposition
f{Xc) Cl(pF) D1 t{mins) f(Kc) D2 Cz(pF) Czl(pF) Ce = Czl _ C;

1 0.6338 0.004 Z 10 0.0714 0.8305 0.8303 0.1983

10 0.6320 0.005 4 1 0.090 0.8506 0.8438 0.2100

20 0.6288 0.006 6 20 0.012 0.8091 0.8090 0.1802

50 0.6201 0.007 8 50 0.0710 0.7602 0.7601 0.1400

100 0.6188 0.007 11 10 0.031 0.8293 0.8292 0.1972

12 1 0.055 D0.8450 0.8425 0.2087

14 20 0.010 0.8082 0.8081 0.1793

24 10 0.010 0.8285 0.8284 0.1964

26 1 0.042 0.8285 10.8270 0.1932

T 20 0.008 0.8062 0.8062 0.1774

45 10 0.009 0.8265 D.8265 0.1945
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Table (3.12)

In situ monitoring of the changes in the capacitance and dissipation

factor as a result of depositing gold film (R

1

=5 x 10%°q, d_ = 19A¢)
m

across the gap of planar capacitor with "Melinex" as a dielectric

f{Ke) Cl(pF) D1 t{mins) f(Kc) D2 Cz(pF) C;(pF) C_F C; - C1 [

1 0.6340 0.004 i 1 0.030 0.8585 0.8577 0.2237

10 0.6315 0.005 2 10 0.070 0.8444 0.8443 0.2728
20 0.6291 0.006 3 20 0.009 0.8366 0.8365 0.2074
50 0.6220 0.007 4 1 0.025 0.8580 0.8575 0.2235
100 0.6194 0.007 b 10 0.008 0.8442 0.844} 0.2126
11 1 0.020 0.8576 0.8573 0.2233

22 1 0.016 0.8573 0.8571 0.2231

30 1 0.014 0.8567 0.8567 0.2227
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3.5 The measured capacitance of discontinuous aluminium films

deposited on glass and "Melinex"

Four different aluminium films were deposited on each substrate
and by following the same procedure as in the case of gold fiims the
relevant results were obtained as shown in Tables (3.13) to (3.18)
and Figs. (3.13) to (3.18). No detectable change in (Cl) and (Dl)
were observed after depositing the films with Rl = 5 x 10%g, this
could be attributed to the fact that although deposition tock place

in a residual air pressure as low as 7 x 107 %torr there would still

be sufficient oxygen molecules present to completely oxidize the islands (86).

3.6 Post-deposition resistance changes in discontinuous gold and

aluminium fiims

It was not our intention to study the post-deposition drift in
the d.c. resistance of our films because such item was tackled before
by many investigators especially for gold films. Nevertheless it
may be useful to see how the d.c. resistance of these {ilms change
with time, as shown in Figs. (3.19) and (3.20) for gold and aluminium
films respectively. These may help in interpreting the variation

of the dissipation factor (Dz) with time as well,

3.7 Calculation of the parallel capacitance of discontinuous metal

Films
The capacitance of island films can be calculated, in principle,
if all the quantitites in the right hand side of egn. (1.13) are
known; but it is too difficult to have the values of (Rl), (Rz) and

(C') for our films and this difficulty may be the reason why we

cannot find any published values for the calculated capacitiance
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so far. Accordingly, only the general characteristics of the
capacitance and its value under certain conditions will be tried

here. Egn, {1.13) can be rewritten as

R 2
- Wy 1
£ 1 + 2(=2) + (=2) + 4q3f3C '2R 2
R, Rz 1
such that for certain aspect ratio (%), the ratio Cp/cl will depend
R
on fR C' as a variable and-ﬁl as a parameter. Figures (3.21) to
1
2

(3.23) show a family of curves, obtained Tor different parameters,
with the main following characteristics:

{a) For any given vajue of fRIC’, Cp/cn increases with the increase
R
1
ot R
2

(b)Y The decrease of CD/C' with the increase of (FC‘Rl) is well

demonstrated for R /R2= 1 while it js less pronounced for larger
R 1
values of 32,

2
It is evident from Fig. (3.23) that:

' (z = 1) (3.4)

2
H

to| €
1

C, = 12.5C (¥ = 12,5 for our films] (3.5)
It should be remembered that (C'), as given by egn. (1.20), was
deduced on the assumption that the two islands were of spherical
shape and completely immersed in the dielectric., In fact a more
realistic assumption is required which would be a disk-shaped or
hemispherical islands with the dielectric on one side and vacuum
on the other side as shown in Fig. (3.24). A notice must be given

to the fact that when (Rl) goes to zerp, namely, the metal film

becomes physically continuous then the parallel capacitance {een. 1.713)
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goes to zerop as well. There is evidence that islands of discontinuous

metal films may well be taller than wide and for the purpose of
simple calculation they can be idealised as elongated boxes a shown
in Fig. (3.25) and if the aspect ratio of the film is 107° then

the following equation can be written

Ct o= e YZ . then taking x = Z = 50A°, y = BOA®
X

C' = 7.1 x 10-%pF

C = 7.1 x 10°2pF

p x 107%p
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Table (3.13)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing aluminium film (R1 = 5 x 10%q, qn=55A°)

across the gap of planar capacitor having glass as a dielectric

Before deposition Immediately after halting the deposition
flke) ¢ (pF) D 1 tlmins) flke) D C (pF) C'(pF) Cp=C"'-C"

1 0.8092 {0.005 1 20 0.08 D0.8760 0.8704 0.07
10 0.8032 0.005 1.5 20 0.04 0.8477 0.8404 0.04
20 0.8004 0.005 2 20 0.03 0.8311 0.8304 0.03
50 0.7987 0.005 3 20 0.024 0.8209 0.8204 0.02

100 0.7901 0.005 3.5 10 0.039 0.8265 0.8252 0.022
4.5 10 0.0334 0.8242 0.8232 0.02

5 10 0.031 0.8210 0.8202 0.017

b 10 0.028 0.8188 0.8182 0.015

7 T 0.2 0.8624 0.8292 0.020

8.5 20 0,014 0.8136 0.8134 0.013

10 20 0,012 0.8105 0.8104 0.010

12.5 10 0.017 0.8144 0.8142 0.01

14 10 0.016 0.8124 0.8122 0.009

16 1 0.08 0.8265 0.8212 0.012

17.5 1 0.07 0.8232 0.8192 0.010

20 i 0.06 0.8201 0.8172 0.008

24 10 0.013 0.8103 0.8102 0.007

28.5 1 0.05 0.8192 0.8172 0.008

30 20 0.008 0.8035 0.8034 0.003

=72 -



Table {3.14)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing aluminium film (Rl =5 x 107q, d"]=46A°)

across the gap of planar capacitor having glass as a dielectric

Before deposition Immediately after halting the deposition

f{Kc) Cl(pF) D t{mins) f(Kc) 0 Cz(pF) Cz‘(pF) Cp=C)-¢C'

1 0.8070 0.005 1 10 0.033 1.0363 1.0352 0.2342

10 0.8010 0.005 2 10 0.02 1.0046 1.0042 0.2032

20 0.7998 0.005 3 10 0.017 0.9737 0.9734 0.1724

50 0.7921 0.005 4 20 0,010 0.9530 0.9529 0.1531

100 0.7834 0,005 5.5 1 0.030 0.9404 0.93% 0.1326
7.5 10 0.010 0.9373 0.9372 0.1362 |

9.5 10 0.009 0.9038 0.9037 0.1027

10.5 20 0,008 0.9130 0.9130 0.1132

12 1 0.024 0.9157 0.9152 0.1082

14,5 1 0.022 0.9080 0.9076 0.1006

17 0 0.006 0.8931 0.8931 0.0921

22 T 0.017 0.8949 0.8946 0.0876

29 i 0.014 0.8593 0.8591 0.0521

30 10 0.005 0.8336 0.8336 0.0326

- 73 -



Table (3.15)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing aluminium film (Rl = 5 x 10%gq, qﬂ=30A°)

across the gap of planar capacitor having glass as a dielectric

|
Before deposition Immediately after halting the deposition

f(Ke) Cl(pF) D t{mins) f{Kc) 02 Cz(pF) Cz'(pF) Ce=C'-C'

1 foon 1
1 0.8097 0.D05 0.5 1 0.012 0.9530 0.9529 0.1432
10 0.8039 0.005 1 1 0.010 0.9219 0.9218 0.132]
20 0.8012 0.005 2 1 0,007 0.9109 0.9109 0.7012
50 0.7982 0.005 4 1 0.005 0.8923 0.8923 0.0826
100 0.7921 0.005 5 1 0.005 0.8097 0.8097 0.0000
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Table (3.16)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing aluminium film (R1 = 5 x 10%q, dm::54AC)

across the gap of planar capacitor having "Melinex" as a dielectric

Before deposition Immediately after halting the deposition
flke) € (pF) D |tlmins) f(kc) D C (pF) C'(pF} Cr=C' -C"
1 0.6325 0.004 1 20 0.085 0.6995 0.6945 0.066
10 0.6301 0.005 1.5 26 0.043 0.6798 0.6785 0.050
20 0.6285 0.006 2 20 0.033 0.6702 0.6695 0.041
50 0.6233 0.007 3 20 0.027 0.6590 0.6585 0.03
100 0.6185 0.007 4 10  0.041 0.6642 {.6631 0.033
5 10 0.033 0.6588 0.6581 0,028
6 10 0.030 0.6527 0.6521 0.022
7 1 0.22 0.6883 0.6565 0.024
9 20 0.017 0.6487 0.6485 0.020
10 20 0.015 0.6456 D0.6455 0.017
13 10 0.020 0.6464 0.6461 0.016
15 1 0.1715 0.6571 0.6485 0.016
18 1 0.090 0.6507 0.6455 0.013
20 1 0.080 0.6456 0.6415 0.009
25 10 0.015 0.6392 0.6391 0.009
29 1 D0.06 0.6408 0.6385 0.006
30 20 0.09 D0.6417 D0.6365 0.008
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Table (3.17)

In situ monitering of the changes in the capacitance and dissipation

factor as a result of depositing aluminium fiim (R1 = 5 x 107q, dm==48A°)

across the gap of planar capacitor having "Melinex" as a dielectric

Before deposition

Immediately after halting the depgsition

f{Ke) Cl(pF) D1 t{mins) f{Kc) D2 Cz(pF) Cz'(pF) Ce = Cz' - C;

i 0.6350 0.004 1 10 .035 0.853 0.852 0.2212
10 0.6308 0.005 2 10 .022 0.8405 0.8401 0.2093
20 0.6287 0.006 3 10 .018 0.8147 0.8144 0.1836
50 0.6250 0.007 4 20 011 0.7911 0.7910 0.1623
100 0.6186 0.007 5 1 .033 0.7781 0.7787 0.1431
8 10 L0117 0.7834 0.7834 0.1526
11 20 .009 0.7599 0.7599 0.1312
12 1 026 0.7473 0.7473 0.1123

15 1 .024 0.7276 0.7276 0.0926

17 10 .007 0.7412 0.7412 0.1104

29 1 L0177 0.7072 0.7070 0.072
30 10 L005 0.7134 0.7134 0.0826
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Table (3.18)
In situ monitoring of the changes in the capacitance and dissipation
factor as a result of depositing aluminium film (R1 = § x 10%, qﬂ=28A°)

across the gap of planar capacitor having "Melinex" as a dielectric

Before deposition Immediately after halting the deposition

f(Kc) C (pF) D t{mins) f{Kc) D C (pF) CZ'(pF) Cf = Cz' -C'

1 1 2 2

1 0.636 0.004 0.5 1 0.014 0.7733 0.7732 0.1372
10 0.6375 0.005 1 1T 0,011 0.,7537 0.7536 0.1176
20 0.6289 0.006 2 1 0.008 0.7442 0.7442 0.1082
50 0.6244 0.007 4 1 0.005 0.7283 0.7283 0.0823
100 0.6188 0.007 5 1 0.004 0.636 0.636 0.0000
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Fig. (3.13) Variation of the dissipation factor (Dz) with time in vacuum
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Fig. {3.24) Disc-shaped island
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Fig. (3.25) Two elongated islands on surface of substrate
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3.8 Determination of the film structure by transmission electron

microscopy

The examination of the films by transmission electron microscopy
requires the penetration of the beam through them and therefore
it is necessary either to prepare films identical to those on which
experiments were performed, but on sufficiently thin substrates,
or to strip the actual films on which experiments were conducted.
Generally, there are three possible methods to strip the film after
backing it with thin Tayer of carbon (28) (i) to dissolve the substrate
by the appropriate sclvent, i.e, hydrofluoric and sulphuric acids
for glass and Melinex respectively {60) (ii) mechanically with~
the aidof formavar and sellotape (iii) floating the film with carbon
backing layer off by surface tension in a bath of water. It is
well recognized that whatever the method of stripping is (87) it is
never certain whether the structure observed is the same as that
on the original substrate and it is probably not since if indeed
the entire film does leave the substrate, then presumably this must
be because the adhesion is greater to the carbon layer than to the
substrate; in which case we would expect a change in the islands
shape and in contact angle. In view of the disadvantages of the
stripping methods, the films examined in the present work were deposited
on electron microscope grids aiready loaded with thin carbon Tayer
and located very close to the planar capacitors during the deposition
of the discontinuous metal films. The micrographs shown in Figs.
(3.26) to (3.29), which were taken with JEQL JEMI0DOB transmission
electron microscope at a magnification of 10,000X, reveal the discontinuity

of the examined films.
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3.9 Attempts to produce a larger enhancement in the planar capacitance

From the results presented in Tables {3.5) to (3.18) it is
evident that the increase in the capacitance from (Cl) to {C } is

2

small and associated with large dissipation factor (Dz)' It is

decided at this stage of research to explere some feasible approaches
which may lead to a Targer enhancement in the planar capacitance
without profoundly affecting the original losses (Dlj. The larger
enhancement, if happened, will offer us the chance to study the

effect of strain on capacitance hoping that a new capacitive transducer
may be developed. Two approaches were tried {i) island films of

Pd were first deposited because, as reported by other researchers (50),
Pd nuclei provide nucleation sites for gold films and eventually

larger and closer composite islands were formed. Discontinuous

gold films were subsequently deposited but no advantageous effect

of pd nuclei was observed, (ii) by depositing aluminium with significant
proportion of oxygen present (residual pressure 10""torr) there

will be a possibility of laying down, at the moment of halting

the deposition, aluminium islands separated from each other by an

oxide Tayer and in that sense two-dimensional cermet may be obtained,
In very rare number of experiments a larger enhancement was observed,

i.e., the capacitance (Cz) and the dissipation factor (Dz) were

3pF and 0.027 respectively at TKc.
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4,1 Comments on the measured capacitance and dissipation factor

of the planar capacitors

With reference to Tables {3.1) to (3.4), it can be seen that
the measured capacitance is (i) larger in the case of open shield
box and this will be explained in Section (4.3), {ii) decreases
very slightly with the increase of frequency, perhaps, due to the
reduction in the effective dielectric constant of the capacitor (88).
Regarding the dissipation factor, it is independent of the frequency
for glass substrates whilst it increases with frequency for Melinex.
Generally speaking, the planar capacitor losses are of two types (89):
those attributed to the dielectric substrate and those attributed
to the thin film metallic electrodes. Once the base material (substrate)
is chosen, nothing can be done in the planar capacitor design to
materially reduce the losses due to this material. On the other
hand, the second type of losses depends on the sheet resistance of
the deposited electrodes and on the operating frequency. A lower
value of the sheet resistance obviously will produce lower dissipation
factor while higher frequencies cause larger losses (90,91). In
view of the frequency range {1-100)Kc used in the present work, it
is more likely to consider that the losses are due to the dielectric
base and to justify this conjecture, the experimental values of the
losses were compared with those reported for bulk glass (7059) and

Melinex where reasonable agreement was found.

4.2 Comparison between the caiculated and the measured planar capacitance

The caiculated values of the planar capacitance, given by
equations (3.1) and (3.2}, are slightly larger than the measured ones

as displayed in Tables {3.1) to {3.4); for glass as a dielectric the
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differences are 0.0217pF and 0.0390pF in case of open and closed box
respectively while for Melinex the differences are 0.0435pF and (0.0566pF.
The measured values at 1Kc are chosen to find the differences. In

fact the presence of the 1id and the bottom of the shield box will

reduce the contributions (CI) and (CIV) respectively; this reduction is
well demonstrated in Figs. (3.1) to (3.4). Since the thickness of glass
and Melinex are 0.8wm and 0.036mm respectively, the effect of the bottom
on (CIV) will be more proncunced in case of planar capacitors having
Melinex as a dielectric. To sum up, allowing for the reduction caused

by the shield box, the calculated values of the planar capacitance

are in reasonable agreement with the measured ones.

4.3 Why the measured capacitance changes as a result of moving

earthed sheet over and under the capacitor

The most striking points in Figs. (3.1) to (3.4) are
(i) the decrease in the capacitance as the earthed metallic sheet
approaches the capacitor from either directions (ii) the decrease
in the capacitance is non-linear and more prononounced at lower
values of yl, y2 [Fig. (2.3)]. The first remark could be explained
by the fact that the electric field between two equipotentials (92)
is equivalent to a capacitance which may tend to zerc (70) if an
earthed sheet completely surrounds one of the equipotentials and
accordingly the measured planar capacitance should be a bit larger
in the case of cpen shield box because in such a situation there
will be more lines of force in the medium above the electrodes.
The implication of the second remark is that the distribution of
the electric lines of force around the capacitor is not uniform

as shown in Fig, (4.1). Different practical devices have been
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developed which utilize the principle of varying the planar capacitance
as a consequence of changing the number of lines of force around

the electrodes, 1ike the capacitance altitude (93,94) and transducers {95)
for determining the water content in wet soil. In the first, there

is a direct capacitance between two insulated electrodes mounted

on the ajrcraft and this capacitance will be affected by the proximity
of the earth, which behaves as a conducting sheet, during taking

off and landing. The variation of the capaciténce could be used

to determine the altitude of the aircraft. In the second, the number
of electric lines of force above two interdigitated electrodes will
partially depend on the effective dielectric constant of the medium
containing the lines, for example, the dielectric constant of water

is about 80 at 120Hz while that of normal completely dry soil is

about 2.6 and so the presence of even small amount of water in the

soil causes a drastic change in the effective dielectric constant
providing that the wet soil forms the medium above the electrodes.

The corresponding change in the planar capacitance could be calibrated

to give the water content by weight in the soil.

4.4  Why the d.c. resistance of discontinucus gold and aluminium

films increases after halting the deposition

Figures (3.19) and (3.20) show the remarkable increase in
the resistance with time especially for aluminium fiims where after

30 minutes in vacuum the resistance became one thousand times the
R

original one [R2 = 1U3R1] while for gold films =% is nearly 10 for

R

1
the same period of time. The immense increase in the resistance
of aluminium films will be more appreciated if we remembered that

(R ) is 5 x 10%z and 5 x 10%°q for aluminium and gold respectively.
1
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In general the resistance of any film will vary after deposition,

for Tow resistance films the resistance decreases with time and

for higher resistance samples it increases {96-98) and it has been
assumed that the two types of behaviour identify the films as continuous
or discontinuous. For discontinuous films the rate of resistance
variation with time (i) is great for large film resistance,

(ii1) s less for refractory metals and (iii) may be decreased by
overcoating with silicon monoxide. Three types of explanation have

been offered; the simplest of these is the temperature effect (99)

where the film is heated during deposition by radiation from the

source and as the deposition ceases the fiim cools freely to ambient.
For discontinuous metal films the falling temperature will lead

to an increasing resistance since such films possess negative temperature
coefficient of resistance. The second explanation is based on the

shape changes that are undergone by fixed islands. Nishiura and

Kinbara (83) assumed the islands to have an oblate spheroidal shape

and regarded this as varjable with time after deposition. Their
proposition was that the inter-isiand gap, and hence the tunnelling
resistance, would increase as the islands tend to more spherical

form. The final category of explanation is also the most complex,
namely, the agglomeration effect (100-102). According to this category,
the films are assumed to be composed of islands some of which are

in thermally activated motion and so the formation, by coalescence,

of larger islands is possible. The mobility of the islands on the
substrate and the number of islands with sufficient energy to move

is determined from an assumed thermal activation process. The activated
islands are allowed to move, collide and combine with other isiands,

analogous to two dimensional gas. As the islands combine, the mean
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gap increases with the implication of increasing the resistance.

The aforementioned three explanations could possibly account for

the increase in the resistance of aluminium and gold films. In

order to account for the immense increase in the resistance of aluminium
films, another important effect should be taken into consideration

which is the susceptibility of these films to oxidation after deposition
due to the presence of oxygen in the residual air atmosphere. To
understand how the oxidation of the islands could Tead to additional
increase in the resistance, it wiil be assumed that tunnelling occurs
from the surface of the metal island (77) and not from the surface

of the oxide layer and consequently the tunnelling distance will

increase by twice the oxide thickness as shown in Fig. (4.2).

4.5 Why the dissipation factor, after depositing the discontinuous

films, changes with time and frequency

It is found that the dissipation factor (Dz) decreases with
the increase of the operating freguency, the passage of time and
the increase of the initial resistance of the films (R ) as revealed
in Figs. (3.5) to (3.18). In order to account for these findings,
it will be appropriate to see the implications of laying down discontinuous
metal films across the gap of the planar capacitor on its dissipation
factor and capacitance. Regarding the impact on the dissipation
factor, the conduction current between the two electrodes should
increase as a result of reducing the d.c. resistance between them
and consequently egn. {1.10) can be used to account, qualitatively,

for the present findings. The impact on the capacitance will be

handled in the next section.
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4.6 Wny the deposition of discontinuous metal films enhance the

planar capacitance

The increase in the capacitance from (Cl) to (C;) as indicated
in Tables (3.5) to {3.18) is attributed to the fact that the films
possess inherent parallel capacitiance Cf = Cz' - Cl‘ (103). In
theory, the increase in planar capacitance can be, qualitatively,
tackled from another point of view, namely, the effect of the film
(islands} on the different contributions to the planar capacitance.
According to what has been stated in Section (1.5), the presence
of the islands will increase (i) the dielectric constant of the
substrate (egn. 1.23) as shown in Fig. {4.3) and consequently enhance
the substrate contribution {eqn. 1.3) to the planar capacitance.
{i1) the dielectric constant of the medium separating the two faces

1,2 in Fig. (1.3) and hence promote the contribution ¢ (egn. 1.4);

111
if the thickness (te) of the electrodes, in our planar capacitors,

is assumed to be 10%A° then Cooq will be 0.1 x 107*pF which is indeed
extremely small compared with the other two contributions as calculated
in Section (3.3). It is evident from Fig. (4.3) and egn. (1.22)

that the Targer the surface coverage of the islands the Targer the

; this can

ephancement in both the substrate contribution and Crry

be achieved by depositing films having large islands {a) and narrow
gaps (s) but it has always been found too difficult to produce such
films because of the structural changes caused by surface mobility

and island coalescence (304).
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4.7 Comments on the measured capacitance of discontinuous gold

and aluminium films

Regarding the measured capacitance of the films (Cf), the
following remarks are relevant: {1} it increases with the increase
of (Rl), (2} it increases with lowering the operating frequency,
(3) it decreases with the elapse of time especially for aluminium
films perhaps due to the growth of the oxide layer on the surface
of the islands, (4) the type of the substrate has not any apprecial
effect on (Cf). Remarks 1 and 2 are reasonably comply with the
predicted behaviour of the capacitance as shown in Figs. {3.21)
and (3.22). In fact it is necessary to compare the values of the
measured capacitance for our films with (i) the calculated capacitance
as described in Section (3.3), (i) the values of the measured
capacitance already reported in the literature, namely, the
capacitance of Pd and Mn films. The comparison has revealed that,
in the first case the measured values are larger than the calculated
ones and which can be attributed to the drawback of the model used
in Section (1.4.b) which is too simplified since it neglects the
capacitance between non adjacent islands {105), i.e., the capacitance
between each island and every other island in the film. While in
the second case our measured values are much smaller than those
supposed to be for Pd and Mn films (Section 1.4.d)}). From the experience
gained in the present work we think that the allocation of the measured
capacitance, by the cther investigators (49,50} to be only for the
studied films (Pd, Mn) was inappropriate because apart from the
films capacitance, the presence of the planar capacitance between
the electrodes, the capacitance between the Teads and more 1ikely
the parasitic capacitance would naturally contribute to the measured

capacitance,
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4.8

Conclusions

The following conclusions can be stated:

The calculated values of the planar capacitance are slightly
larger than the measured ones; but they could be in reasonable
agreement if we allow, qualitatiively, for the reduction in the
contributions (CI) and (CIV) from the media above the electrodes
and underneath the substrate respectively. The reduction 1s due
to the presence of the 1id and the bottom of the shield box

which enclosed thecapacitors during the measurements.

The measured planar capacitance decreases as a result of moving
an earthed metallic sheet towards the capacitor since the number
of the electric 1ines of force will diminish as the sheet

approaches the electrodes or the back of the substrate.

Within the used range of operating frequency (1-100)Kc, the
measured dissipation factor of the planar capacitors is due

to the losses in glass or Melinex.

The dissipation factor of the planar capacitor is attenuated,
as a result of depositing discontinuous metal film across the
gap between the two electrodes, such that it decreases with
(i) the increase of the operating frequency (ii)} the increase
of the initial d.c. resistance of the film (iii) the passage

of time after halting the deposition.

The measured parallel capacitance (Cf) of discontinuous gold
and aluminium films decreases with (i) the decrease of the
initial d.c. resistance of the films (i11) the increase of
the operating frequency {(iii) the elapse of time especially

for aluminium films due to the growth of the oxide layer on
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4.9

the surface of the islands,

The type of the substrate {glass or Melinex) has not any apprecial

effect on the capacitance of the films.

The measured parallel capacitances (Cf) of our films are much
smaller than those reported and supposed to be for Pd and

Mn films whilst the values of (Cf) are targer than the calculated
ones {C ).

p

Suggestions for further research

The enhancement of the dielectric constant of a substrate

(Er) can be predicted from egn. (1.23) as deduced by Leaver (54).
In fact an independent experimental evidence 1is required to
endorse Leaver's view and this can be achieved by the in situ
monitoring of the planar capacitance as a result of laying

down discontinuous metal fiims on the back of the substrate

and not across the gap between the two electrodes. The advantage
of this situation is to avoid any changes in the dissipation

factor and to concentrate the attention on the expected increase

in the planar capacitance only.

The determination of the films structure will be ideally relevant
to our objectives, as stated in Section (1.6), if a correlation
between the expected increase in planar capacitance and the

surface coverage (106} of the jslands can be confirmed, There

is neo reason, in principle, why an entire deposition of discontinuous

metal films, measurement of the changes in the planar capacitance

and determination of the surface coverage should not be carried
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out within an electron microscope. Similar experiments {107)
have been performed in studies of nucleation of metals, and the
only additional complication would be that of providing electrical

contacts.

No attempt has been undertaken so far to measure the capacitance
of thin film cermets. The capacitance of these films can be
measured by the in sjtu monitoring of the changes in the planar
capacitance as a conseguence of;

()  simultaneous deposition of metal and insulator films across
the gap of the capacitor,

(11) depositing several different layers on top of each other
such that any second layer is discontinuous metal film whilst

the rest of the sample is composed of insulating continuous

films.
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