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SUMWARY

In the past 25 years, there has been much interest in dielectric
filns of Zr0, for several applications such as an alternative insul ator
nmaterial in mcroel ectronics, resistance swtching and an oxygen anion
conduct or . ly recently have thin filmanion conductors, especially
the cubic Zr0, form been investigated. However, these filns wll
probably find future uses such as solid electrolytes for thernodynam c
and ki netic purposes, for purification and preparati on of gases, and in
oxygen noni tori ng suysterns.

Zirconia filns have been prepared by a variety of nethods but
el ectron-beam (E-beam) evaporation has had linted characterization.
The objective of this investigation was to study the structure and
electrical properties of E-beam evaporated M-Zr0,-Ho capacitors as a
function of deposition tenperature. |In addition, Y,O; stabilized Zr0,
filns were prepared by a new nethod, E-beammultilayer deposition, and
characterized in terns of structure and el ectrical properties.

Zirconia filns deposited on nolybdenum electrodes were
pol ycrystal | i ne. The raonoclinic phase was the major phase detected in
the filns deposited at tenperatures between 300°C and 600°C. At | ower
deposition tenperatures (190° -200° C), however, the cubic phase was the
nmajor crystalline phase formed. The average crystallite size increased
from 118 A to 484 A for the (111) and 175 Ato 265 A for the (111)
crystallites as deposition tenperature increased from 200°C to 600°C.

Ac conduction in M-Zr0,-Ho structures at fields < 0.05 M/cm



was domnated by electron hop with a frequency independent |oss behavi or
between 25°C and 150°C Between 150°C and 325°C, a oy « f
dependence was observed where y depended on measurenent and deposition
tenperatures. The renanance of interfacial polarization is suggested as
an additional mechanismin this tenperature range and for frequencies of
60-10° Hz. The admttance plots of the sanples showed a single
semcircle with a small semcircle depression that was ascribed to bul k
conduction

Both ohnic and space-charge-linmted-currents (SCLC dc conduction
were obtained for the Mb-Zr0,-Ho sanples. The charge storage in these
filns increased linearly with voltage and depended on nmeasurenent and
deposition tenperatures, but was probably polarity independent.

Y20; stabilized 2zr0, films could be forned by mltilayer
deposition followed by heat treatment at 1200°C for at |east seven
hours. Heat treated Au/ Pd- Y,03, Zr0, Pt/Rd capacitors exhibited a SOC
behavior at a field of 0.03 M/cmand roomtenperature. The admttance

plot of this sanple had a large senicircle depression of about 45°.



CHAPTER 1
INTRODUCTION

Zirconia (Zr0,) is a highly refractory oxide, melting at 200" C,
which occurs in three crystalline forms: monoclinec, tetragonal and
cubic. The monoclinic structure {s stable below 1000°C but the
transformation to tetragonal above 1000°C has a destructive volume
contraction which has i{inhibited the use of pure Zr0; for  Thigh
temperature applications. In the pure state, the cubic Zr0; form is
obtained only at temperatures above 230°C. However, it can be produced
at lower temperatures by the addition of small amounts of CaO, Y04 or
other suitable divalent or trivalent oxides of cubic symmetry such as
the rare earth oxides, Sc203, Yb203, and Gd203. The cubic Zr0 produced
in this way is referred to as stabilized Zr0O7 because it 1s stable at
normal temperatures and does not undergo any transformation until its
melting point,

Despite the relatively recent discovery of Zr0; in the mineral
Baddeleyite in 1892, 2r0» now finds wide application because of its
varied desirable properties. Because of 1its extreme 1inertness and
refractoriness, it 1is applied as a refractory, especially in glass
tanks. Transformation toughened Zr0; has a high fracture toughness and
abrasion resistance and so is used, for example, as extrusion dies. The
cubic oxide is used for gem stones, opacifiers in glazes due to a high

refractive index and as heating elements because of semiconductive



electrical properties at elevated temperatures.

Furthermore, 2Zr0O; finds an {important use as an oxygen-ion
conducting solid electrolyte because of a near unity oxygen-ion
transference number at high temperatures. Zr0) solid electrolytes have
been used 1in the construction of galvanic cells for measuring
thermodynamic and kinetfc properties of oxygen-bearing systems with high
accuracies. This has resulted in oxygen sensors for gas mixtures such
as flue gases and automobile air-fuel mixtures, liquid metals such as
molten steel, and in high temperature fuel cells. In solid electrolyte
applications, the Zr0O; has been applied in bulk form requiring tedious
methods {1] to prepare the electrolytes and high temperatures to realise
the desired high conductivities ()10“2mhos/cn) with the attendant
difficulties of dealing with such high temperatures. However, if the
Zr0; could be applied as thin films, the films would have much higher
conduction at similar temperatures, enabling their wuse at reduced
operating temperatures. Such films could be easily fabricated by the
well established thin film technology. This is one reason for interest
in Zr0; films, especially the cubic form, in recent times. Interest in
Zr0; films also arises from their possible use as insulators. In
microelectronics, insulator films are used for passivation and as
insulators with Al309 and 510 films being the most widely used.
However, for certain applications, the extreme refractoriness,
inertness, and crystallinity of Zr0) may be an advantage. Interest has
also been shown in the switching behavior of Zr0, films.

These and other interests in the electrical applications of Zro,

thin films have resulted in an extensive published work on the



electrical properties of the films. Anodized [2-6] and oxidized [(7,8]
films are the most widely studied. However, in recent times, sputtering
[9,10]), chemical vapor deposition (CVD) [11,12], and electron-beam
(E-beam) evaporation [13-15] are receiving much interest. Even the
cubic stabilized Zr0O7 form has been prepared by sputtering [9,10],
co-evaporation with the electron gun [16] and by ion-beam implantation
of E-beam evaporated Zr0; films [15].

As attractive as the E-beam method is for the deposition of high
melting oxides or mixtures of oxides on a relatively cool substrate, the
reproducibility and stability of the electrical properties of the oxides
so prepared were reported by Chan et al [2] as poor and probably
discouraged much interest in the method. However, the availability of a
rate controlled E-beam evaporator and the wide potential of Zr0; for
electronic applications, provided the motivation for reinvestigating
Zr0; films. The objective of this investigation was to study the
electrical and sructural properties of E-beam evaporated Mo~Zr0O)-Mo
capacitors as a function of deposition temperature. The final
measurements of electrical properties were made after conditions for
their reproducibility and stability had been established. Attempts were
made to deduce conduction mechanisms and to obtain the optimal
conditions for the preparation of such films. In addition, Y203
stabilized Zr02 (YSZ) films were prepared by a new method, E-beam
multilayer deposition, and some of the structural and electrical

properties of these stabilized films were characterized.
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A CHAPTER II

SURVEY OF LITERATURE .

¥

Below 1s a discussion of the background materials needed fof
comprehending  subsequent chaptera and a review of the published
experimental results. The background material discussed includes thin
film deposition methods (with emphasis on the evaporation method) and
Fhin film electrical properties, both ac and de, 1in 1insulators 1in

general. Finally, published experimental results on Zr0p thin films are

presented.

2,1 Thin Film Deposition Methods

The deposition of thin films of metals, alloys or compouﬁds is a
well established technololgy. The £films produced are of wide
application, 1including coatings for mirrors and optical lenses,
corrosion-barriers, wear-reslstant layers, antireflection coatings for
solar cells, and on microelectronics. The latter is by far the wmost
important area of application of these films. Here, metal films serve
as conductors and resistors and dielectrics find diverse uses such as
insulating films, capacitive dielectric layers and passivating layers.
The intense interest and activity in this technology has produced
several methods for the deposition of the films. The cholice of the
deposition method for a given application is determined by the

properties of the film desired, the cost of, or production rate
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available from the process, temperature limitations of the substrate,
and uniformity or consistency of the process and/or its compatibility
with preceeding and subsequent processing steps, In this section,
methods wused for producing dielectric fillms alone or dielectric and
metal films are presented with the main focus being on evaporation,
especially E-beam evaporation.

However, before discussing evaporation, other deposition
processes will be summarized. Amick [17) provided a review cof the
methods for depositing thin dielectric films on semiconductor devices,
including a comparison of the alternatives in terms of source materials,
depogition rates, nature of deposits, sources of {impurities, types of
films formed and typlcal electronic applications. The most common
deposition methods may be divided into two main groups:

1. Atmospheric pressure techniques

1. Thermal oxidation and steam corrosion

2. Anodization

3. Chemical vapor deposition (CVD)
2. Low pressure techniques

1. Bvaporation

2, Sputtering

3. Plasma deposition

; i 4., Plasma (ionized gas) oxidation or anodization
5. Low pressure CVD .

Sputtering and evaporation are physical vapor deposition (PVD) methods
whereas all the other methods are chemical methods which are discussed

in some detail by Campbell [18].



Thermal oxidation and steam corrosion are some of the oldest
techniques, involving the exposure of a metal to environments containing
oxygen (thermal oxidation) or water (steam corrosion) at moderate to
high temperatures. A typical example is the formation of S510; on Si
wafers. The most common use of such $10; is as channel dielectrics in
metal oxide-semmiconductor (MOS) devices. These techniques provide very
high quality pin-hole free oxide layers on Si [17].

Anodization is an electrolytic process whereby bulk metal or
evaporated thin metal films form the anode of an electrolytic cell. The
electrolyte used depends on the type of metal to be anodized. The oxide
film at the anode grows by the migration of oxygen 1{ons of the
electrolyte through the oxide film to the oxide-metal interface where
the reaction occurs, or the migration of the metal ions in the opposite
direction, with the reaction occuring at the outer surface of the oxide
film. The thickness of the oxide film formed depends on the applied
voltage. Two uses of this method are the manufacture of electrolytic
capacitors and providing protective coatings on aluminum metallization
in silicon devices.

Chemical vapor deposition is the most versatile and widely used
technique for forming dielectric films on silicon devices. In this
process, a gas mixture containing the desired source elements is passed
over a heated substrate surface where chemical reactions take place
heterogeneously. Homogeneous nucleation and growth in the gas phase is
minimized by the temperature and flow conditions chosen for the
particular reaction. Most kinds of dielectric films can be prepared by

this method, including transparent conductive layers such as tin oxide.



The method 18 flexihle, rapid (1000 A/min or more) and film uniformity
and reproducibility are good, but the substrates have to be heated to
permit the desired reactions. Film quality is poor compared to thermal
films.

In sputtering, atoms or molecules are physically ejected from the
surface of a target material by the bombardwent of ions, usually of an
lnert gas such ag Ar. The ejected material coats the surface of the
substrate. In the simplest case, cathode sputtering, the bombarding
ions are produced in a glow discharge between a cathode and an ancde
where the cathode 1s the target and the substrate is placed on the
anode. The glow discharge may be self sustained (cold cathode used) or
may be supported by thermionie emission of electrons from a hot cathode.
In sputtering in general, the target may be different from the cathode
and various kinds of biasing may be used. Variations of the basic
method described above, are common. For example, in the so called 1ion
beam depcsition methed, bombarding lons are produced elswhere in an ion
gun and diffﬁsed into the sputtering chamber, where they are accelerated
towards the target surface. If dc power 1s applied to the electodes, dc
sputtering ocurrs and the cathode must be a conductor. However,
dielectrics may be prepared by reactive d¢ sputtering in which a gas
phase is introduced to react with a metal £ilm as it 18 deposited. dc
sputtering cannot be used to produce dielectric films directly because,
if a dielectric 18 used as the targer, the cations arriving at the
gurface accumulate, producing a space charge which stops the arrival of
more sputtering cations. The solution to this charge up. prcblem was

provided by rf sputtering, where radio frequency (rf) power is used

RS



instead of dc power. A charge in one half cycle of the rf signal Iis
neutralized by the opposite polarity of the next half cycle, allowing a
steady discharge to be maintained.

The sputtering method is widely applied with a good description
of the applications given by Maissel [19]. 1Its advantages over other
methods includes the ability to coat non flat surfaces such as tubes and
rods, the deposition of multicomponent films such as alloys and
compounds, good adhesion and uniform thickness of the films. There are
also disadvantages, however, such as contamination of the films,
difficulty in controlling the large number of process parameters,
requirements for source materials to be available in certain forms such
as sheets and rods, the necessity of cooling the substrates, and low
deposition rates attainable (2000 A/min).

Plasma deposition involves an electrical discharge through the
vapor of a volatile source material at low pressure. The same kinds of
vapor sources are employed as for CVD (eg. Siﬂé), but the decomposition
to form the films is principally by the action of the glow discharge,
assisted in some cases by substrate heating. The glow discharge 1s
maintained by rf power,

Plasma anodization is similar to the basic anodization process
except that the electrolyte 1s an oxygen plasma (ionized gas) rather
than a liquid electrolyte. A metal or semiconductor sample fixed to a
sample holder 1is placed in the negative glow of an oxygen plasma, and
positive bias with respect to the anode is applied. Oxide films of high
purity at relatively low temperatures, in some cases even below 100 °C

can be obtained by this method. Jarzebski {20] gives a description of



the process.

2.1.1 Vacuum Evaporation

The deposition of thin metal films in a vacuum by Joule heating
of platinum wires was discovered by Nahrwold [21] in 1887 but the
commercial exploitation of this process was delayed by development of
vacuum equipment. During the 1last 37 years, vacuum evaporation has
found wide commercial application and, besides Joule heating, other
methods of heating the evaporant such as rf heating, electron, and laser
beam heating have been used. Campbell [22] showed that evaporation {is
of the widest applicability in comparison to the other thin film
deposition methods used in microelectonics. Evaporation is widely used
for preparing conductors, resistors, insulators, capacitors and
superconductors and can be used for preparing active devices and
magnetic materials. In comparison, the CVD method that is second in
applicability is widely used for preparing only active devices. One of
the attractive features of evaporation is the high rates obtainable
(1-1000 iisec). These rates are comparable with that of CVD but the
maximum is two orders of magnitude greater than attainable in
sputtering. Also attractive, is the fact that the substrate can be at a
relatively low temperature. The E-beam evaporation method presents
additional advantages: It is suited for deposition of refractory metals
and dielectrics because high temperatures can be obtained with electron
beams, and the evaporant is self-containing during the melting. This
eliminates the serious problem of reaction, alloying or contamination of
the evaporant and its support, the vapor source. The evaporation method

is discussed by Glang [23), who covers topics such as kinetics and
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thermodynamics of the process, the mechanisms of evaporation,
construction and uses of vapor sources and the evaporation of compounds,
8alloys, and mixtures. Therefore, in this section, evaporation will be
discussed in a summary form.

The evaporation proceas is carrled out in a wvacuum of usually
leas than 103 torr. At such low pressures, the mean free path of atoms
or molecules (vapor species) evaporating from the evaporant 1s usually

3l

iarger than the distance between the walls of the vacuum chamber and so
the particles form a vapor beam of a certain solid argle, Figure 1. If
a substrate, which 18 usually heated, 1is placed perpendicular to the
fgbeam at a distance from the source, the vapors condense on it to form
the thin f1lm. To produce sufficlent vapor £flux, the evaporant is
usually heated to a temperature at which its vapor pressure 15 between
0.1 and 0.01 torr. The evaporant at these temperatures may be liquid or

solid.

The rate of evaporation is given by the Hertz-Knudsen equation:

i

dN e

[
s EEEieT

= « (2mmk Ty 2 (px - P, | (1)
A dt '

R

where dNe/Aedt is the rate of evaporation per unit area, <, is defined
as the ratio of the rate of evaporation in vacuo to the theoretically
possible rate, m iIs the wmass of the molecule, k 13 the Bolzmann
constant, T is the absolute temperature, p* is the equilibrium vapor
preesure, and p 1s the hydrostatic gas pressure on the surface of the
evaporant. Therefore, for a given evaporant, the temperature and gas
pressure contrel the evaporation rate. Usually, the preésute 1s fixed

which leaves temperature as the only parameter for controlling the
! g 1
. :
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Fig. 1. Schematic Diagram Showing the Evaporation Process.

evaporation rate.

The residual gas pressure, besides affecﬁing the rate of

evaporation, can be 1important for other reasons. For some uses, the

residual gases can be a serious source of contamination, reacting with
the evaporant or deposit, In other applications such as reactive

evaporation, relatively high 1levels of residual gases are used to
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enhance reaction with the wvapors on the gubstrate. This method is
widely used to form dielectric films from metals and for preparing films
from compound dielectric sources that have a tendency to decompose. The
latter method 18 used in the preparation of Al03, 5107, ZrOz and many
oxide films using oxygen as the reactant gas. Nitrides may be prepared
with & nitrogen reactant gas etc. The gas pressure during reactive
sputtering 48 wsually about IO—Q torr, at which pressure the mean free
path of the vapor species 1s about 50 cm; hence the probability of the
reactant gas and vapor speciles c¢olliding to react and form the
dielectrics in the gas phase i8 low. Reaction is limited to the gas and
the vapor species adsorbed on the substrate surface and reaction rates
are dependent on the vapor evaporation rate and reactant gas partial
pressures. The type of substrate and reactant gas vapors as well as the
substrate temperatures, all affect the adsorption, desorption, and
reaction steps and hence the overall rate of reaction,

The growth of the films on the substrates has been described by
Neugebauer [24]., Vapors adsorbed on the substrate surface grow into the
continuous films by a sequence of proceéses which may be summarized as
follows: First, the adsorbed monomers grow 1into nuclei which form
clusters. The clusters touch and coalesce Into a new 1island occupying
an area smaller than the sum of the original two, thus exposing fresh
substrate surface on which monomers can adsorb and produce sgecondary
nucleation. Finally, large 1islands gé‘ow together leaving channels or
holes of exposed substrate which are later filled by secondary
nucleation to give a continuous film, During the various growth

processes, the mobility of the vapor molecules will be iImportant in

L=
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determining the final structure obtained. If the mobility is low, films
may be highly disordered as growth and coalescence will be inhibited.
Such films will be amorphous or highly disordered polycrystalline. On
the other hand, relatively high mobilities will enhance crystalline
characteristics and order in the films. The mobility of the vapor
particles on the substrate depends mainly on the evaporant material and
the substrate temperature,

Defects, including grain boundaries, are incorporated 1in the
films during growth. The quantity of defects depends on the surface
mobility of the vapor molecules. Low surface mobility 1leads to small
grain sizes 1in crystalline materials and hence larger grain boundary
material. The converse is the case for high surface mobility wvapor
molecules; larger grains are formed. The grain sizes are found in
practice to depend on substrate temperature, film thickness and to a
lesser extent on the deposition rate. The dependence is characterized
by a saturation of the sizes at some value of the deposition wvariables
[25], Figure 2.

At high surface mobilities, preferred orientations of the
crystallites formed relative the film growth direction are possible,
Such preferred orientation will arise because certain crystalline
orientations are thermodynamically favorable and the molecules have

sufficient mobility to move into these preferred orientations.
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Fig. 2. Dependence of Grain Size On Deposition Temperature.

2.1.2 E-beam Evaporation

It 18 always preferrable to use Joule heating in evaporation
where 1t 1is feasible, but the problems of contamination by the source
and the difficulty of attaining extremely high temperatures dictates
that the E-beam evaporation method be used for the refractory metals and
dielectrics. In E-beam evaporation, an electron bombardment device, the
electron gun, provides electrons which are accelerated through fields of

typically 5-10 KV, toward the evaporant surface. On bombarding the
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evaporant surface, most of the kinetic energy of the electrons is
converted into heat, which provides the energy required for evaporation.
Temeratures of up to 3000°C can be attained. Of the various types of
electron guns, all of them employ a hot tungsten cathode as the electron
emitter but differ in the way the electrons are accelerated to the
evaporant. They may be classified 1into three groups: (1) Work
accelerated electron guns 1in which the accelerating voltage is
maintained between a wire loop cathode and the evaporant (the work).
(2) Self-accelerated electron guns which consist of a small tungsten
helix or hair pin filament cathode and an anode between the cathode and
the work. The space between the anode and work 1is field-free.
Electrostatic or magnetic focusing may be incorporated in this gun. (3)
Bent electron guns are similar to the self-accelerated guns except that
the electron beam is bent in the former by magnetic fields so as to
remove the restriction in the latter that the source and gun have to be
in a straight line with the substrate displaced from this 1line.
Examples of the different kinds of electron guns are in Figure 3.

There are several ways to support the evaporant material during
E-beam evaporation but the water cooled copper hearth 1is usually
preferred. Even though the evaporant is in contact with the support,
interaction 1is negligible because a skull of solid evaporant 1is
maintained at the interface which separates the melt from the support.
Other suitable support as used for resistance heating evaporation could
also be used, except for dielectric evaporants where the support has to
be conductive to prevent charging of the evaporant.

By using the electron beam for melting the evaporant, several
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Fig. 3. A Typical Example of (a) Work-Accelerated E-gun (Pendant Drop),

(b) Self-Accelerated (Electrostatically Focussed) Gun and (c) Bent-
Electron Gun With Water Cooled Evaporant.

effects may occur that are peculiar to the process. Stray electrons
from the gun can charge substrates to the full gun potential [26]. Ions
of the evaporant can be created by surface ifonization at filaments or by
passage of the evaporant through an electron beam [27], and these {ons
can be accelerated towards the substrates at very high energy, resulting
in more trapped charge in deposited films as well as non-uniform film
thickness due to sputtering [28]. Substrate bias voltages and biased
grids in front of substrates have been used to minimize these charge

effects.
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2.2 Electrical Properties

Electrical characteristics of thin films can be similar to, but
very often are different from, that of the bulk material. Such
differences can arise for several reasons. For 1Instance, thin films
have much larger surface to volume ratios than the bulk material, and so
surface phenomena such as adsorption, surface roughness, and flaws can
have a more profound effect on the thin films. The application of small
voltages to thin films, produces large fields which can introduce
conduction mechanisms different from those observed in the bulk material
at similar voltages. Films may be so thin that tunnelling processes,
which are absent in bulk materials, operate. Consequently, discussion
in this section will focus on thin film behavior. Because the
conduction 1in Zr0O7 and other insulating films is generally similar, the
background material that is presented on ac and de properties will be
based on general characteristics of insulating films. Finally, a review
of published experimental results on the electrical properties of Zr0j
thin films is presented,

2.2.1 Ac Conduction

In this secticn, the basic definitions of the ac properties and
techniques for measuring permittivities and polarization mechanisms are
presented, in that order. Finally, a brief description of impedance

spectroscopy is given.
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2.2.1.1 Definitions

For two parallel metal plates of surface area A, separated in
vacuum by a distance t, as depicted in Figure 4, the capacitance of the

unit is given by

Eolc ' (2)

t

where C,6 1s the vacuum capacitance and £, is the permittivity of real
space.
Now, if a dielectric is inserted in the space between the metal

plates, its capacitance C, is given by

C= EEO _‘%“" » (3)
£
hence € "_E; ’ (4)

where € is8 the dielectric constant of the material. In literature, € is
also referred to as relative permittivity €¢, but the subscript r is

often omitted. The symbol K* is also commonly used for € but the latter

T

Fig. 4, A Schematic of A Vaucum Capacitor
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will be used throughout this thesis. ;

It 18 often convenient to assume a physical model of the

dielectric behavior. The simplest model is that of an ideal capacitor
and a resistor in parallel or series. The following discussion will use

[P T UR

only the parallel model but equivalent results for the series model can

be found in several books ([28,29]. The model 1is depicted in Figure 5.

¥

14 The impedance Z for this model is given by

: Z.Z o

B Z2 -, (s

: {.. ?5 ; ZC+ ZR s
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% ! where, Z, and Zp are capacitor and resistor 1impedances respectively.
For a sinusoidal wave, b

[ Zg = Rp , (6)
and . Z = 1/jw G N
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Fig. 5. The Parallel Model of A Real Dielectric.



where C, and R, are the parallel model capacitance and resistance

respectively. Hence,

Rp
2= GutpRp + 1) (8)

If a sinusoidal voltage V is applied to the dielectric as shown in

Figure 4, the current through the sample is given by

v 1
lag= VG— + jmcp) . (9)
p
I=V/R + juCyV.
= - v (10)
I Ic

I and V are sketched in the complex plane in Figure 6, where I and Iy
are current through the capacitor and resistor respectively. The power

dissipation in the dielectric is characterized by the ratio of Ioto Ip

|1 :

gl R o

DF =

where DF is the dissipation factor. Other factors are sometimes used to
characterize the loss such as power factor, and quality or Q factor, but
these are not considered here.

This parallel model shows that both C and € in Equation (3) for
the real dielectric have to be complex quantities, so that applying a

voltage V to the real dielectric of Figure 4 we can obtain a complex
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Fig. 6. Current and Voltage of A Real Dielectric.

current, I, through the dielectric as in the parallel model. We may

4

hence define £ as
€ =g' - Je", (12)

where E' and €" are the real and imaginary parts of the dielectric

constant and so
C= Cv(a' - Je") = (g' + Je") ngﬁ . (13)
T

The current through a real dielectric at voltage V is then given by

:$i

I = jwCV , ' (14)
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Subtituting for C from Equation (13) and rearranging, we obtain

5
ir] o J = _}c- (WEoe™ + juwe.c')F , (15)

where F is the field, V/t. The ac conductivity J/F follows as

m i _:: | %’ QJEOE" + UE;E' . {16) '-:.
H —

By | ,
R E -

" Dielectric connductiviy, 7y, 1s defined as the real part of this
conductivity. 9y is sometimes referred to as ac conductivity, G,., but

Gd will be used here. From Equations (13) and (14)

1= juw(e' + je") c.V, an
I = [we" + Jue'] CV. : (18}

But for the parallel model, Equation {9) gives

1 .[ﬁ—ll; + jmcp] V. (19}
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Comparing Equations (19) and (9),

e'C, = G, (20)

£' = cp/cv, (21)

- n - (1] ] 22
1/ap We prE jer. (22)

From Equations (11) and (22),

C_"-.__.l_-tanﬁ. (23)

Hence, €' and €"can be calculated from the measured CP and tan®,

2.2.1.2 Measurement of Permpittivity

From the description on the ac properties of dielectrics, it is
seen that once the capacitance and loss tangent of a dielectric are
determined, they can be used together with the physical dimensions of
the material to calculate the other ac properties such as permittivity,
dielectric constant and ac and dielectric conductivity. Some of the
experimental techniques to be described here use this approach; however,
other techniques exist which are based on the direct measurement of
permittivity or dielectric constant and loss which can then also be used
to calculate the other ac properties. There is vast literature on the
various measurement techniques and so the presentation here will be
brief and primarily qualitative.

The most suitable method for measuring the permittivity of a

material depends on the frequency range to be measured. These methods



24

J i }; .

+

6 - _
A pC¢  3xl0m 30m 3m 6cm 6x10 gm <gum

FREQ DC  1p0pz 10MHz IOOFHz SDO]Hz 5IHz 15GHz >50GHz

i «Ac «Resonan~| «Transm- sFree space or
! Brid-| ce ission Intarferometry
ges. {§ circuits] 1line or
Coaxial
+«Double line .
) - Resonan- :
i . - . { ce } o
circuits| .Waive quide
eCavity

Fig. 7. Frequency Rangéa of Dielectric Measurement Techniques.

and their frequency ranges are presented in Figure 7. The dc method of
measuring permittivity involves the measurement of the time constant for
discharge of a dielectric through a standard resistor with and without
the resistor 'present {30}, In the frequency range from 100 Hz to
10 MHz, several kinds of ac bridges are available for the measurement of
' i. capacitance and loss tangent. Resonance methcds become more suitable in
Iﬁ,the frequency range of 10-100 MHz, as bridge methods become difficult
due to the I{ncreasing Importance of tﬁe effects of stray capacitance.
The single reeonance method 13 eulted to low loss materials

TR
i
(tan § < 0.05). For higher values of tan §, the double resonance method

1

is more applicable, Both methods are described by Anderson ([31], At
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very high frequencies (V.H.F.} above 100 MHz, the wavelength of the
signal is less than 3 M and has become comparable or smaller than the
physical dimensions of the dielectric; hence, distributed circuilts must
be used. Such metheds 1include  transmission-line {coaxial-line),
wavegulde (for sufficlent quantity of material) or cavicy ( for
insufficient quantity of wmaterial), and free space (interferometer)
techniques., An excellent discussion of these microwave methods has been
given by Pentecost [32]. Pentecost also discussed the complicating
effects of high temperatures in such measurements, The ac bridge
methods are of interest in this work and they are discussed further,

The ac bridge method for wmeasuring capacitance and loss 18
described in detail by Stout {33]. Also described are several
commercial bridges such as the General Radio type 716~C capacitance
bridge. Operation of the varlous bridges is based on the principle of
the Wheatstone Bridge, with which the reader 13 asaumed ro be familiar.
However, the simple Wheatstone I1mpedance bridge would produce huge
errorg in measurements at high frequencies because of electrical and
electromagnetic interference between the various elements of the bridge.
In the coumercial bridges, these elements are well shielded and the
major error is due to lead and measuring cell capacitances. Thus it is
important to keep leads short and shielded. The stray capacitances that
are produced on measuring the capacitance C,, of an unshielded two
terminal capacitor is 1llustrated in Figﬁre 8 where the subscript 1
stands for lead and g for ground, The effect of the stray flelds may be
eliminated by use of micrometer electrode measuring cells described by

ASTM (34]., These are however, more applicable to btulk samples. The
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T T

stray capacitances and inductances of leads will be negligible 1f ctney

are kept short. Fringing effects that produce the edge capacitance C,

i

are eliminated by using gusard ring,

three-terminal electrode

gystems;

but these are usually difficult to construct, especlally in thin film

applications. Where two-terminal electrodes have to be used, as 1is

often expedient, edge corrections can be made.

varlous kinds of electrode structures are given by ASTM [34].

Correction equatione for

The only

stray capacitances remaining are ground capacitances Cs and C. , Figure

8. With large capacitors, the ground capacitance may be negligible in

comparison. When wmeasuring small capacitances, however, these ground

capacitances may be large, even larger than the unknown capacitance to

P

“

]



be measured. The dielectric to be measured is usually placed In a
measuring cell which may or may not be grounded. Such a cell acts as a
shield and modifies the ground capacitances, This is illustrated in
Figure 9 for three types of shielding. The equivalent circuits for the
capacitances produced by the different kinds of shields are also shown
in the Figure. MNote that if the “B" terminal in Figure 9(d) is also
grounded, we have a two-terminal capacitor with a total capacitance, Cr,
given by
(24)
Several types of detectors are used with ac bridges to determine
the null point but each type 1s suitable only for a given range of
frequencies. The more common ones are listed in Table 1 along with
frequency rtanges and appropriate comments. Further detalls on these
detectors are given by Stout [33].

2.2,1.3 Polarization : "

When an electric field 1s applied to a material, charge
separation constituting dipoles wmay be produced, or dipoles already
present in the wmaterfal may become preferentially oriented in the
direction of the field. The polarization of the material is defined as
the dipole moment per unit wvelume. The dielectric constant of a
material results directly from thia polarization. An excellent
description of this relarionship can be found in several books [35,3é].

On application of an electric field to a material, four types of
polarization are produced: electronic, lonic, orientational, and space

charge or interfacial pelarization. In electronic polarization, the
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Table 1. Bridge Detectors and Their Frequency Ranges

Detector Freq. Comments
range
(Hz)
a) Galvanometers
vibration galvanometers 25-60
excited-field-ac-galv. 25-200
b) Telephone receivers 20-400 Common, sensitive,
inexpensive
c) Lock=in Amplifiers 1--105 Excellent signal to
noise ratio
d) Amplifiers followed by a 25-4000 For small signals
galvanometer
telephone receiver
indicating instrument
tuning eye
cathode ray o'scope
e) Cathode ray o'scope >25 For small signals
f) Radio receiving sets > 104 Receivers should be

well shielded.

29



1

eleﬁtrﬁh | clouds of atoms become deformed, with electrons pulled
preferentially towards cthe positive electrode and away from the nucleus.
This 18 common to all materials. Ionie¢ or atomic polarization involves
the actual displacement of bonded ions or atoms, the cations towards the
negative electrode and the anione toward the positive electrode. Where
dipoles already exist, the originally randomly oriented dipoles will
orient preferentially 1in c¢he direction of the electric field in
orientaticn polarization. In space charge polarization, the charge
carriers accumulate at boundaries of two differentially conducting
regions as they move through the material. Such boundaries could be
between grains, between the bulk material and the electrode, between the
bulk material and grain boundaries, or the carriers may be trapped and
depleted by trapping 1levels to produce a space charge. A few solids,
ferroelectric solids such as BaTi03 and CaTiO3, have a spontaneous
polarization, In these solids, the crystal structure is such that the
unit cells are inherently polarized. The strong local electric field of
the Individual dipoles mutually interact to align the dipoles in a small
region (a domain) in one direction, resulting 1in gpontanecus
polarization. The so0lild then consists of electric domains which are
randomly oriented at high temperatures but can be preferrentially
oriented by an electriec field below the Curile temperature te produce
polarization. The polarization is characterized by a polarization vs.
field (P~F) hysteresis loop. A linéar P-F pleot 1s obtained 1if the
material is not ferrcelectric. A dielectric c¢onstant above 12 at
frequencies > 109 Hz 18 Indicative of a ferrcelectric contribution. The

total polarization in a material, Py, is the sum of the effect of all
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the contributing mechanisms:

Pp = P, + P; + P, + P, + P, (25)

P
where Pe is the electronic, Pi is the ionic, Po is the orientational, Ps
is the space charge, and PSp is the spontaneous polarization
respectively.

Polarization 1n an Iideal capacltor is instantaneous on
application of a field, but in real dielectrics, physical species ruch
as electrons, lons, and molecules have to be moved to produce the
polarization., These species have an inertia that delays response to the
field, resulting in a polarization that lags behind the applied field.
A measure of this lag is the relaxation time, which may be a single time
but often is a spread of times. Twe things result from the relaxation.
Firast, the polarization depends on frequency because 1t the signal
frequency is too high, processes with Jlong relaxation times (slow
processes) will not be able to follow the changes of the field and hence
will not contribute to the polarization. Second, power is dissipated as
the dipoles are moved against the forces that cause them to lag. This
produces loss which, again, is frequency dependent. Figure 10 shows the
varfations of dielectric constant (polarization)} with frequency and the
regions of operation of the varlous types of pclarization.

By an analysis of the relaxation process [37], the Debye
equations relating permittivity to relaxation time and frequency can be

obtailned. For a single relaxation time,
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; where £ and €, are the static and infinite frequency dielect;ié
conatants respectively and T is the relaxation time. For a spread of
relaxation times Cole and Cole [38] showed that Equation {26) should be

replaced by the more general expression, "

e? - jE‘." - Em + - »

where Ta iz the mean relaxation time and Kd isa a constant of a wvalue

; between zero and one.

i1 - Cole and Cole [38) showed that if a Debye type relaxation exists

in a material, a plot of €" againat £' over the entire frequency range
{a Cole=Cole plot) should give a semicircle. Such a Cole-Cole plot 1ia

sketched in Figure 11(a) for a single relaxation time. If there i3 a

; W INCREASING

Nd-kn .
- i

(a) _ | (d)

Fig. 11'. Cole-Cole Plot for (a) Singlé, (b) Spread of Relaxation Times.



34

spread of relaxation times and Equation (30) applies, a Cole-Cole plot
still yields points lying on a circle but the center of this circle will
be depressed below the €' -axis as shown in Figure 11(b) with the angle
of depression Bd depending on the constant K4-

The components of ac conduction or 1loss as a function of
frequency are of three kinds: (1) A dc conduction contribution is
present as a constant resistance independent of frequency. Using the
parallel model, constant resistance translates into a reciprocal
relationship between loss tangent and frequency according to Equation
(23). (2) There 1is a contributfon from the relaxation mechanisms
described earlier. These will be present as loss peaks (relaxation
peaks) whose peak frequencies will depend on the type of polarization
mechanisms involved. (3) A frequency independent 1loss behavior is
generally observed in 1insulator films which has been attributed to a
distribution of relaxation times. These various components are shown
schematically in Figure 12.

2.2.1.4 TImpedance Spectroscopy

Impedance spectroscopy was first applied to ceramic systems
(stabilized ZrUz) by Bauerle in 1969 [39]. Since then, the method has
gained popularity for the study of ceramic solid electrolytes such as

stabilized 2Zr0 [0 ] and thoria. This method is yet to be applied to

2
thin electrolyte films, probably because only recently are such
electrolyte films being investigated.

The method involves the measurement of the admittance or

impedance of the sample on the application of a small ac signal. The

admittance is the reciprocal of the impedance and is a complex quantity
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Fig. 12. Loss vs Frequency Showing the Effect of the Various
Ac Conduction Processes.

that is represented as
I
o — .
A > G + jB

where G and B are the redal and 1imaginary parts of the admittance
respectively. A plot of B against G gives a number of semicircles which
can be used to determine a particular equivalent R-C circuit producing
the behavior. A simple parallel model for the dielectric behavior was
assumed in the previous discussion; however, the real model is often
more complex. Figure 13 exhibits calculated admittance plots for some

simple R—C circuits.
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One advantage of this method is that the different semicircles of
the admittance plot, or impedance plot, can be ascribed to the effect of
various physical components of the structure, such as intragrain, grain
boundary, and electrode effects. This 1s fllustrated in Figure 14,
where a complete admittance plot for a solid electrolyte showing all the
possible semicircles is sketched, and the equivalent circuit for the
plot is presented. The resistance values of the equivalent circuit can

be derived from the admittances of the admittance plot as follows:

Eﬁ: =R _+R_+Ry+R, + Ry, (32)
Kie = 1/Gg. - 1/G3, (33)

Rie = 1/6y - 1/Gy, (34)

Rgp = 1/64 = 1/G,, (35)

Rp, = l/GA - 1/65, (36)

Rgy = 1/Gsg, (37)

where the subscripts le, he, and GB refer to low frequency electrode,
high frequency electrode, and grain boundary respectively. Subscripts
Bl and B2 refer to bulk or intragrain. The capacitance values can be
similarly related to the admittance but this is not done here. from the
equivalent circuit of the behavior, a physical model can be derived to

provide insight 1into the conduction process. Another advantage of the
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1y

method 1s that the individual capacitors and resistore of the equivalent
circuit can be ascribed to specific chemical and physical processes in
the material which permits study of such processes, For instance, the
electrode resistance has -been particularly useful in the study of the

kinetics and mechanisms of the electrode reactions in solid electrolytes

(39].
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The experimental equipment used for measuring the admittance,
sources of experimental error, semicircle identification, and other
experimental considerations have been discussed by Kleitz et al [41].
The equipment wused includes ac bridges (most accurate), correlation
function analyzers and lock-in amplifiers. The lock-in amplifier method
will be described in the Procedure Section.

2.2,2 De Conduction

With regard to electrical conduction, solids may be classified
into three general groups: the metals, with conductivities of about 10~4
to 10° otm™! cm'l; the semiconductors, with conductivities in the range
of 1077 to 193 ohm™! en ! and insulators (1071%-10717 ohm™! cm! at
room temperature). 2r0; ordinarily would be an {insulator but, under
certaln conditions, can behave as a semiconductor. Furtunately the
electrical conduction in insulators and semiconductors involve similar
mechanisms, so that a discussion of the various dc conduction mechanisms
in insulators will suffice to reveal the approaches that can be used to
interpret the dc conduction results for Zr0,. First a description of
energy band structure will be presented, followed by a discussion of
various conduction mechanisms.

The energy band structure of a crystalline insulator im contact

with two metal electrodes, under the influence of an electric field is
depicted schematically in Figure 15. This band structure may not be the
most appropriate for the less ordered structures commonly found in thin
film polycrystalline and amorphous structures. The true picture for
such cases ought to be a smeared-out valence and conduction band with a

less well defined energy gap. However, this model has been found to be
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sufficiently accurate for most analyses of the energy gap in insulators.
Note that the valence and conduction banda of insulators are wusually
curved at the interface.

The Ferml 1levels of metals {in conduction bands) and the
insulators (in the middle of the forbldden band) are equal, as is
required Ffor aclids in contact, a?d the 1insulator bands are tilted
relative to the metal bands by the applied field. Usually, the metal
work function ¢m, is lesa than that of the insulator ¢c- For {instance,
zZirconium, and molybdenum have work functions of 4.1 and 4.6 eV
respectively, as compared to about 5 for Zr02. The use of electrodes of
these metals on 2r0; would produce the so-called ohmic contact, which
gimply implies that the electrodes supply electrons readily to the
insulator because of theilr lower work function. Platinum however,has a
¢m of 5.6, which is slightly higher than that of Zr0; and so is expected
te produce either a slightly blocking (electrons not supplied readily)
or a neutral contact. Two trapping levels are shown in the figure, but
the real distribution of traps 1in any insulator may be less or more
complex, To understand this, the origin of traps in an d1nsulator pust
be desecribed.

Traps are energy 1levels in the forbidden band produced by
impurities and defects, such as vacancies, interstitials, dislocations
and grain boundaries. How they are generated may be illustrated with
some aspects of defect chemistry in Z;Oz. Zr0, at low oxygen partial

pressures, becomes oxygen deficient through an oxygen vacancy mechanism

a8 follows:
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Thi; mechanism generates unionized, and singularly and doubly ionized,
oxygen vacanciee, whose energy levels are depicted in Figure 16. It 1is
known [42] that, under these conditions, the doubly lonized vacancies
and electrons are the predominant defects for Zr0,. Hence the V;. level
may be the dominant trapping level. 1In other materials, trapping levels

may be considerably different. At high oxygen pressures, on the other

i

hand, zroz becomes oxygen-rich by an interstitial mechanism [42]: g
/2 0, &0, _ | {41)

0, S o] + h', | ("42)l

o} = T+h, (43)

2;;;comuc'nonmm; ; ; ;/ ,?
Ll L L L L L1 F _ t

T
E3 T Yo"
E e
o 2 e, (v ")
J " 110111
- 'VALENCE BAND
L1l 111 :

Fig. 16. Schematic Representation of Fnergy Levels t
of Oxygen Vacancles ia 2r0,. :
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and if the Zr0, 1is doped with an impurity such as Y;03, for example,

vacancies are produced [42]:

Y,0, &= 27" + V,'+ 30, (44)

The 1interstitials and vacancies again lead to different trapping levels
with different possible distributions. It can thus be seen that the
type and distribution of trapping levels will depend on the defect
mechanisms operative in the material, which in turn depend on factors
like the type of material, temperature, and component (e.g., oxygen)
partial pressures.

Conduction in an insulator may be electronic, when the current is
carried by electrons and holes (moving in opposite directions) or ionic,
when the current is carried by ions. These carriers move through the
material by a variety of mechanisms which may be divided into high-field
and low-field processes. High fields enhance conduction by lowering the
barrier heights, Listed below are the conduction mechanisms which are
operative at high fields. All of the processes are non-olmic unless
otherwise stated and are illustrated in Figure 15.

1. Electronic conduction
1. Field assisted thermal emission (processes 1,2,3).
2. Tunneling and internal field emission (processes 4,5,6,7,8).
3. Electron hop (process 9). =Ohmic.
4, Space-charge-limited-currents (SCLC).
2. Ionic conduction. =Ohmic
Low field conduction processes occur below 0.1 MV/ecm, where wmost

insulators have an ohmic conduction. Under these conditions, tunneling



44

can occur only in films less than 30 i thick, which are too thin to be
of any significance. Emission into the conduction band is not favored.
Electron hop and ionic conduction are thus the only likely mechanisms at
low fields. Each of the conduction mechanisms is discussed below in
detail. However, tunnelling processes are omitted as these are not

likely in the thick films ( ™~ 2um) of concern here.

2.2.2,1 Field Assisted Thermal Emission

Three possible mechanisms arise from processes that ..involve
thermal emission of electrons into the conduction band: intrinsic
conduction, Schottky, and Poole-Frenkel mechanisms. Intrinsic
conduction 1is unlikely because of the high energy gap involved. For
both Schottky and Poole-Frenkel mechanisms, the potential barrier
involved is lowered by the field.

Schottky conduction involves electron emission from the metal at
the negative potential, analogous to thermal emission except that the
metal-insulator barrier height is lowered by the applied field. The
current density is given by:

1/2
J = ¥(1- r) Tz exp -|:Méi] , (45)

where F; is the fileld at the interface which is usually assumed as the
average fleld 1in the insulator, Y is the Richardson-Duschman constant
(12 AcmAcm-ZOK-z), r is the reflection coefficient, e is the charge

of an electron, and ® is the parameter of Schottky effect defined by

« = s fne)*2, (46)
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where € 18 usually considered to be the high frequency dielectric

constant. .

i

In rthe case of Poole-Frenkel conduction, the potential barrier
i .
lowered by the field 1s that between a trap and the conduction band.

Hence the bulk of the sample is involved rather than an interface. This

conduction in the simplest case, may be represented by A
§ = 2=p1/2 '

J = J, exp . KT ? (47a)

I=J exp =2 exp (8), (47b)

where B is the parameter for the Poole-Frenkel effect and Jg 1s the

pre4eiponentia1 factor. Many complications c¢an arise £nr this

mechanism. If the trap is not coulomblc, the exponent of F will nmot be
_qnefhalf. If the electrom -does not leave the trap in the fileld
fﬁgir;ction, an int;gration over the distribution of electrons 1is
: required. In this case, B ought to be replaced by 2[1+{B-1)exp(8)]/2,
Equation (47) 1s sensitive to defect structure and for some types of
trap distributions, Poole-Frenkel conduction becomes identical to the
Schottky effect, Finally, the pre-exponential factor, Jg, depends on
the detai;a of the conduction. For equations (453) and (47), a plot of
ln J vs the square root of the field or voltage should give a astraight
line with a sglope of «/K and 2=/K , 1nlthe gimplest cases of Schottky
and Poole-Frenkel conduction respectively. With more complex cases, the
two mechanisms may be difficult to distinguish experimentally. Also,

the possibility exists for these two mechanisms and others to occur
Wy
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simultaneously, with trap distributions that are practically unknown.
Once electrons reach the conduction band of an insulator by any
of the emission or tunneling processes, they should move fast (high
mobility) through the ideal crystal. In this case, electrons do not
accumulate in the conduction band to produce space charge because the
electron emission processes are slower. However, in real insulators,
electrons are scattered by lattice vibrations as in metals, causing
significant reduction of the electron mobility at high temperatures.
Trapping levels are present which hold the electrons as they move
through the conduction band to later be re-emitted. This further
reduces the mobility of the electrons in the conduction band. The
reduction in carrier mobility by either or both processes may be to such
an extent that space charge accumulates in the conduction band or in
traps as conduction in the conduction band becomes the limiting process.
A thorough discussion of these mechanisms has been given by Lampert [43]
and Rose [44]. The conduction depends on the number of carriers (one or
two), the presence of traps and/or recombination centers, and their
distribution. The conduction in a trap~free insulator is given by the

Mott and Gurney law:
J = 9ues,V2f8:3, (48)

where | is the electron mobility and t is the sample thickness. For a

single trapping level we have the modified Mott and Gurney law:
J = 0'9uee.v2/8t>, (49)

where O i{s the ratio of free charge carriers to free-plus-trapped
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charge. For traps distributed uniformly throughout the band gap

J = eun %-exp ——EE:EE X (50)
eN KTt
where Ny is the trap density per unit volume and per unit energy and n,
is the equilibrium free carrier concentration. There are also equations
for exponential distribution of traps and other types of trap
distributions, but these are omitted from this discussion.
In the Mott and Gurney laws, conductivity is proportional to~£‘r
(square law) and l/ta, which are characteristics that can be used to
identify ir. Typical one-carrier SCLC behavior for an insulator {is

illustrated schematically in Pigure 17.

2.2.2.2 Ohmic Conduction Processes

Ohmic conduction processes for insulators include electron hop
and ionic conduction. The electron hop process is sometimes referred to
as impurity conduction. It dinvolves the conduction of current by
electrons or holes in the forbidden band hopping from one trap site to
another over energy barriers, as illustrated in Figure 18 where the
arrow indicates the movement of the electrons. This process requires
the presence of acceptor and donor sites in the forbidden band. The
more disordered the structure of the insulator, or the higher the
impurity content, the more extensive are the trapping levels (structura
and impurity traps) that could contribute to this type of conduction.

The current is carried in ionic conduction by 4ions (cations

and/or anions) and vacancies jumping from one defect site to another
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~across energy barriers., Under an applied field, these jumps produce a

drift of the ions. In some solids, the catious are the major carriers

but in others such as ZrO,, the aniona (oxygen in Zr03) 1s the major

iil
carrier. In thies process, the 1ions have to be diecharged at the

electrodes in order for conduction to occur. Electrode reactions can

occur that may or may nct limit the rate of the process. For instance,

the transfer of current by oxygen ions in Zr0O; is illustrated in Figure

19. 1If by any means such as very low oxygen partial pressures, the

electrode discharge processes are prevented, charge soon accumulates at

the électrodes, creating polarization.

S s ae e e
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Fig. 18. Energy Band Diagram Showing Electron Hop.

Defects in the structure can 1influence the conduction
considerably. 1In ZrOz, oxygen vacancies constitute a mechanism by which
the oxygen ions drift through the solid, and often these vacancies are
intentionally introduced into the structure to enhance oxygen ion
transference number (fraction of the total current carried by oxygen
ions). For example, cubic-ltlbilized Zr07 electrolytes have the number

" of oxygen vacancies fixed by the amount of stabilizers used. Oxygen

transference numbers of about one are realized in such materials at
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Harrop and Campbell [45] presented three behaviors of ionie
conduction processes as field 1is 1increased. For flelds less than

10 V/cm, and Fel << kT 9

.. C WA A
J = T eXP (;T (51)

where ¢ 1is the energy barrler for the hopping process, 1 is the
separation of the barriers and C 18 a constant. For Fel = kT, the
barrier is appreciably distorted by the field and

J =T exp - G:—r - —2“%) (52)
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When Fel>>kT, the analysis becomes complex, as multiple hops can
occur in this region.

Both ionic and electron hop conduction can be represented by an

Arrhenius type Equation of the form ﬁ

¢ = g, exp {-E/kT}, . (53)

where 0o {3 a constant and E is the activation energy of the process;
An Arrhenius plot will usually show increasing linear alopes (activation
energies) with increasing temperature as is 1llustrated in Figure 20,

It is often quite difficult to distinguish between dfonic and
electronic currents, especially if the activation energy is large. A&n
activation energy of 0.leV and a high charge mobility are wusually
asgsociated with electronic conduction, whereas a value > 0.6 eV with a
low mobility, can be efther 1loniec or electroniec conduction. Other
characteristics of 1lonic conduction that have been used to distinguish
it from electronic conduwction, though not always clearly, are as
follows: £
l. 8Slow poelarization effects should occur, producing a ‘transient

current which decays with time sc long as the lonic species is

ol

not discharged at the electrodes., However, similar transient
" currents can be produced by electren trapping and dielectrie
relaxation. ' , o
2, Material transport may cccur, but it would take years to chserve
any significant changes with the low current 1levels uwused for

mogt testing,

3. Delay time between an applied voltage pulse and the current

§¢
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pulse response, caugsed by long transgient times for ions, was
used succesafully by Mead [46].

2.2.3 Conduction in Zr0, Thin Films

Most of the work done to date on dc conductlon in Zr0O; thian films
has been on anodized and oxidized or corroded samples., Sputtered filws,

especially the stabilized cubic form, have been studied, though not to

as great an extent as pure 2r0;. Evaporated films have had 1little

study. Investigation of ac conduction in plasma sprayed samples have

u
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been reported in the literature [47], but this survey will not include
those results since the properties of such films are significantly
different from those of concern in this work. The following will also
be omitted from this survey: (1) Conduction in anodized films where a
liquid electrode is used, such as the results of Charlesby [48], Wood
and Pearson [5], and Vermilyear [49]. Liquid electrodes introduce
eletrochemical processes that are not of interest here. Furthermore,
water will be present in the films to yield conduction that is totally
different from that of dry films. (2) Studies concerned mostly with
switching phenomena such as those of Hickmott [50] and heat stimulated
currents (e.g., Zudov and Zudova, [51]) both of which are out of the
scope of the present work. (3) Results of sputtered YSZ films of CGreene
et al [9], CSZ films of Croset et al [10], and Calcium implanted films
of Croset et al [15]. These are the major published works on electrical
properties of stabilized Zr0O) films to date, but the main thrust in this
work is pure Zr0Oj films. It may be noted, however, that oxygen ion
transference numbers ranging from zero (Greene et al [9]) to one (Croset
et al [10]) at temperatures of 25° -400°C have been reported for
stabilized films, indicating a range of conduction mechanisms from
purely electronic to purely ionic.
2.2.3.1 Ac Conduction

Harrop and Wanklyn [6] studied the bulk dielectric spectra of dry
ZrO07 films prepared by anodization and steam corrosion on
electropolished and pickled zirconium surfaces. The second electrode
was either silver paint or Au/Pd. Anodic films gave a frequency

independent dielectric constant of 22, 1in good agreement with wet
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measurements ([52], 1indicating that significant electrode polarizatioﬁ
did not occur. Conduction was ohmic with anodic films exhibiting Ilow
loss consistent with near stoichiometric structure whereas corrosion
filma showed high losses with a losa peak for those corroded on pickled
surfaces. The loss peak was attributed to dipole polarization produced
by substitutional or Interstitial flourine ions in the oxide film The
activation energy of the orientation polarization was 0.72 eV, with the
fluorine ion concentration in a film of 1300 A thickness calculated ¢to

be 1020 iong fce.

¢
3

; Dawson and Creamer [3} studied ac conduction in anodized 2r0,
}ilms using various counter electrodes, {(Ag, Au/Pd, Au and indium). The
film thickness was in the range 200-4000 K. For gold and Au/Pd
elecrodes, reproducible rtesults were obtained once the fi{lms had been
heated to 18 °C, but the electrodes blistered with a resultant decrease
in srea of contact between the Zr0, and the electrode 1f the temperature
exceeded 100 °C. Indium electrodes tended to reduce the conductivities,

producing an activation energy of 0.56 eV for temperatures of 250 =00 °C.

‘This wag attributed to an n-type electronic conduction with an

Arrhenius-type conductivity-temperature relationship. The decrease in

conductivity produced by the indium electrode was attributed to the

substitutional diffusion of In 3+ dons 1into the zr®' lattice,

. constituting electron traps and hence reducing the effective number of

free carriers. However, note that the dnly electronlc process to yield

ohmic conduction would be electron hop, which acting alone, would have
an activation energy less thaao 0.1 eV. Hence, the high activation

energy of 0.56 eV obtalned here suggests that other mechanisms, such as
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interfacial polarization or even ionic conduction, were operative.

Chan and Loh (2] studied ac and dc properties of anodic Zr0;
films over a wide range of temperatures and frequencies. As regards the
ac properties, they obtained a dielectric constant of 25 at 1000 Hz,
independent of film thickness. The conductance showed two distinct
dispersion regions. At frequencies below 104 Hz, the conductance, G,
was proportional to frequency, f, and at frequencies above 106 Hz,
G*f and 1insensitive to temperature, A gradual variation of
activation energy, E, at fixed frequencies was obtained. Above 27°C, a
single E of about 0.3 eV was approached for all frequencies. The ac
conduction was observed to be over two orders of magnitude higher than
the dc conduction. Thus, either the conduction mechanisms were
different, or the charge transport was more efficient under ac
conditions. An electron hop mechanism was proposed to explain the
results.

Tauber, Dumbri, and Caffrey [ll1] measured several dc and ac
electrical properties of pyrolytic Zr0, formed on silicon using aluminum
as the counter-electrode. For 2000 A films, a dielectric constant of 17
was obtained at room temperature, independent of frequency. This value
is lower than the value of 22 + 3 obtained by Harrop and Wanklyn [53]
for a single crystal Zr0, of unspecified orientation. The lower
dielectric constant indicates the possibility of porosity or significant
disorder in the films. A 94%fY dependence was obtained, where y was a
temperature dependent parameter, approaching unity near room temperature
and decreasing with increasing temperature to 0.5 at 00 C. The

conductivity in the range 103-105 Hz was attributed to the remanence of
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a low-frequency Debye-type mechanism., Morley et al [54], when
considering the Cole-Cole form of the Debye equation for frequencies
greater than the relaxation frequency, have shown that conductivity can

be approximated by

o =€, (€, - Em)(Zﬂ)yfy/Ta(l-y) , (54)

where €, 95, and £ _are permittivities of free space, the static and
high frequency limits of the real part of the dielectric constant,
respectively, and T_ is the mean or most probable relaxation time. For
a broad distribution of relaxation times, ag would be expected at low
temperatures, ¥ approaches cne; while ag the temperature increases and
the distribution narrows, y approaches zero, The authors observed no
low frequency 1loss peaks, but suggested that such a mechanism as
interfacial polarization may be operative for Zr0,, |

i Movchan et al. [13] studied the electrical properties of Zr0,

s

condengates um thick deposited by E-beam evaporation on aluminum and

copper at 1002500° and 150%600°C, respectively. The electrical

3
El

properties were related to substrate metal and depositlion temperature,
However, detalls of this work were not avallable at this time other than
from the sbstract [55]. Another abstract indicates that Muranova and
Terpugov [56] studied 1loss wmechanisms in thin-film waveguides of

510,-Mg0, Zr0, and Ta,0; produced by E-beam evaporation and high

i frequency atomization methods. This literature was also not available
4 j . H

at this writing.
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©2.2,3.1 De Propertlies

‘ixﬁ Miach and Gunzel [7] studied anodic and corrogion filmg on
i3
. girconlum and found that the conduction in these films (0.6, 0.75, 0.9,

and 1,5 pm thick) increased during heating in vacuum. The
j conductivities also increased with time, a change that was attributed to

f the diffusion of anion vacancies into the oxide, with an estimated

diffusion coefficient of 4x10™13 cp /sec.

corroded ZrO2 films with aluminum and zirconium as counter—electrodes.

The resistance of the films was measured in air at room temperature and

i
?gge | Later, Misch [8) studied anodized, thermally oxidized, and

1

in jvacuoum at temperatures up to 29 °C. At room temperature the films
were agsentially insulatora. Upon heating the oxidized films 1n vacuum
to 185% and 29°C, the resistance dropped and the films became
gsemiconducting. Above ¥0°C, the resistance showed a slight drift which
was attributed to irreversible diffusion changes. ;
ol B Vermilyea [57) atudied the transient behavior of ionic conduction

in anodic oxide films of Ta205 and ZrO2 at high fields. He found that

activation energy and barrier separation, 1, varied with changes in
_ field and temperature for Ta205 but not for z:oz filus,.
BQE} - Zudov and Zudova [58] studied polarization currents as a function
;f Htime at room temperature for Al*A1203-Au and Zr-Zr0,-Au diodes. The
Zr0, layer was %00 A thick and pelarization currents were measured both
in  vacuum ("\:10-& mn Hg) and at one atmosphere pressure. An analysis of
the depolarization current, Idep' vs. time curves Bshowed that the
decrease in Idep depended markedly on the atmosphere. The results led

the authors to suggest the existence of an additional polarization
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mechanism (e.g., 1ionic). The authors also studied the V-I
characteristics of Zr-Zr0,-metal structures, 5600 | thick, at a
constant voltage [59]. The V-1 curves had an ohmic segment and an
exponential segment. The latter was related to the thermal generation
of carriers and the temperature dependence of the current was
determined. Conduction was reported to be mainly due to bulk processes.
The relation I = exp(Y VP) for Vp > 30 V was sald to be related to the
formation of a negative space charge due to the injected electrons being
captured mainly by the cathode traps.

Chan and Loh [2] studied the I-¥-T characteristics of anodized
Zr0, films. Provided the films were heat treated, they showed the
following features: at low fields, the conduction behavior was ohmic; at
moderate field, the current exhibited an I < PP dependence, where F was
the field strength and n > 1.5, and at high fields a temperature
independent region was seen, along with a very strong field dependence
where n could be greater than 16. The usual approach 1is to take the
different regions separately and propose mechanisms for them as was done
by Servini and Jonscher [60). However, Chan and Low have proposed a
modified form of the Poole-Frenkel mechanism to cover the entire I-V-T

characteristic ranges:

n E &
1 = AT exp ( RT) Sin =, (55)

Where 1 1s the current, A is a constant, n takes the values 2,3, or 4,
E 1is the activation energy of the Poole-Frenkel center and <« is a
parameter which depends on the field and the temperature T. There was a

good fit between this equation and the results for the heat treated
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sample with n = 2 and E = 0.26 eV, An Arrhenius plot of the current
S v 1/T for the ohmic region gave an activation energy of 0.29 eV for
temperatures above -73°C.
Tauber, Dumbri, and Caffrey {11] studied dc and ac conduction 1in
CVD (pyrolytic) Zr0; films formed on silicon with an aluminum
counter-elecrode. The films were 200 A thick. The dc conduction
showed an ohmic characteristic for s6everal of the 1less resistive
(L012-1014 cm resistivity) films. However, a particularly resistive
film (1015 em) showed no chmic behavior even at the lowest detectable
currents (1013 A), but rather a power law, J « FI relation where n was 6
when the dot (Al electrode) was placed at a negative potential, and 2,75
and 5 for the dot positive. The authors noted that a apecific mechanism

wag hard to assign to such a power law but suggested that an aspect of
SCLC may have been operative for the dot negative, i

A study of electron traps in anodic Zr0, was conducted by Zudova:

Zudov, and Sterkhov [61]. The information available on this work was
limited to an abstract. It however, indicated that deep electron traps
were found 1n 2Zr0Op; (0.5, 0.55, 0.63, 0.73 eV); and shallow levels
equally disecributed up to §.4 eV below the conduction band were also
found. The total concentration of traps was given as 2 x 1023/m?. ;
Balog, Schieber and Michman [12] obtained I-¥ characteristié
results for CVD ZIr(y formed on silicon with an aluminum
counter—-electrode. Their dot (Al elecirode) positive results were
similar to those of Tauber et al. presented above. However, their dot
6

negative results showed an I < F dependence as compared to I« F

obtained by Tauber et al. above. Their results would indicate that



silicon had a greater tendency to inject electrons than alumipum, in
contradiction to the results of Tauber et al. Balog et al also
suggested a SCLC mechanism to be operative.

2.2,3.3 Effects of Electrodes and Flaws

Belova,Gorskay, and Zakgeim [62] observed very high resistivities
(102%-10 ohm.cm) 1n both directions for anodized Zr0; films with
aluminum counter-electrodes, which led them to conclude that there was
little rectifying characteristics in those films.

Dawson and Creamer (3] investigated the effect of various counter
electrodes on the ac conduction of anodized Zr0, films. Gold and Au/Pd
were satisfactory at temperatures below 30 °C but blistered above that.
The blistering resulted in a smaller contact area and lower
conductivities. On heating films with silver electrodes at 260 °C for 12
hours, the conductivity increased by about 3 Z. On the other hand,
heating a film with indium electrodes for 12 hours at 100 °C reduced the
conductivity. The latter effect was ascribed to the diffusion of In 3+
ions into the Zr4+1attlce.

The effect of various metal contacts on the dc conduction of
anodic Zr0p films was 1Investigated by Nicley and Davis [63]. Two
techniques with gallium contacts were employed: dipping a fresh surface
into a pool of gallium and dipping a surface prepared by rubbing gallium
onto the surface with a paper tissue, The apparent dc resistance
measured with silver or unrubbed gallium contacts drifted to higher
values with time and these contacts and techniques were therefore,
considered not wuseful. The rubbed gallium contacts gave currents that

did not drift; however, they conluded that the rubbed gallium contact
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was apparently not useful for direct determination of the resistance of
the complete film.

Chan and Low [2] studied the I-V characteristics of anodized Zr02
at 27°C. The films were 2500 ; thick and various counter-electrodes
(Al, Au, Cu, Bi, Ba, Sn, Mg, Ni) were used. The characteritics were
similar for all the electrodes, indicating that electrode processes had
little effect on the conduction. This was in good agreement with the
conclusions of Belova, Gorskaya, and Zakgeim above. The electrodes,
however, exhibited differences in their stability characteristics
similar to those observed by Dawson and, Creamer [3]. Gold and, to a
lesser extent, copper were found to be bad electrodes because of their
tendency to diffuse into the dielectric film, causing long-time
continuous aging in the electrical properties. Aluminum showed poor
adhesion to the dielectric, thus causing mechanical instability. Barium
was reactive in air and even when protected by gold (2000 R thick) was
mechanically unstable. Nickel and magnesium, protected by gold, were
the most satisfactory for ZrOj.

Tauber et al. [11] determined the I-V characteristics for CVD
Zx0,, 2000 A° thick wusing silicon and aluminum electrodes and found a
polarity dependence with the dot (Al) negative case showing higher
currents. They concluded that if electrons were the conducting species,
then silicon had a greater tendency to 1inject electrons than aluminum
contacts. This result is, however, at varilance with those above where
polarity effects were not observed, but, of course, silicon is not a
metal contact and may be slightly oxidized on the surface, thus reducing

its tendency to inject electrons.
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" Vermilyea [48)] discussed electronic conduction 1in aneodic oxide
:“filma of several metals (Ta, Nb, W, Zr, Al). Flaw conduction,
characterized by marked hysteresis effects was concluded to dominate the
behavior of thick films. Flaws were defined as a region larger than an
'+ atom in size which was chemically or physically different from the
: remalnder of the film. Examples of flaws are voids and reglions of
different composition or crystal structure. Twe mechanisms were
suggested for the flaw conductiont one, the opening of physical holes
and the other involving some kind of electronic junction, Bulk
{ conduction, involving primarily electron injection into the insulator
containing traps, was suggested to dominate 1in thin films of Ta,0¢,
Nb,05 and W03,

2.2.3.4 Experimental Ac and Dc Values

A summary of the wvarious published worke on the ac and de
conduction for dry Zr0O; thin filws 18 presented in Tables 2 and 3
respectively. Relevant information on the films and their properties

are included in these tables.
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CHAPTER III

EXPERIMENTAL PROCEDURE

In this chapter, the various equipment, electrical circuits and
experimental procedures used during the course of this study are
described. First, the preparation of the evaporant material is
presented followed by a description of the thin film deposition
facility, vacuum equipment, electron-beam evaporation, thickness and
rate monitoring equipment, and the actual deposition process used in the
evaporation of the Mo-Zr0,-Mo structures. Also included is a discussion
of the preparation of YSZ films by multilayer deposition. X-ray
diffraction (XRD) and scanning electron microscope (SEM) techniques used
in studying the structural properties of the films are detailed.
Finally, the vacuum equipment for the measurement of the ac and dc
properties is described along with the electrical circuits and
procedures for measuring the ac and dc properties. The procedure for

conducting the impedance spectroscopy studies are also described.

3.1 Evaporant Preparation

The metal evaporants used were as-received bulk metal, but the
dielectric evaporants had to be prepared from powders. Three different
methods were used in preparing the ZrO; evaporant: slip casting, dry
pressing and skull melting. The Y303 evaporant was prepared by dry

pressing., Initially, the Zr0Oj evaporants were slip cast or dry pressed,
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but neither method densified the sources sufficiently to allow
well-controlled evaporation. Such non-uniform evaporation produced
films with poor electrical properties. Low density Zro2 evaporants were
unsatisfactory because the films deposited were rather thick ( ™ 2 um),
and the E-beam drilled through the evaporant before the completion of
the deposition.

Skull melting provided the required high-density Zr0O; material,
while dry pressing was unsatisfactory for the Y203 evaporant. Even
though slip casting and dry pressing of Zr0O) were not continued further,
the methods will be described since they are adequate for thinner Zr0O,
deposits.

3.1.1 Slip Cast Evaporant

A good casting slip was prepared by stirring about 100 g of ZrO2
powder (Fisher Scientific Co., Z-83, 99.5X pure) with 3 cc of distilled
water in a clean beaker into a slurry. Chunks of ZrD2 2.54 cm by
1.92 em by 1.27 cm were made by casting the slurry in plaster molds
while vibrating the molds. On casting solid, the chunks were dried in
ambient air overnight, covered to protect them from dust. They were
heated slowly to 1400°C and soaked for 12 hours.

3.1.2 Dry Pressing

The Fisher Z-83 powder was pressed to 4000 psi in a 1.9 cm
diameter steel die. No lubricant was needed and the volume was reduced
to about half by pressing. A 1.9 cm pellet was pressed and trimmed to
fit the evaporation hearth. The surface of the pellets were cleaned by
scraping with a knife,

Y03 powder, 99.99X pure, supplied by Molycorp, Louvier, Co, did
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not press easily and tended to freeze the die punches in the die
cylinders. A pressing pressure of about 200 psi in conjunction with an
acetone-stearic acid solution lubricant was required to form pellets of

good structural intergrity. The pellets were similarly trimmed and

cleaned as for 2r0;.

3.1.3 Skull Melting

All the Zr0O, evaporants for the films described in this work were
prepared by this method. Powdered Zr02 {Magnesium Electron Inc. New
Jersey, grade G-60, 99%Z pure) was melted and solidified in a 7.6 cm
diameter-water cooled skull, using a 50 KV, 2 MHz induction generator.
The Zr02 boule was polycrystalline and almost theoretically dense.
Blocks 1.27 cm x 1.27 cm x 1.9 cm were cut from the boule with a diamond

saw, washed, and dried at 40°C to provide the evaporants.

3.2 Thin Film Deposition

3.2.1 Thin Film Deposition Facilities

The thin film deposition facility shown in Figure 21, included a
diffusion pumped system, deposition rate/thickness controller, E-beam
power supply and deposition rate recorder. The vacuum chamber consisted
of a pyrex bell jar 30 cm OD by 30 cm in height resting on an 18 cm tall
aluminum collar. The aluminum collar served as a heat sink and rested
on a vacuum feedthrough collar.

The feedthrough collar rested on an aluminum base plate and was
sealed with a rubber O-ring. Neoprene gaskets served as seals between

the bell jar and the aluminum collars. An oxygen leak valve provided
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atmésphere control. The system was normally vented with dry nitrogen to
provide for more rapid cooling and to reduce water vapor adsorption,
thus allowing faster pump down. The chamber was evacuated with a
ﬁix—inch (15 cm) o1l diffusion pump (1400 L/s) backed by a 500 L/min
mechanical pump. Pressure was monitored with two thermocouple gauges
and an ionization gauge,

A multihearth E-beam gun mounted in the center of the wvacuum
chamber provided deposition power. The multihearth gun was a six KW,
self-accelerating, 13 bent-beam gun with four individual 'hearths.
Each of the four water~-cooled hearths was capable of holding 3.2 cc of
evaporant material, and could be mechanically rotated from outside the
vacuum chamber. An external rotating permanent magnet Pprovided meovement
of the beam in the hearth orthogonal to the axis of the power supply
beam position controller. The voltage of the electron gun was fixed at
10 KV so power was monitored by electron beam current.

The substrate heater/holder assembly can be seen 1in Figure 22,
and the gun and other internal parts of the vacuum chamber are sketched
in Figure 23. The substrate heater/holder (5 cm on a eide) was
constructed from stainless steel blocks. A 0.13 mm thick tantalum strip

heating element, approximately 1.5 cm by 25 cm, was used to heat the

stainless steel substrate holder assembly. Beryllia substrates served

‘to electrically insulate the element from the steel assembly, and a

copper block served as a heat sink from the heating element to the
substrare holder, The substrate holder was a copper block with a recess
to support the substrate to provide an exposed deposition area of 2.5 em

by 2.5 c¢cm. The aubstrate holder was positioned im a slot in the heat
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shell during the deposition as shown in Figure 22, A stainless steel
mask containing nine holes, each of 0.25 cm diameter, was provided for
masking the substrate during deposition. A Chromel/Alumel thermocouple
was pressed to contact the bottom of a hole drilled 2 cm into the
holder. The entire heater/holder assembly was electrically insulated
from the support tower by porcelain insulators.

Power was supplied to the substrate heater through a step down,
) A transformer controlled by a 10 A autotransformer, and a digital
thermocouple temperature readout was used to monitor substrate
temperature. The maximum autotransformer setting could produce
15 watts of power to the heating element, resulting in an approximate
substrate temperature of 70°C, The reproducibility of the substrate
temperature at the same power setting was t_ZD”C; the main temperature
error was judged to be the degree of contact between the thermocouple
and the sample block, and the sample and heat sink blocks. The
displayed temperature decreased 4 °C during the deposition due to
radiation losses from the unshielded substrate.

Thickness and deposition rate were controlled by a Sloan Model
MDC 9000 thin-film deposition controller, a microprocesscr-based
instrument. The controller provided thickness and rate control by

changing beam power as a result of feedback from a piezoelectric crystal

monitor. A fast-response strip chart recorder was used to monitor

the deposition rate.
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3.2.2 Thin Film Deposition Procedure

In this section, the procedure for the actual deposition of the
thin films 1s described. Depositicn of the Mo-2r0,Mo structures is
described first followed by preparation of the YSZ filmse by wmultilayer
depositian.

3.2.2.1 Deposition of Mo-Zr0,Mo Structures

A typical deposition of Ho—ZrOz—Mo structures was conducted in
the following manner. Predeposition procedures 1involved cleaning
varlous components and assembling them in the vacuum chamber. Any metal
deposits on the steel sghields and plates, substrate holder, and mask
were removed with 600 grit S5iC grinding paper. Depoeits on the pyrex
bell jar were removed by wiping with 1int free tissue wetted with
acetone., The varicus parts were then washed with scap and warm water,
rinsed with water, acetone and methanol in that order and then placed in
a dust—-free chamber to dry. The glazed A1203 substrate, supplied by the
Technical Ceramic Products Division of 3M Corporation, was washed with
soap and warm water, rinsed with water and ultrasonically vibrated in
acetone for ™~ 5 minutes. The substrate, steel mask and substrate
holder were vapor degreased with trichloroethelene (TCE). #Molybdenum
and 2r0; evaporants were placed in the hearths and a quartz crystal was
placed in the thickness/rate eensor head. The cleaned parts were
asgsembled, with the mask positioned so as to protrude about 6 mm into
the depasition area. A movable depoaitidn shield was positioned between
the evaporant and the substrate. The chamber was pumped down with the

mechanical pump te " 50 torr, and the diffusion pump further reduced

-5
the pressure to the range of 10 torr, usually overnight.

Nl Wb e -
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The substrate was heated prior to evaporation, which required two
hours for temperatures above 40 °C. The wmolybdenum evaporant was
positioned for evaporation, the beam sweep was set on ninimum (because
metals are conductive and distribute the heat well), and the MDC
contoller was started in the automatic wode. Programs for the different
evaporantse, specifying set—up conditions such as rise time, socak time,
rate etc. are tabulated in Appendix B. During the rise time, the
controller linearly ramped the power up to the specified scak power, and
then held it constant during the soak time., Deposition of the evaporant
followed the socaking pericd. During deposition, the rate was controlled
by the contraller and the substrate shield was opened as soon as a
stable rate was attalned. The beam current for molybdenum.evaporation
was usually 18 mA, corresponding to 1800 watts. Once the required

thickness (usually X300 i). was depogsited, the shield was closed and the

#L

econtroller power was progragpmed to zero 1n 30 seconds. After meolybdenum

depasition, the substrate mask was pushed 3 mm into the depositlon area.

This allowed the insulator to be formed on the molybdenum {or other

" lower electrode), and exposed a2 3 mm strip for electrical contact to the

bottom electrode. H
For Zr02 deposition oxygen waa introduced into the chamber and
wmonitored at & pressure of 10-% torr. The beam sweep was sef to
maximum to distribute the heat. More heat distriburion was afforded by
using a rotating external magnet (sliéhly eliptical in cross section)
which rotated the beam arocund the hearth. Again, the MDC controller was
started and the evaporation conducted as described above. During Zr0;

deposition, the beam had to be moved from back to front in the hearth to
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pre;eﬁt drilling, since material flow was minimal. On moving the beam
to a new position, the material would initially outgas, causing pressure
and rate surges, so such changes had ro be made very gradually, The
current needed for Zr0, evaporation was usually about X0 md. Most of
the films deposited were about 2,000 £ chick. i

Afcer the Zr0O; deposit, the substrate mask was pushed all the way
into the deposition area so that dots (top electrodes) of molybdenum
could be deposited. The hearth was rotated to molybdenum, oxygean leak
wag stopped and a top molybuenum electrode was deposited as described
earlier, The vacuum chamber was allowed to cool after this final
deposir, usually overnight, wvented with nitregen and dismantled. The
Mo-ZrO7-Mo structure was stored in a desiccator until needed, A typical
Mo-Zr07-Mo sample is deplcted in Figure 24(a). The nine capacitors were
designated as shown schematically 1a Figure 24(b). The various

deposition conditions such as pressure, rate, and temperature used in

the deposition of the Zr0s films are surmarized in Table 4.
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Fig. 24. Thin Film Samples (a) Photograph (b) Sketch Showing
the Designation of Individual Capacitors.
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e Table 4., Thin Film Deposition Conditions

Sample Depositn. Beam Oxygen Rate Program  SEM

¥ Temp( C) ((:ﬁ;'ent 1(’;;;:::3) Afa. Thtﬁ}:;ess Th%sz?ess
25 488 0 5.0 5.0 0.50 -
26 475 0 50 - 50 . 0.35 -
27 225 100 6.0 5.0 0.38 1.556
zsé 480 n 10 5.0 0.3 1.978
29 10 ™ . 3.8 50 . 0.5 =
Z11 20  ® 5.0 5.0 0.5 -
Z12 3150 100 4.0 5.0 0.5 2.000
213 ) | .80 4,0 5.0 0.5 2.148
Zi4 00 1) 3.0 5.0 0.5 2.037
zZ1L5 450 T 5.5 5.0 0.5 1.963
216 510 ) 2. 5.0 0.5 1.74
217 600 7)) 5.0 5.0 0.5 -
218 4% 0 1.5 5.0 0.5 -
Z19 480 0 5.0 5.0 0.5 -
Pt/Rh 49 185 0.7 2.0 0.1 - _
Pt,YZD 498 0 6.0 5.0
Mo,YZ21 4% © 6.0 5.0 K

. ?rogram thickness implies the actual thickness entered intpo the
MDC 9000 program




3.2.2,2 Preparation of YSZ Films

It was thought that by bringing Y;03 and Zr0D; sufficiently close
together in a multilayer film, the components would diffuse and react at
a high temperature to form the cubic stabilized atructure. Since the
individual oxide layers could be kept thin, the diffusion lenghthe would
be small, smaller, infact, than those typically encountered in the
preparation of bulk YSZ,

To provide sufficient Y,07 for stabilizatlon and still keep the
diffustion paths small, five layers of the oxides were deposited

%

according to the thicknesses indicated in Figure 25, These thicknesses

were calculated to provide a 10 mole percent Yz03-stabilized ZrO; upon

1000

¥203 . . . . 454

ZrO, . . . . 2000

)

Y
o)

b

454

Zr0s o . . . 1000
METAL

Fig. 25. Sketch of Oyide Layers in Multilayer Deposition,
Showing Thickness in A. .
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total reaction. A Pt/Rh-Y,05,Zr0,-Pt/Rh and a Mo-Y,04,Zr0,-Mo sample
were prepared as described for Mo-ZrOj;-Mo samples, except that the Zr0;
was replaced by the five oxide layers in Figure 25, The deposition
program for molybdenum and ZrO, were identical as above and the programs
for Y207 and Pt/Rh are also recorded in Appendix B. The oxides were
deposited in oxygen while the metals were deposited without it,.

The Pt/Rh-Y203,Zr07-Pt/Rh samples were heated in air to B0O<C for
five hours and 1200°C for nine hours. The Mo-Y03,2r0-Mo samples were
heated to 1200°C in an induction furnace with N, atmosphere for seven
hours. The top Pt/Rh elecrode of the Pt/Rh41203,Zr02-Ptth samples was
found to be non-conductive after the 1200°C heating. Upon etching a
strip of the heat-treated Ptth—Y203,Zr02-Pt/Rh in phosphoric acid at
D0°C for 0 minutes, the lower Pt/Rh electrode was exposed and found to
be conductive. Upper electrode dots of Au/Pd were sputtered on the
unetched portions of the Pt/RhAYzog,zroz-Pt/Rh using the substrate mask
in such a way that the Au/Pd dots were formed on the portions where

Pt/Rh had not been deposited.

3.3 Crystal and Physical Structure

The crystal structure of the ZrO2 films were determined with a
Philips X-ray diffractometer, using Cu K_ radiation, a voltage of 45 KV,
and a current of 25 mA. The diffractometer was generally scanned at one
or one~half degree 25 per minute, using a time constant of 1.0 and 3.0
respectively. For broadening and intensity measurements, a scanning
rate of one-eighth degree 20/min and time constant of 10 were used. The

intensities were integrated peak intensities with the background



substracted, whereas broadening was the peak breadth at half height.
The crystallite size, t, for crystallites with the (11T) and (111)
monoclinic 2Zr0, planes parallel to the surface of the films were

calculated with the X-ray line broadening equation [64]

t = A/B'" Cos O , (56)

where A 1is the X-ray wavelength (&), B'is the intrinsic broadening
(in °20) and 1is the Bragg angle for the reflections. The intrinsic
broadening was obtained from the experimental values by the Jones'
correction method [65] using strain-free (vapor—grown) 3um particle
size rutile to measure instrumental broadening. The films were assumed
to be strain-free, For two samples, the texture was studied by
generating pole figures for the (11T) and (111) wmonoclinic Zr0
reflections, scanning between angles of %07 and 33°. A pole figure
device of the Engineering Experiment Station of this institute was used.
It consisted of a General Electric diffractometer with a modified
quarter circle goniostat with a pole figure stage and a microcomputer
axis controller.

To observe grain size and measure film thickness, the samples
were fractured perpendicular to the substrate surface and examined in a
SEM. The thickness of the films was measured from the electron

micrographs.
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3.4 Measurement of Electrical Properties

s g e s g o

The investigation of the electrical properties of the capacitor
samples was conducted 1n & vacuum chamber to avoid surface conduction
and other effects of the amblent gases and vapors, especially moisture,
For the same reason,. samples were heated to 200 °C and cooled before
measurements were made.Most ac measurements were made with rather high
signal wvoltages ( "+ 8 V rms), which was possible because of the low
losses of those films. However, the oxygen deficlent ZrQy; film and the
Pt/Rh-Y203,2r02-Pt/Rh films had high losses (tan & X0.4), which were not
measurable on the bridge used without a preceeding amplifier. For these
high-loss  films, impedance spectroscopy and low signal voltages
( 100 mV rms) were applied.

3.4.1 Vacuum System for Electrical Measurements

Figure 26 is a photograph of the interior of the vacuum system
with the bell jar removed. The vacuum chamber consisted of a bell jar
22 cm ID by D cm high resting on an Aluminum feedthrough collar 20 cm
ID and 18 cm high which 1n turn, rested on a brass plate. Neoprene
gaskets served as seals between the bell jar and the aluminum collar and
between the collar and the brass plate. The system was pumped down with
a two 1nch diameter (%0 L/s) diffusion pump backed by a 160 L/min. Duo
Seal mechanical pump. Pumping was accomplished as described for the
electron-beam vacuum Bsystem. Pressures lower than 10'“ torr were
obtained.

A resistance heated copper furnace mounted on a microscope stage
in the vacuum chamber served aas electrical measurement chamber. Thif

furnace is sketched in Figure 27, which shows a Mo-Zr0-HMo samplé

b



Fig. 26, Photograph of the Electrical Test Apparatus
Showing:

A. Spring Loaded Top-Electrode Probe
B. Copper Furnace

C. Bottom Electrode

positioned for measurement, bottom and top electrical contacts to the
molybdenum electrodes, an Iron-Constantine thermocouple and a qaurtz
plate heat shield. The copper furnace had external dimensions of 5 cm
by 5 em by 2 em. Both electrical contacts were spring loaded and the
upper contact could be moved in the vertical direction. The microscope
stage could be moved in two perpendicular horizontal directions, wusing
mechanical motion feedthroughs, and allowed the measurement of all nine

capacitors on a sample without breaking the vacuum.
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——————— Electrical contact on Mo dot

Quartz — | — Zr02 thin film
plate
}——— Copper furnace
Thermocouple ___| ) Electrical contact
in Alumina — _"ﬁ%" b — on Mo
spagetti
Alumina spagetti
+ Glazed Alumina
substrate

Fig. 27. Copper Furnace for Electrical Measurements (Schematic).

The copper furnace was grounded and heated with a 24 gauge wire,
D cm long, insulated with Alp03 spagetti through the top and bottom
blocks of the copper furnace in a manner that minimized inductive
effects. Chromel wire was used initfally, but had a tendency to short
to the furnace, probably due to pyrolysis of vacuum o0il and deposition
of carbon on the Al;03 1insulators. The 1insulators then had to be
oxidized and the wires rewound, It was suspected that the chromium
catalysed the pyrolysis reaction, so stainless steel wiring was used
later, with much success. The heater wires were extended with copper
wires. All of the electrical wiring, the thermocouple, heater coll, and
electrical contact extensions were insulated from the parts of the
vacuum chamber with Al;03 insulation tubing. Power to the heater coil
was provided by an Omega FEnglneering Model 22 proportional-band
temperature controller, operating through an autotransformer. An
iron-constantine thermocouple served to provide temperature feedback to

the controller. Temperature was monitored with a Doric Trendicator,
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Model 400 A, Type J/F, digital temperature readout. Temperatures were

equilibrated for at least five minutes before meagurement and controlled

. to within 1°C during the entire duration of the meagurement. The vacuum
15}
chamber was ghielded from external e¢lectric fields with a wire mesh

|
cover,

3,4.2 Ac Measurements

The capacitance and loss tangent of the films were measured with
a General Radio capacitance bridge, Type 716C; a Hewlett~Packard Model
X00 CD wide-range oscillator; and a Tektronix, Type 565 dual-beam
oscillascope as the detector. A sample signal voltage of “8 V rms was
used, corresponding to a field of 0.046 MWV/cm. Parallel model
capacitance Cp, was measured and the mneasurement was conducted as a
function of freguency (60 Hz=-50 KHz) and temperature (2592325°C), The
calculation of the varioue electrical properties from Cp and tan § were
presented in Section 2.2.1.1. A computer program, ACPROP, given in
Appendix C, was written to calculate and plot from these measurements:
real and imaginary permittivity as a function of frequency and
temperature, real and imaglinary dielectric constant as a function of
frequency at two temperatures, dielectric conductivity as a function of
frequency at two temperatures, Cale-Cole plots, and the product of
1000 Hz dielectric conductivity and ctemperature as a function of
reciprocal temperature. The program c¢ould also perform a linear
regreeslon analyeis on any segment of all the plots except the

permittivity and Cole-Cole plots.
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3.4.3 Dc Measurements

The dc measurements included current-voltage (1), and
current-temperature (Arrhenius) characteristics, and charge storage.
All the measurements were conducted with the circuit diagrammed in
Figure 28, For the I-V and Arrhenius characteristics, the double pole,
single throw, switch, S, in Figure 28 was connected to A. Voltage was
measured with a Hewlett-Packard multimeter, Model 3469A, and was applied

by the Lamda Electronics regulated power supply, Model 71. Current was

S
1 M
- NN
A
C
Ca
SAMPLE
De
“— _ POWER VOLT-
T  SUPPLY TER
ELECTROMETER

Fig. 28, Circuit for Dc Measurements
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measured with a Keithley solid state electrometer, Model 610 C.
Voltages up to 225V were used for the I-¥ characteristics, and
temperatures between 25°C and 35°C were used for the
current-temperature measurements. Top electrode (dot) positive and dot
negative measurements were made by interchanging the electrical contacts
Cl and C2 in Figure 28,

Charge storage measurements were made by first charging the
samples at a given voltage and temperature for about X minutes, with
switch S in Figure 28 connected to terminal A, and then discharging the
sample through the 1 M { resistor with switch S shorted to ground
(connected to terminal B). Charge storage was measured with the
Keithley electrometer, The meter was zeroed on the coulombs scale
before every measurement. The discharge was also recorded on a recorder
and the charge storage was determined only when the voltage was
practically constant. This wusually required about 10 minutes of
discharging. Both dot positive and dot negative charge storage
measurements were made for samples Z14B and ZI5E as a function of
charging voltage. Temperatures of 25: 6 and % 'C were used.

A computer program, DC4, (given in Appendix D) was written to
plot either de conductivity or the product of dc conductivity and
temperature vs. reciprocal temperature, The program could perform a
linear regression analysis on any segment of these plots and could also

perform a Poole-Frenkel or Schottky analysis on the results.
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3.4.4 Impedance Spectroscopy

The circuit for the admittance measurements is shown in Figure
29(a). A Princeton Applied Research lock-in amplifier, Model 5101, with
a signal imput impedance of 10 M was used for measuring the admittance
of the samples. The ouput of a Hewlett-Packard, Model 20CD wide-range
oscillator was applied to a 5000 potentiometer, from which the 1 V rms
reference voltage for the lock-in amplifier and a sample voltage
of 100 mV rms were supplied, as shown in Figure 29(a). To determine
admittance with this lock-in amplifier, elither the phase and magnitude
of the voltages are measured, or the real part (Vx} and the 1imaginary
part (Vy) of the voltages are measured at 0° and ©° phase angles
respectively. The latter method was used in this work. Vy and the
resistor voltage Vg 1in Figure 29(a) were measured by applying each to

the signal channel and measuring the V. and Vy components relative to

the reference voltage. Then

VeV, + 3V (57)

y »

where V was V; or Vg. V; and Vi were also monitored with a Fluke
digital-readout multimeter (not shown in Figure 29(a)) with an input
impedance of 10 M. This 1input impedance was high enough not to
introduce significant errors 1into the measurements. V] was usually
maintained at about 100 aV rms and VR at about 5 mV rms by varying the
potentiometer or the decade resistor box in Figure 29(a). This was done
in order to keep the two voltages significantly different to minimize
errors, but still measurable with sufficient accuracy. The admittance
was calculated from

A=1/V = (VRFR)/(VI -V,

R (58)
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The admittance was resolved into the form
A=G+ iB (59)

where G 18 the conductance and B is the susceptance,

The circuit of Figure 29(a) was used for the lower values of the
loss. When the losses were large, the positions of the capacitor and
the decade box in Figure 29(a) were interchanged, Figure 29(b). 1In this
case, Vl and the capacitor voltage Vc were measured and the admittance
was calculated from

(v, = V)/R
Awsw—t
v v (60)

c
The admittance measurements were made as a function of frequency from
5 Hz to 100 KHz, and B was plotted against G to obtain the admittance
plot. In some cases temperature was also varied. A computer program,
ADMIT, given in Appendix E was written to calculate the admittance and
plot B as a function of G for several temperatures. The admittances
qbtained with the lock-in amplofier agreed with bridge measurements with~

in 5% for the magnitude and + 2° for the phase between 60 Hz. and 4kHz.



CHAPTER IV

RESULTS AND DISCUSSION

This chapter presents the results of this investigation. The
results for the pure monoclinic Zr0O; films are first presentea, followed
by the results for the Y;04,Zr0 films. For both types of films, the
structural characteristics, and ac and dc properties are discussed.
Impedance spectroscopy studies on the films are also presented. In
these discussions, comparisons are made to similar published work and

attempts are made to deduce ac and dc conduction mechanisms.

4.1 Zr02 Films

4.1.1 Crystal and Physical Characteristics

All the Zr0y films were polycrystalline, with only the monoclinic
phase present for deposition temperatures between 300 and WU C, At
lower temperatures (190°-200°C), however, the cubic phase was tne major
crystalline phase formed. X-ray patterns of films deposited at 20°
450° and 600°C, in the {111} region, are presented in Figure 30. This
figure also includes the pattern for the source monoclinic Zr0; material
for comparison., The patterns of cubic and tetragonal 2Zr0; are quite
similar, but can be distinguished with the (400) cubic and (004) and
(400 ) tetragonal peaks. Miller et al. [66] showed that the molar ratio

of the cubic to the tetragonal Zr0; phases may be calculated from
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where M stands for moles, subscripts F and T' stand for the cubic and
tetragonal phases respectively and Iy and Ipris the intensity of the
respective diffraction peaks. The X-ray patterns in the region of the
(004) and (400) peaks for some of the samples are presented in Figure 31
to show the cubic (40) peaks at about 73.8° 20 and the positions of the
tetragonal peaks. As can be seen, the (004) and (400) tetragonal peaks
are not observable and therefore, the cubic phase is present to some
degree in all the films. It is possible that some amorphous phase was
present in the films, especially for those deposited at lower
temperatures. However, the amount of the different phases could not be
quantified because preferred orientation was observed. The ratios of
the (111) and (111) monoclinic integrated peak intensitiies of the films
to those of random orientation powder are plotted as a function of the
deposition temperature in Figure 32. The ratio increased from 0.18 to
4,8 for the (111) and from zero to 2,1 for the (111) reflections as the
deposition temperature increased from 19°C to 510°C. The (llf)
intensity ratios varied 1linearly with deposition temperature in this

range and could be represented by

T
~sample _ o 1497 - 2.714
powder

’ (62)

where T 1s deposition temperature in °C. However, the (111) intensity
ratio increased less rapidly and tended to be levelling off at 510°C.
The intensity ratio greater than 1.0 indicated preferred orientation,
especially for the samples deposited above 30°C where the films were

predominantly monoclinic. At lower temperatures, 20°C, the films were
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mainly cubic with only a small wmonoclinic content. Therefore, the
intensity ratio was less than 1.0 due to the reduced wmonoclinie content.
At 2 deposition temperature of €0 °C, the (lii) and (111) intensity
ratios decreased dramatically to almost zero. Preferred orilentation
most likely changed to other planes, Pole figures confirmed this change
in preferred orientation. Figure 33 igs the (1L1) monoclinic Zr0» pole
figure for a sample depesited at 40°C showing a slight fiber axis.
However, the sample deposited at 510°C shows a more pronounced (lfI)
fiber axis in the (111) pole figure presented in Figure 34, This
increased (111) fiber texture could be due to the increased mobility of
the Zr0, molecules on the substrate surface with increased temperature.
Such 1increased mobility favors a thermodynamically favored crystallite
orientation to enhance preferred orientation.
The crystallite size of the monoclinic ZrQ, films is plotted in
Figure 35 as a function of deposition temperature, It increases from
118 £ to 484 £ for the (111) and from 175 & to 265 & for the (111)
orientatione, as deposition temperature increases from 190 ° to 600 °C.
The crystallite size for the (III) orientations were generally larger
and increased more rapidly with temperature than that for the (111)
orlentations, This indicates preferred crystallite growth in the
direction perpendicular to the (llf) planes.
A typical scanuning electron micrograph of the films is shown in
Figure 36. The molybdenum and Zr0, fiims are clearly distinguishable,
Ihe graln size could be measured in some, but not all of the filus and
it 1s doubtful 1f individual crystallites were visible, Some of the

films showed columnar grains, which actnally consisted of many
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Fig. 33. (111) Pole Figure for Zr0, Thin Film, Sample Z4, Deposited
at 420°C, Showing a (111) Fiber Axis.
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Fig. 34. (117) Pole Figure of Zr0, Thin Film, Sample 216, Deposited at
510°C Showing a (111) Fiber Axis.
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crystallites.

4.1.2 Ac Properties

It was important initially to establish the temperature and
vacuum  treatment of the Zr02 films needed to stabilize the ac
porperties. In the following discussion, stabilization of ac properties
will be referred to as elecrical stabilization to distinguish it from
structural stabilization which will be referred to as stabilization.
Dawson et al. [3) stated that anodized ZrO2 films with gold electrodes
were electrically stabilized on cycling to 200°C. However, films with
slilver and indium electrodes did not give reproducible results with that
treatment, The films prepared in this study, were bence cycled to 200 °C
before measurements were made in a vacuum less than 10~4 torr. The
films deposited at temperatures above 40 °C were electrically stabilized
with 20°C cycing in vacuum, but those deposited at lower temperatures
required longer heat treatments to obtain reproducible results.

Imaginary pemittivity,s"€°, versus reciprocal temperature for
samples deposited at 450°C and 350 °C, respectively, are shown in Figures
37 and 38. Measurements were made on successive days and were taken
within a period of eight hours each day. The films were kept in vacuum
for all the days. In Figure 37 there was a minor decrease in
values for the 450 °C sample on the second day due to aging and the shape
of the curves remained unchanged with time. For the 357°C deposition,
Figure 38, the asg plots had a peak at about 20°C on the first day.
On the second day, the permittivity had decreased to profiles similar to
the 450°C samples of Figure 37. Upon exposing the 350°C films to the

atmosphere for two hours and re-running the tests, the initial plots
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were approximately Teproduced, ghowing that the relaxation peaks are
due to some component of the atmosphere. The sample deposited at 300 °c
did not exhibit a peak but ¢'c, was increasing with temperature at low
frequencies. Decreasing £"e, required more extensive heating (300°C for
21 hours) than for the 45 °C film. After heating the 20 °c sample had
£'"e, vs reciprocal temperature curves almost identical to the higher
deposition temperature films. Apparently, the lower the deposition
temperature, the more extensive the heat treatment in vacuum required to
electrically stabilize the films. The sample deposited at 300 °C that
had been electrically stabilized at 30 °C was exposed to dry oxygen gas
for eix hours and electrical measurements repeated. This test was
repeated with nitrogen gas. Only small increases in €"€,, much smaller
than those produced by exposure to ambient air, were obtained. 1t was
concluded that the relaxation peaks or the much higner €"€, values
obtained for electrically unstabilized samples deposited at lower
temperatures, was due to water adsorption in pores at the points of
contact between Zr02 and molybdenum films. The possibility of the
moisture being adsorbed partially or completely through the thickness of
the Zr0, films could not be ruled out. The adhesion at the
Zr0, molybdenum interface is poorer at lower deposition temperatures
which may have been caused by interconnected porosity and thus increased
moisture adsorption. Also, during deposition at the lower temperatures,
the mobility of evaporant molecules on a substrate is reduced. This may
reduce the growth of the nuclel and merging of islands, to produce
increased porosity 1in the bulk Zr02 films. The diameter of such pores

would be of the order of the grain size, that is, smaller than 200 K,
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and decreasing with decreasing deposition temperature. Calculations
from the Kelvin equatfion indicates that water should be adsorbed by
capillary condensation from a humid atmosphere by such fine pores at
room temperature.

Clearly, it 1s {important that 1literature on the electrical
properties of films report the heat treatment and atmosphere conditions
prior to measurement for properties to be wuseful for comparative
purposes. The adhesion and moisture adsorption problems encountered
here may also occur with other evaporated and sputtered films, varying
in extent with the type of electrodes and deposition temperature. For
example, Croset et al. [10] observed loss peaks for stabllized Zr0,
films similar to those obtained for the electrically unstabilized sample
deposited at 3%°C. Both results were significantly different from
those for films electrically stabilized by sufficient baking which had
profiles identical to other loss profiles of uncontaminated Zr0; samples
{31 Contamination of pickled Zr0 films by fluorine was shown to
produce loss peaks by Harrop et al. [6]. Hence, it cannot be
determined whether Croset's loss peaks were due to oxygen vacancies in
the stabilized Zr02 or due to water or other contaminants.

In the discussions to follow, reproducible results from films
baked at 20°-300°C in vacuum for five to 21 hours are discussed.
Measurement temperature will be referred to as temperature, whereas
deposition temperature will be qu#lifled. Both e£'¢,, and real
permittivity, €'e,, when plotted as a function of reciprocal temperature
with frequency as a parameter, had identical profiles for all samples.

Figues 37 and 39 are typical plots for £"€o, and €'€, respectively. The
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values of the 1000 Hz €"E_, are plotted as a function of temperature for
samples deposited at various temperatures in Figure 4. Except for the
permittivity of the samples deposited at 350 °c, which are unusually low,
the permittivity at any temperature increased as the deposition
temperature decreased from 450 °C to 300 °C,

Real and imaginary dielectric constants, €' and €" respectively,
were plotted in Figure 41 as a function of frequency on a log-log scale
for 25°Q (the low temperature) and 325°C (the high temperature). Both
€' and €" frequency dependence were linear relationships which could be

expressed by

' or €" = Constant f_x. (63)

The values of x are tabulated in Table 5. At the low temperature, 25°C,
a single 1linear relationship was obtained for . vs frequency,

indicating a single dispersion region. Under these conditions,
0.01

€' «f holds for all the deposition temperatures. The versus
frequency correlation however, was poor as indicated by low correlatio
coefficient (Table 5).

At the high temperature, the and ves frequency relationship
indicated two dispersion regions with the break occuring around
20-50 Hz. The 41increased temperature 1introduced an additional
dissipation mechanism to produce the low- and high-frequency dispersio
regions. The plot showed either two or three dispersion regions.
The 1low frequency break also occured at 200 Hz. to 500 Hz. The x

decreased as deposition temperature decreased from 450°C to 0°C,

again, except for the samples deposited at 350 °C, which have unusually
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Table 5. Values of x for Dielectric constant-Frequency relation
for Zr0p films deposited at varying temperatures,.

£ E
Temp.(°C) _  _25 325 25 325
Daposition Low High - Low High |
Temp. ( °C) Freq. Freq. Freg. Freq. ;
300 012 .092  .062* .006%  .691*  .484 t
350 .00 .051  .024  .042*  .421%  .020* t
400 016 L0717 .037  .019% 444 092
450 011 .056  .032  .013%  .397  .104

*Results with correlation coefficient less than 0.99.
Low Freq.: 60Hz-(.5-1)KHz.

High Freq.: (.5-1)KHz.-50KHz.

LemaE

io& values.

Samples deposited above 350 °C had a room temperature real
dielectric constant of 22 ::3, which 18 identical with that obtained by
Horrop and Wanklyn [53] for single crystals of Zr0, of unspecified
orientation. The films deposited at 3 C had a dielectric constant of
27 after an extended period of heating in vacuum, indicating that it was
far from an 1deal crystal structure. Departure from ideal structure

could be caused by porosity and adsorbed moisture, which would



110

constitute additional support to the suggestion above that moisture was
adsorbed by the samples deposited at lower temperatures. Such departure
from crystallinity could also be due to an extensive development of
defects such as grain grain boundaries. Both effects could actually be
contributing in the sample deposited at X0 °C.

- Dielectric conductivity, 04» versus frequency on log-log scale
for low and high temperatures, Figure 42, yielded straight 1line
segments. This was typical of all temperatures. At 25°C, a single
straight 1line was obtained, but two 1line segments with a break at

500 ~1000 Hz was typical at 325°C. The linear regions may be expressed as

04 = Constant £, (64)

The values of y are plotted in Figure 43 as a function of deposition
temperature. At 25°C, a frequency independent 1loss behavior was
observed, 04 « fl'o , which was {invariant with deposition temperature
(curve 1). At 325°C. y decreased for all deposition temperatures,
the low-frequency region (curve 3) having much lower values (0.3-0.6)
than the high-frequency region (0.630.87), curve 2. In both frequency
regions, y values for the samples deposited at 200 °C were much

lower than those at other deposition temperatures. The high
temperature, high frequency values (curve 2) show a maximum at 350 °C,
and became constant at 0.8 at higher deposition temperatures. At low
frequency (curve 3), y values 1increased gradually with increases in
deposition temperature.

To further analyze temperature dependence of dielectric

conductivity, two Arrhenius type plots were considered, Equation (53),

and

og = %3 Exp ( - %T) (65)
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Fig. 42. Dielectric Conductivity of Evaporated Mo-ZrO,-Mo Sample,
Deposited at 450°C as a Function of Frequency at 25°C and 325°C.
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1
Bquation (65) provided the highest correlation coefficlents from Linear

regression analysis for all deposition  temperatures. Therefore,
activaticen energles, E, were calculated from Equaticn (65) but E values
from Equation (53) were similar, A typical 1 KHz (94 * T) versus
reciprocal temperature plot 18 presented in Figure 44 and ¥y versus
reciprocal temperature plot is provided In Figure 45 for comparison,
All samples exhibited a low temperature (25°-150°C) linear relation and
a high temperature (250 °~325°C) linear region but for some deposition
temperatures there was an intermediate linear region. These activation
energy values are plotted as a function of deposition temperature in
Figure 43, The low temperature activation energies ranged from 0.05 to
0.07 eV and were constant with deposition temperature. There was a
marked increase in the activation energy values in the high temperature
region, ranging from 0.21 to 0.42 eV with & minimum for a 3X°C
depesition temperature, 5
For comparative purposes, the dielectric conductivity for samples
depoeited at 450 °C and 30 °C were plotted in Figure 46 as a function of
reciprocal temperature along with values obtained for 2Zr0, films
deposited b-y other methods and an alumina film studied 1in this
laboratory. The conductivity of samples from this work deposited at
10 °C are similar to those of the anodized samples of Dawson et al., [3]
with gold counter electrodes. Sputtered CSZ [i0] shows much higher
conductivities at temperatures beleow 0 °C whereas the CVD samples of
Tauber et al. [11] had the loweat conductivities at temperatures lower
than 10 °C. The conductivities of Tauber et al., however, turn up

sharply at higher temperatures with an activation energy higner than
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Fig. 45. Dielectric Conductivity of Evaporated Mo-Zr0O,-Mo
Sample Deposited at 450°C as a Function of Reciprocal Temp-
‘erature.
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those for the samples in this work. At temperatures higher than 2% °C,
electron-beam deposited samples had the lowest conductivities, with
alumina samples of Kolarik [67] having the lowest values, followed by
our film deposited at 450 °C.

The conduction in the films studied was found to be ohmic in the
voltage and temperature ranges used 1in this work, and so only ohmic
conduction mechanisms were involved. Apparently, at low temperatures
the conduction 1is dominated by an electron-hop impurity conduction
mechanism as evidenced by the very low activation energies ([45]. At
high temperatures however, one or more additional dissipation mechanisms
seem to be operative to produce an increase in the activation energies
and a decrease in the y wvalues from 1.0. High frequency, high
temperature y values of 0.8 above 40 °C deposition temperatures might
suggest that a carrier hopping mechanism was operative. This was also
concluded for alumina films by Birey [68] who based his conclusion on
the agreement of his y values with the theoretical value of 0.79 for
hopping of charge carriers. Further, the low y values (J,3-0.6)
obtained in the 1low frequency, high temperature region could be
explained by Birey's suggestion that additional low frequency
dissipation mechanisms such as ion drift and interfacial polarization
were contributing. However, note that at high frequency, high
temperature, the sample deposited at 30 °C had a very low y value (0.3)
which suggests that the low frequency dissipation mechanisms were
contributing even at these high frequencies,

Tauber et al [11] obtained a wvariation of y values with

temperature for CVD Zrﬁ2 in the frequency range 103 to 105 Hz that is
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similar to the high temperature high frequency results obtained here.
Their y values decreased from 1.0 to 0.5 as temperature increased from
room temperature to 200 °C and they attributed the conduction to the
remanence of a low-frequency Debye-type mechanism such as interfacial
polarization. The results here furnish support for the contribution of
interfacial polarization for ZrOz films at high temperatures and
frequencies. The presence of other low frequency dissipation mechanisms
such as i{on drift, orientation polarization of adsorbed water or
hydroxyl groups and the type of impurity orientation polarization
observed by Argall et al. [69] were not detected here and if operative,
they must have been masked by the interfacial mechanism having a
polarization peak below 6 Hz.

An analysis of the remanence of such a mechanism has been given
by Morley et al. [54] who, considering the Cole-Cole form of the Debye
equation for frequencies greater than the relaxation frequencies, showed
that the conductivity could be approximated by

(1-y)

o =€o (g - e 2mY € /1 (54)

= Constant fy

for a given sample and distribution of relaxation times. The values of
y approaches one for a broad distribution of relaxation times and zero
for a narrow distribution. This provides a good interpretation of the
values observed here. At high temperatures, the distribution of

relaxation times narrows as compared to low temperatures, hence y values
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decrease at high temperatures. The general decrease of y values with
deposition temperature 1is also explained fairly well. The sample
deposited at lower temperatures are more disordered, which probably
narrows the distribution of relaxation times as the environments of the
individual species become more similar., The disorder in the films
include grain boundaries and amorphous regions which increased with
decreased deposition temperature.

Two other arguments suggest that low frequency polarization is
also contributing 1in the high frequency, high temperature region.
First, if the conduction in this region was due to a hopping mechanism
alone for the samples deposited above 40 °C, the charge carriers would
consist of a mix of electrons (or holes) and ions so as to give an
intermediate activation energy between (0.05-0.07 eV) for electron hop
and (1,18-1.22 eV) [10,D] for ionic conduction., This should yield a ¥y
value 1intermediate between 1.0 and 0.79, which is not the case here.
Second, the Cole-Cole plot of the permittivities, a typical one is shown
in Figure 47, does not give a semicircle, as would be expected for a
dominantly hopping mechanism. The conduction observed in these films at
the high temperatures and frequencies 1s, therefore, attributed to
either (a) electron hop and the remanence of interfacial polarization or
(b) a mix of electron hop, 1onic conduction and interfacial
polarization. To resolve the exact nature of the mix of mechanisms,
further experiments to isolate the specific mechanisms are needed.

The high temperature, low frequency region 18 controlled by
electron hop and interfacial polarization. The trends of y values

(0.3-).6) obtained for the high temperature, low frequency region can be
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explained in terms of the film structure, Lower deposition
temperatures, result in smaller grain sizes and hence wmore extensive
grain boundary material. This would increase interfacial polarization

80 as to lower the y values in the manner cbserved here.

i 3 e

4.1.3 D¢ Properties

From the structural studies and ac conduction results discussed
earlier, as deposition temperatures increased from 300°C to 600°C two
major characteristiecs were observed. Films deposited above 350°C,
showed more crystallinity and order and films deposited below X0°C were
characterized by disorder and probably amorphous character. Therefore,
the de property studlel wyere conducted mainly for a crystalline film,
Sample Z15, deposited at 430°C and a disordered, low deposition
temperature film, Sample Z14, deposited at 00°C, Both samples were
deposited in oxygen. A sample deposited at 430°C in the absence of
oxygen was found to be highly conductive, and so0 no further de
measurements were made on 1t. %

4

4.1.3.1 Temperature Dependence

An Arrhenius plot of the Dc conductivity versus reciprocal
temperature is presented in Figure 48 for Sawple ZI5E. The conductivity
was measured at 25 V and 50 V, with both dot-positive and dot-negative
polarity. The conductivity for the different voltages and polarities
was identical at a given temperature except near room temperature where
the current waa low and and there was éome scatter. Similar Arrhenius
plots were obtained for Sample Z14B, and Z8F, deposited at 480 °C, so it
was concluded that the 2ym films deposited in this work exhibited an

ohmic and polarity-independent conduction for deposition temperatures of

v

E
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00°-500°C at fields < 0.25 MV/em . A characteristic feature of the
Arrhenius plot observed for all samples was a decrease of the activation
energy generally between 140° and 23°C although the Zl4 sample
continued to decrease above 23°C. An Arrhenius plot of 5 V
dot-positive conductivity for Samples Z15E, Z8F, and Z14B (Figure 49)
illustrates the dip in activation energy and shows Z14 having higher
conductivity than Z15 at all temperatures. The activation energies
obtained for the samples in three temperature ranges between 50° and
P0°C are given in Table 6. Outside the activation energy dip region,
the activation energy values fall between 0.6 and 1.0 eV. These values

are higher than those obtained from the ac conduction, which ranged

Table 6. Dc Conduction Activation Energy for
Electron-beam Evaporated Zr0O; Films

Activation Energy (eV)
Sample Deposition Temperature Range (°C)

Temp. (°C) 50-100 120-200 200-300

- ———— - -

Z8F 480 0.59 0.46 1.00
Z15E 450 0.77 0.34 0.71
2148 300 0.56 1.00 0.70

------------------------------------------------ -
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Fig. 49, Dc Conductivity, Dot Positive at 50V, of Evaporated
Mo-Zr0,~Mo Samples, Deposited at 300°C (Z14), 450°C (Z15) and
480°C (28) as a Function of Reciprocal Temperature,
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between 0,05 aﬁd 0.4 eV. Furthermore, dc conductivity 18 at least two
orders of magnitude lower than the dielectric conductivity near 30°C
and six orders lower at room temperature (compare Figures 48 and 45).
The ohmic conduction observed could have bheen the result of surface
conduction, the effect of adsorbed moisture, and/or a mix of oxygen ion
and electronic conduction and recombination of charge carriers, i

Surface conduction effecta were first ruled out by establishing
that the conduction was actually a bulk effect. This was done by
depositing on the same glazed alumina substrate, at &45°C, Mo=Zr0,-Mo

and Zr0,-Mo (no bottom electrode) films, Conduction was measured

between two molybdenum electrodes 4 mm apart on the Zr0; film with no

5

bottom electrode. No conduction was observed between room temperature
and 400 °C, indicating that surface conduction was insignificant in this
case. The normal capacitors on the same Zr0O; film exhibited typical
conduction characteristics discussed abovey, showing that the current
passed through the bulk of the films. . i
Another possible cause of the conduction 1n these films w;s
adsorbed moisture. In this case, the decrease in the activation energy
plots could be due to loss of water which was probably enhanced above
the boiling point of water. It should be emphasized that the films were
baked to at least 20°C for at least five hours in 1072 torr vacuum
before making dc measurements. Therefore, any moisture remaining would
be tightly adsorbed and difficult to reﬁove. Films deposited at high
temperatuves would adsorb less moisture and require lower temperatures
for desorption (120 °-220°C). while higher desorption temperatures were

required for the film deposited at VO *C. In the ac measurements,

e adin w1
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preheating the samples reduced loss and made the results reproducible.
However, ac conductivities were higher than dc values and small amounts
of molsture could appreciably affect dc conduction, It is possible that
the films were Impermeable to moisture movement at higher deposition
temperatures, but moisture may have been present as hydroxyl groups
trapped 1In oxygen vacancles. Perl et al. [71] observed alumina films
coverad with 4 ¥ adsorbed moisture or hydroxyl groups after heating at
£0°C, and 2 % covered at 800°C, which raised doubts as to whether any
of the Zr0, films were ever completely dry. To confirm the moisture
concept requires the study of the behavicor of the activation energy dip
with repeated heating at high temperatures but this could not be done in
this work. Such a study could be combined with a study of the species
adaorbed on the films. The activation energies observed here can then
be attributed to conduction by adsorbed moisture either as water or as
hydroxyl groups. -

The second conduction mechanism rhat could be considered was a
mix of ionle conduction and hopping of charge carriers since
activation energles were between these respective values. The presence
of cubic Zr0; phase in the films as discussed earlier could produce
appreclable amounts of oxygen ion conduction along with the electronic
conduction as noted for ac conduction, The higher activation energiles
obtained for the dc¢ as compared to the ac conduction may be due to the
suggestion by Chan et al [2] that the eiectronic conduction is probably
more efficient under ac than dec conditions, thus making the high
activation energies of the lonic conduction more significant in their

contribution under dc conditiona. The dip in activation energy could

S
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then probably be due to a recombination of holes and electrons as thé
electronic contribution reduced at higher temperatures when the ions
became more mobile. ._ ?

If ionie conduction was present in the samples, an emf would be
expected between the top and bottom melybdenum electrodes. Such an emf
was indeed measured on all the samples above 2%°C in vacuum, For
example, 8.5 oV at 340 °C for sample Z15F and 28 mV at ¥0°C for sample
Z8F. However, these voltages could not be related to ionic transference
numbers since the oxygen partial pressure of the bottow Molybdenum

electrode was unknown, |

t

Note that the emf observed in the films does not faver any of the
mechanlsms suggested so far, since conduction by hydeoxyl groups and
water in the films could alse produce such emf. Further work 1s
vequired to resolve the specific mechanisms which are operative. It is
quite possible that all three mechanisms: molsture effect, 1onice
conduction and electron hop were operative, The moisture effect might
be dominating at lower temperatures (up to the dip In activation

energy), when considerable amount of the moisture is lost, A mix of ion
1
|

conduction and charge carrier hop then predominates after that.,

4.1.3.2 1<% Characteristics

The I-V characteristics at 25°C for samples Z15E and Z14B are
presented in Figure 50. The conduction in Z15E was ohmic (slope of 0.9)
up to 1D V and the sample had dielectric failure at 225 V (a field of
1.1 MV/em). Sample Z14B (300°C deposition temperature), however,
exhlbited chmic conduction up to about 25 ¥V (alsc a slope of 0.9). From

25V to 49V the I-¥ curve shows a slope of 1.9 (square law) and the
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8lope rises sharply afterwards to 8.7 between 81 and 169 V. Dielectrie
failure occured at about 196 V, The conduction in the non-ohmic region
for this sample is probably due to SCLC. That would not be surprising
as the Zl4 sample 18 higaly disordered and so has a high density of
traps to reduce the mobility of electrons 1in the conduction band.
Assuming a single trapping level, such SCLC would be represented by

Equation (49):

J = 6'9&&,V2/8t3 (49)

The square law region 1in Figure 50 yields a mobility p , of
3.2 x 10-14cm 2/V3. However, the ratio of free charge carriers to free'
plus trapped charge, @', 1is unknown. If it 4is of the same order

of magnitude as unity then the carrier mobility calculated was unusually
low.

4.1.3.3 Charge Storage ;

-

Eisele [72] studled charge storage in electron-beam evaporated
alumina films and found that the electron-injecting electrode was always
next to the volume of higher charge storage which led him to conclude
that the current was a measure of the number of chargeable traps present
in the materigl. Eisele also found that 1in wmany samples the charge
storage, was not symmetric with respect to pelarity even though beth
electrodes were of the same material. Almost iIinvariably, the larger
amount was stored when the negative electrode was on top, that is near
the oxide that had been deposited last. Eisele concluded that the

source material had been subjected to electron bombardment for a longer
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time and consequently was more oxygen depleted. These findings
stimulated interest in charge storage in electron—beam evaporated ZrO2
fl1lms as the method appeared to be a powerful way to follow the trap
densities i{n the films,

Charge storage measurements were conducted for samples Z15E and
Z14B, the former deposited at high temperature and the latter deposited
at a low temperature. Dot positive and det negative charge storage as a
function of voltage and temperature are presented in Figures 51 and 52
for the two samples. A 1linear relation between charge storage and
voltage was obtained for all the rtemperatures and for bhoth dot
polarities. At 25°C a static capacitance of 24 and 48.6 were calculated
for samples Z15 and Z14 respectively. The values of 24 for Z15 agrees
with the value extrapolated from the ac dielectric constantes, but that
of aample Z14 18 larger than the extrapolated value of 27. However, for
this sample, the extrapolation may be completely in error because the
dielectric constant may rise more sharply as dc is approached, Sample
Z14 shows a higher charge storage than sample Z15 {roughly double) for
any pgiven temperature, voltage, and  ©polarity. Like previous
Interpretations, the former sample has more traps than the latter. With
regard to the dot polarity, results quite different from those of Eisel
[72] were observed. At 25° and 60°C, both samples showed little
change of charge storage with the dot polarity, as can be seen iIn
Figuree 5! and 52. However, at 90°C samble Z15 shows a higher charge
storage for the dot positive while sample Z14 showed the opposite, a
higher charge storage for the dot negative, It was observed, however,

that during the measurements the dot positive storage was measured
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before the the dot negative for sample Z15 but the opposite ( dot
negative measured before dot positive) was done for sample Zl14 at % °C,
This suggested that the difference in charge storage for the two
polaraities at % °c may be due to some remanence effect from the
previous discharge. Note that if one polarity was consistently tested
first, that polarity would show up with a consistently higher charge
storage which may have been what Eisel [72] observed.

4.1.3 Impedance Spectroscopy

The admittance plots for all the samples deposited at
temperatures above 350 °C, including that of a sample deposited at 450 °C
in the absence of oxygen which was probably oxygen deficient, and the
as-deposited oxide multilayer structures showed a single semicircle
typica® of Figure 53. The semicircle 1s attributed to intragrain
conduc**on (bulk conduction), which 1s in agreement with similar
conclu~fons on the de¢ conduction of these samples. Since an interfacial
polari-ation was coasidered operative in the ac conduction discussed
above, the result here suggests that such interfacial polarization is
due to bulk effect, Possible bulk effects are the grain boundaries and
traps. The semicircle showed only a small spread of relaxation times,
angle O34 was generally less than 10°,

The admittance plot for Sample Z14B deposited at 0°C was
however, different, Figure 54, The plot seems to consist of a parallel
capacitor-resistor effect dominating at low temperatures and frequencies
that yields to a series capacitor-resistor bulk effect at higher
temperatures and frequencies, Figure 55. The parallel

capacitor-resistor effect seems to disappear with Iincreasing temperature
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possibly due to the deéorption of moisture with increésing temperature.
This effect 18 similar to the stabilization of permittivity with heat
treatment that was previously described in ac properties. However, 1n
this case, it may be possible to actually study the effect directly by
following changes in the parallel capacitor-resistor effect with

temperature and other conditions. This has not been done here, however.

L

4.2 Y,0q,Zr02 Multilayer Structures % o

4.2.1 Crystal Structure

Crystalline phases present in the Pt/Rh-¥,05,Zr02-Pt/Rh samples
are indicated in the XRD patterns of Figure 56. Monoclinic Zr0 and
cubic Y203 were the predominant components of the layers as-deposited at
490G, Only a slight amount of the cublc or tetragonal Zr0Q, phase was

present. Heat treating Pt/Rh-Y O ,2r0;-Pt/Rh samples at 800°C for five

hourg 1in air did not provide any phase change but nine hours at 1200°C

tonverted the oxldes to a yttrria—-zirconia so0lid solutiocn. The
Y203 and monoclinic ZrOy peaks disappeared and strong cubic or mixture
of cubic and tetragonal Zr0» peaks appeared. The yttria=zirconia phase
diagram [66] indicates that the phasea present ghould be cubic and
elther tetragonal or monoclinic ZrOz for the 10 mole percent Y03 in the
film. As showr in Figure 57(a), the 120°C Pt/Rh-Y;03,Zr0p~Pt/Rh
structure had no (400) cublec Zr0; peak at all. However, it showed small
(400 ) and {(004) tetragonal peaks at 74.3 and 73.3° 20 respectively with
intensities far below the expected 60 2 and 4 % respectively for the
randonly oriented tetragonal material, Hence, there was preferred

orientation on this Pt/Rh-Y;05,Zr0,-Pt/Rh sample, since the cubic (400)

T
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peak was absent wheﬁ the phase was obviously present. 4
. The Mo-ZrOs-Mo sample on the other hand, had a significant amount
1.:r"j:'!x"t:rf the cublc Zr02 besides the monoclinic ZrOp and cubic Y04 phases in
the as-deposited state (Figure 58). The cubic Zr07 phase was confirmed
by the (400) peak occuring at 73.8° 20 (Figure 56). The tetragonal
(004) and (400) peaks were present but at small intensities compared to
the (400) cubic peak., This strong development of the cubic Zr02 phase
in Mo-ZrQ;-Mo structures could be due to more favorable epitaxial growth
conditions on the cubic molybdenum electrode, as compared to the cubic
Pt/Rh electrode. However, if the heat treated phase formed on Pt/Rh is
not cubic but tetragonal, then it may be inferred that while cubic
epitaxy 1s favored on molybdenum, tetragonal epitaxy 13 favored on
Pt/Rh. The Mo-Zr0z-Mo sample, on heating to 120°C for about seven
hours in nitrvogen produced a predominantly cublec structure. This 1s
evident from a comparison of Figures 56(b) and 56{(c). Note that the

tetragona} (004) and (40) peaks d1d not increase in intensity during

the heat treatment.

The tesults here prove that cubic YSZ films can be formed by
multilayer deposition, probably aided by epitaxy on a suitable substrate
such ag molybdenum. Such epitaxial conditions in multilayer deposition
could probably - “be easily realised on any substrate by depositing the
cubic Y203 layer prior to subsequent oxlde layers. Further work 1isa

needed to acertain the exact influence of epitaxy in this method,
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4,2.2 D¢ Conduction

The Mo~Y,0,,2r0,-Mo sample heat treated at 1200°C 1in nitrogen was
found to be extremely conductive over the entire surface of the sample,
and so no furrher measurements could be made on it. The beat approach
»"fo study this sample 13 a four-probe technique and this should be done
;fyln the future. The high conduetivity of the sample was due to reduction
cf the Y203,2r02 film by either the molybdenum electrodes or by heat

treatment in the nitrogen atmosphere. i

The Au/Rd‘YZO ZrOZ-Pt/Rh structure however, was quite resistive

3
after oxygen firing and 8o the temperature dependence and I-¥
characteristics were studied. An Arrhenius plot showed a single
activation energy of 0.35 eV between room temperature and 429°C at 1,0 V
(a field of 0.02 MV/cm), Figure 59. The I-¥ characteristics of the
sample are presented 1in Figure 60. It shows two types of

Vl'sand I = ¥ in the voltage range of 1-64 V. This

dependence, 1 =
conductlon may also be some form of SCLC effect. The production of
holes by an oxygen interstitial mechanism (Equations 41 to 43), during
the heat treatment Iin air (oxygen-rich) at 1200°C may be responsible for
this SCLC hehavior. However, since the films were exposed to the
ambient air before the Au/Pd electrode was sputtered, the conduction may
be affected by trapped moisture or other contaminaunts. To see the
effect of the sputtering on condugtion, Au/Pd dots were sputtered
on a Mo-Zr0;-Mo sample deposited at 480°C (Sample ZB) on portions where
the top molyhdenum electrodes were ahbsent. The conductian of the
molybdenum and Au/Pd dot capacitors were measured. It was found that

woat of the capacitors with sputtered electrodes were very conductive
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Whereas the molybdenum dot capacitors were unchanged in conduction
characteristics., Hence, the sputtered electrode did indeed introduce
new conduction characteristics on the Zr0; layers. The emf generated by
the molybdenum dot and Au/Pd dot Zr0; capacitors were investigated and
voltages were observed on the former at temperatures above 23°C (e.g.,
28 mV at 230°C) but not on the latter, which supports the suggestion
that the sputtering electrode introduced a predominantly electronic
process in the Au/Pd dot Y,04,2r0; capacitors. The latter structures
however, rhowed rather high emfs at temperatures above 20°C (e.g.,
112 mV  at 360°C), which may suggest that some ionic conduction may also
be present in these Au/Rd-Y,03,Zr0,-Pt/Rh structures.

4.2.3 Iwmpedance Spectroscopy

The admittance plot for the as-deposited Pt/Rh-Y;04,Zr0;-Pt/Rh
sample 1is shown in Figure 61 having characteristics similar to all the
Zro2 samples deposited at high temperatures with a bulk semicircle and a

low semirircle depression. The heat treated Au/Rd-Y ZrOz—Pt/Rh

2%
sample also shows a single bulk semicircle but with a large semicircle
depression (Figure 62). This large semicircle depression indicates a
large spread of relaxation times. The following are some effects that
can produce such a spread of relaxation times: (1) The non-uniform
diffusion of Y203 into the structure during heat treatment, thus,
producing concentration gradients and inhomogeneity, (2) The mix of
electronic, interstitial and vacancy ionic conduction proceses and (3)

’

The effect of trapped moisture or other contaminants. More work would

be required to determine the specific effects.
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CONCLUSICNS

Electron~beam deposition of Zr0, on molybdenum electrodes
I_produced pelycrystalline filma. The monoclinlc phase was the major
phase detected in films deposited at temperaturea between 300°C and
€0°C. At lower deposition temperatures (190°-200°C) however, the cubic
phase wag the major crystalline phase formed. The presence of amorphous
material, especially 1in films deposited at the lower temperatures, was
suspected but the amorphous content could not be quantified because of
preferred orientation in the films, i

Zirconia films deposited between 300° and 510°C showed a double
fiber texture, with the fiber axis approximately the [111) and [111]
directions. The fiber texture became more proncunced with 1ncrease in
deposition temperature. For these films, average crystallite sizes
increased from 118 to 484 R for the (111) and 175 to 265 A for the (111)
crystallites as deposition temperature increased from 200° to 600 °C.
There was pfeferred crystallite growth in approximately the [111}
direction.

Heating Mo-Zr0, Mo capacitora to 200 °C in vacuum prior te making
electrical measurements veduced 1initfally high permittivities and
provided reproducible values for samples deposited above 3% °C. For
2r0, films deposited at lower temperatures, more extensive heat
treatpent was required to realise reproducibility. This was thought to
be due to water adsorbed in films deposited at lower temperatures. Such

adsorbed moisture might be limited to a shallow depth from the sgurface
. . H

a
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or might be adsorbed 1in the entire bulk of the films. Moisture
adsorbing porosity in the films could arise from poor film growth and/or
poor adhesion of the electrodes, both of which become more prevalent at
lower deposition temperatures.

Ac conduction in the Mo-ZrOj,-Mo structures at a low field of
0.05 MV/ecm was dominated by electron hop at temperatures between 25°C
and 150 C. A 04 « fY dependence was observed where y was a
temperature dependent parameter. At room temperature, a single
dispersion region was obtained, with a y value of 1.0, which was
independent of deposition temperature. This supported a single
electron-hop mechanism. However, at 325°C, two dispersion reglons were
obtained, a low frequency region (60-10 Hz) and a high frequency region
(10 =10 Hz), The high frequency y values decreased from 0.8 to 0,63
whereas the 1low frequency values decreased from 0.6 to 0.31 as
deposition temperature decreased from 450 ° to 300 °C, High temperature
behavior was attributed to an additional dissipatfon mechanism, such as
interfacial polarization at the lower frequencies, and its remanance in
the higher frequency region. Samples deposited at lower temperatures
showed much greater interfacial polarization effects.

Admittance plots of Ho-ZrOz-Ho samples deposited above 350 °C
showed a single semicircle with a low semicircle depression of 10 at
temperatures between 25°and 325°C that was attributed to intragrain
(bulk) conduction. However, the Mo-Zr0,-Mo sample deposited at 300 °C
showed an anomalous low frequency effect which was probably due to
adsorbed moisture.

The dc¢ conduction behavior of Ho*ZrOz-Ho samples were similar for
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all deposition temperatures at fields below 0.25 MV/cm and at
temperatures between 25° and 325°C. The conduction was ohmic and
polarity 1independent, characterised by an activation energy decrease
above 120 °C and increase above 200 °C. Activation energies were
higher (0.6-1.0 eV) than those of ac conduction (0.05-0.4 eV). Effect
of adsorbed moisture and a mix of electron hop and ionic conduction or a
combination of all three were suggested as the possible mechanisms. A
sample deposited at a high temperature of 45 °C was ohmic up to
breakdown but the one deposited at the low temperature of 30 °C showed a
space-charge~limited~currents (SCLC) effect at fields above 0.25 MV/cm
and room temperature.

Charge storage by the Ho-ZrOz-Ho samples increased linearly with
voltage and increased with temperature. At any voltage and temperature,
the sample deposited at 300 °C had roughly double the charge storage of
one deposited at 450 °C, Charge storage was polarity independent at 25°C
and 6) °C but showed a polarity dependence at 90 °C that was ascribed to
the remanence of previous charging.

Cubic Y203 stabilized Zr02 films can be formed by multilayer
depostion of Y203 and ZrO2 on molybdenum electrode, followed by heat
treatment in nitrogen at 120°C for seven hours. Such multilayer
deosition on Pt/Rh electrodes produced only a slight amount of a cubic
or tetragonal phase, the exact structure of the phase could not be
resolved, 1in the as-deposited form but also produced completely cubic
and/or tetragonal phase on heat treating 1in air at 1200°C for nine

hours. A more favorable epitaxial growth condition on the molybdenum

might be responsible for the stronger development of the cubic structure
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on it as compared to the Pt/Rh electrode. ' :
Au/Pd4Y203,Zr02-Pt/Rh structures showed an SCLC behavior at 0,02

MV/cm and room temperature that is attributed to conduction by holes
and/or effect of adsorbed moisture or other contaminants. The holes
were sguggested to be produced during the heat treatment in the
oxygen—-rich air by an interstitial mechanism and the moisture could have
baen trapbed in the oxide layers before the sputtering of the Au/Pd
electrode. However, the structures showed high emfs at temperatures
above 20°C (eg. 112 uwV at 360 °C) which may suggest that some ionic
conduction was also contributing. :E
The admittance plat of the au/Pd*¥203,Zr02—Pt/Rd sample showed Ié

large semicircle depression of abour 453° that could be due to two
posgible effects! a8 nmix of conduction processes, and gtructural
inhomogeneity produced by non-uniform diffusion of 1203 into the

structure.

g e e i Y e pe
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RECOMMENDATIONS

Based on the results of this {nvestigation, there are several
recommendations for future work on electron—beam evaporated Zr02 and

1203,21'02 multilayer films.

The uniformity of the conduction characteristics of the Zr02
films deposited above 400°C in an oxygen atmosphere, probably due to
their erystallinity, was remarkable and indicates that,though these
films may be slightly less resistive than the alumina equivalents, they
probably ought to be preferred in applications such as insulator layers
for Low Voltage Field Emitter Arrays and other high field applications.

In the future, the bulk Zr02 oxygen ion electrolytes used for
oxygen sensors, fuel cell, etc., will most likely be replaced by thin
films of cubic stabilized ZrOz, which provide several advantages over
the bulk material. Methods for preparing such cubic ZrO2 films need to
be studied and perfected, Multilayer deposition used here 1s one of the
evaporation alternatives 1in addition to co-evaporation. Both methods
need to be studied in more detail to acertain their advantages and
disadvantages. Such studies should include structural and electrical
characterization of the as-deposited and heat treated films. The effect
of epitaxy on the bottom electrode should also be investigated. It is
further suggested that galvanic cells of the oxide wultilayers be
fabricated with a Ni-Ni0 standard oxygen partial pressure bottom

electrode and a platinum paste electrode. This would provide needed

information on ionic transference numbers for such materials.
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Several features of the electrical conduction in the Mo-Zr0,Mo
structures are yet to be resolved. The specific effect of adsorbed
meisture and the extent of electron-hop and ilonic conduction at high
temperatures should be quantified. A study of the behavior of the
activation energy decrease with repeated heating, combined with a study
of the adsorbed species on the films would delineate the effect of
moisture. As for the ionic and electronic conduction mix, the variation
of conductivity wicth oxygen partial pressures should be studied to

provide information on the defect chemistry of the films.
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APPENDIX A
SYMBOLIC NOMENCLATURE AND PHYSICAL CONSTANTS

This secticn provides a summary of the symbolic nomenclature and
physical constants used throughout this dissertation. The values of the
physical constants are given in Table A~1, and the ‘symbols and their

meanings are listed in Table A-2. 1

e n b

R

‘EIQ _ Table A-l. Physical uonstants,
Symbol Definition Value i
e Electron Charge 1.60210 x 10_19 coulomb
k: Boltzmann'’s Constant 1.30854 x 10723 joule/K
e Permittivity of Free Space 8.84194 x 1072 coul?/N-m?

[



Table A-2. Symbolic Nomenclature.

R A, e m T E B R e i

(PRSI

- ek o

R e b

Symbol Definition
A Admittance
Ap Area of a parallel plg;e capacitor
B Susceptance |
c Capacitance
Cr Total capacitance
Ca Edge Capacitance 'é
C1 Lead capacitance i
Clg Lead to ground capacitance
Cp Parallel meodel capacitance | ' a
Cy Vacuum capacitance
E Activation energy
F . Field
F, Fileld at interface
£ Frequency
G . Conductance
I | Current
Io Capacitor current
Ip XRD intensity of cubic Zr0, peak
Ir Resistor current
Ly XED intensity of tetragonal ZrO; peak
J r Current intensity

B s T XL
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Jo Pre-exponential factor

Kd Constant

L Separation of energy barriers
Mp Moles of cubic Zr0Oj

Mt Moles of tetragonal ZrCg

M Mass of a molecule

Nt Trap density per unit volume and per unit energy
N Constant

N, Equilibrium free carrier concentration
Pp Total polarization

P Electronic polarization

Py Ionic polarization

| Orientational polarization

P, Space charge polarization

PSP Spontaneous polarization

P Hydrostatic gas pressure

| g Equilibrium vapor pressure

Rp Parallel model capacitance

T Absolute temperation

t Thickness

v Voltage

Vi Sample supply voltage

Ve Capacitor voltage

VR Resistor voltage

Vref Reference voltage
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Real part of voltage

Imaginary part of voltage
Frequency dependence factor
Temperature dependence parameter
Impedance

Capacitor impedance

Resistor impedance

Parameter for Schottry effect

The ratio of evaporation rate in vacuum to
the theoretically possible rate

Parameter for Poole-Frenkel effect
Intrinsic broadening (°20)

Parameter in exponential I-V characteristic
Dielectric constant

Real part of dielectric constant

Imaginary part of dielectric constant
Static dielectric constant

Infinite frequency dielectriec constant
Bragg angle (°20)

Ratio of free charge carries to free plus trapped
charge

Angle of depression
X-ray wavelength
Electron mobility
Conductivity

Dielectric conductivity

Relaxation time
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Mean relaxation time

Energy barrier

Metal work function

Insulator work function
Richardon-Dushman constant (“120A Cm Cm

Angular frequency (Radians S_Z)

—ZUK—Z)
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APPENDIX B
THIN FILM DEPOSITION PROGRAM

The thin film deposition programs used for preparing the

molybdenum, zirconia, yttria and Pt/Rh films by E-beam evaporation are
i

'

presented below.

Table B-1. Thin Film Deposition Programs

Material Mo Zr0, Pt/Rh Y,04

Setpoint

Rise Time,min 8.0 15.0 8.0 15.0

Soak Time,min . 2.0 3.0 2.0 3.0

Soak Power,% 54.0 55.0 54.0 55.0

Rate,A/sec 10 2.5 2.0 2.5 ¥
Fall Time,min 0.1 1.0 1.0 L.0 &
Idle Power,% ) o &0 & ' {
Maximun Power,¥ 80 75 66 65 ;
Gain/Damping 7,3 9.1 7.3 9.1 E

Z Factor 0.257 0.493 0.239 2.69

Tooling Factor 184 G2k 184 92 :
Density,gm/cc 10,2 5.6 21,45 5.03 {
Source/Xtal 1.1 1.1 1.1 1.1 'ji E
Beam Position 3.75 Variable 3.75 Variable - '
Beam Sweep Max Min Max Min

** Reduction of Teooling Factor by 2 means that actual | '#
rate and thickness are twice the displayed values.

e



APPENDIX C

o el gt P

FORTRAN PROGRAM ACPROP
The FORTRAN computer code for ACPROP is provided below. i 'E'
The calculations performed by the program have been putlined
in CHAPTER II and the linear regression procedure has been
presented by Kolarik [67]. e
00100 PROGRAM AC(INPUT,OUTPUT,TAPEZ,TAPES=INPUT,TAPE6=OQUTPUT)

THIS PROGRAM CALCULATES, ANALYSES, AND PLOTS VARIQUS AC PROPERTIES FROM
VALUES OF CAPACITANCE AND LOS3 AS A FUNCTICN OF FREQUENCY AND TEMPERAURE.
TOTAL AND OPEN CIRCUIT CAPACITANCE AND LOSS TANGENT VALUES ARE INPUT

IN TAPE2 ALONG WITH THE TEMPERATURES {IN C) AND FREQUENCIES (HZ).

THE PROGRAM PROVIDES THE FOLLOWING OPTIONS:

(1) A LINEAR REGRESSION FOR DIEL. CONSTANT VS. FREQ. AND CONDUCTIVITY

VS RECIPROCAL TEMP, AND VS. FREQ.

(2) PRINT OUT OF SAMPLE CAPACITANCE, LOSS TANGENT REAL AND IHAGINARY
PERMITTIVITIES AS A FUNCTION OF TEMPAERATURE AND FREQUENCY. i

(3) PLOTS OF : -
REAL AND TMAGINARY PERMITTIVITY VS RECIPROCAL TEMPERATURE '
COLE-CCLE PLOT

REAL AND TMAGINARY DIELECTRIC CONSTANT VS RECIPROCAL TEMPERATURE
DIELECTRIC CONDUCTIVITY V3 RECIPROCAL TEMPERATURE AND FREQUENCY

C 1 KHd DIELECTRIC CONDUCTIVITY VS RECIPROCAL TEMPERATURE :

c

00110 DIMENSION IP(5),T(2),F(2),TC(20,2 ),TLT(20,2 ),0PENC(20),
00120 +OPENLT(2) ) ,ABST(20 ), C(20,2),ALT(20,20 ),

00 1 30 +PREAL1 (20 ) ,PREAL(20 , 20 } ,PREALD(2) ), PIMAGE (20 ) ,PIMAG(20,20 ),
00140 +PIMAGD(2) ),DC(20 ) ,DCRN(20 ),DCI1 (20 ),DCIN(20 },ACCONN(20),
00150 +ACCON(20 } ,IBUF{512) ,NSYMB(20 }

00160 DATA(NSYMB(J),J=1,10)/21,2,11,17,4,5,10,19,3,20/
0017 READ (2,16) (IP(K),K=1,5) :
00180 16 FORMAT(5A10)
00190 READ(2,*) M,(F(J),J=1,M),N,(T(I),I=l,N),({TC(X,J),J=1,M),I=],N),
00 200 +(OPENC(J) , J=1 ,M), ({(TLT(I,J),J=1 ,M),I=1,N),(OPENLT(J),J=1 M)

00 210 4,X, D, ADC

00220 CO=,06954%(D**2,)/(X*1,E04)

00230 CE=3.1415%(D+X*] .E-04)*(ADC*,041~,0 77*%ALOG1O0 (X*1 .E-04)+.045)
00240 CORCO=CE+CO

0025 CONST=8,.B54E-02/CORCO

00260 DO 17 I=1,N

Q027 ABST(I)=1000./(T(IL)+273.)

00280 17 CONTINUE

0029 DO 18 Jel M
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00300 DO 50 I=1,N
00310 C(1,J)=TC(I,J)-OPENC(J)

00320 ALT(I,J)=(TC(I,J)*TLT(I,J)-OPENC(J)*OPENLT(J))/C(1,J)
0033 PREAL(I,J)=CONST*C(I,J)

0034 PIMAG(I,J)=ALT(I,J)*PREAL(I,J)

0035 50 CONTINUE

00360 18 CONTINUE

362 DO %00 I=1,N

364 PIMAGL(1)=PIMAG(T,2)

368 900 CONTINUE

0037 PRINT 227

00380 227 FORMAT(//1X,*DO YOU WANT LINEAR REGRESSION ANALYSIS?*//
0039 +*YES, TYPE 1, NO, TYPE 0*//)

00400 228 READ*,ANDS

00410 IF(ANDB.EQ.1)199,226

00420 199 PRINT 237,1P

00430 237 FORMAT(//1X,5A10//)

0044 PRINT 201

00450 201 FORMAT(1X,*FOR THE FOLLOWING PLOTS, IF YOU WANT REGRESSION*,
00 460 +* ANALYSIS, TYPE 1, IF NOT, TYPE O AFTER QUESTION MARK*//
004M+,*IF YOU TYPE 1, TYPE THE POSITION OF THE FIRST POINT AND THE # OF POINTS*
00480 +/* AFTER THE SECOND QUESTION MARK*,//*RESULTS ARE PRINTED OUT IN THE*,
00 490 +* FOLLOWING ORDER*//* SLOPE OR E(EV) INTERCEPT
00500 + * *ST, ERROR CORR. COEFF.*//)

00510 PRINT 22

00520 202 FORMAT(1X,*DIELECTRIC CONSTANT VS FREQ.-LOG-LOG.*//
00530 +*REAL AT LOWEST TEMP.*//)

0054 229 READ*,TEST

00550 IF(TEST.EQ.1)203,24

00560 203 CALL LINERG(F,PREAL,1,0)

005 GO TO 229

00580 24 PRINT 26

0059 206 FORMAT(1X,*REAL AT HIGHEST TEMP.*//)

00600 23 READ*,TEST

00610 IF(TEST.EQ.1)207,28

00620 207 CALL LINERG(F,PREAL,N,0)

0063 GO TO 230

0064 208 PRINT X9

0065 209 FORMAT(1X,*IMAGINARY, AT LOWEST TEMP.*//)

00660 231 READ*,TEST

006M IF(TEST.EQ.1)210,211

00680 210 CALL LINERG(F,PIMAG,1,0)

0069 GO TO 231

00700 211 PRINT 212

00710 212 FORMAT(1X,*IMAGINARY ,AT HIGHEST TEMP.*//)

00720 234 READ*, TEST

0073 IF(TEST.EQ.1)213,214

00740 213 CALL LINERG(F,PIMAG,N,0)

00750 GO TO 234

00760 214 PRINT 215

0077M 215 FORMAT(//1X,*AC COND. VS. FREQ., LOG-LOG*//

00 780 +*LOWEST TEMP.*//)




00790
00800
00810
00820
00830
00840
00830
00860
0087
00880
00890
00900
00910
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216 READ*,TEST
IF(TEST.EQ.1)217,218

217 CALL LINERG(F,PIMAG,1,1)

GO TO 216

218 PRINT 219

219 FORMAT(//1X,*HIGHEST TEMP.*//)
220 READ*,TEST
IF(TEST.EQ.1)221,222

221 CALL LINERG(F,PIMAG,N,l)

GO TO 220

222 PRINT 223

223 FORMAT(//1X,*1KHZ AC COND. X TEMP. VS REC. TEMP.*//)
224 READ*,TEST

00920 CIF(TEST.EQ.1)225,226

00930
00940
00950
00960
0097

225 CALL LINERG(ABST,PIMAG,5,2)

GO TO 224

226 CALL PLOTS(IBUF,512,3,40)

PRINT 100

100 FORMAT(//1X,*TO HAVE THE FOLLOWING JOBS DONE FOR YOU,*,

00980 +* TYPE 1, OTHERWISE, TYPE O%*)

00990
01000
01010
01020
01030
01040
01050
01060
01070
01080
0109
01100
01110
01120

PRINT 102
102 FORMAT(//1X,*CAPACITANCE, LOSS TAN. AND PERMITTIVITIES PRINT OUT*)
READ* , ANDI1

PRINT 104

104 FORMAT(//1X,*REAL PERMITTIVITY-RECIPROCAL TEMP, PLOT*)

READ* ,AND2

PRINT 106

106 FORMAT(//1X,*IMAGINARY PERM.-RECIPROCAL TEMP. PLOT*)

READ* ,AND3

PRINT 108

108 FORMAT(//1X,*COLE-COLE PLOT*)

READ* ,AND4

PRINT 110

110 FORMAT(//1X,*REAL AND IMAGINARY DIELECTRIC CONST.-FREQ. *,

01130 +* LOG-LOG PLOT*)

01140
01150
01160
0112
01180
01190
01200
01210
01220
01230

READ* ,AND5
PRINT 112
112 FORMAT(//1X,*AC CONDUCTIVITY-FREQ. LOG-LOG PLOT*)
READ* , AND6
PRINT 114
114 FORMAT(//1X,*1KHZ AC COND.X TEMP.-RECIPROCAL TEMP. SEMI-LOG PLOT*)
READ* ,AND7
IF(AND1.EQ.1)610,20
610 PRINT 19
19 FORMAT(///1X,*CAPACITANCE AND LOSS TANGENT AS A FUNCTION OF TEMP.

0124 +AND FREQ. FOR*)

01250
01260
01270
01280
0129
01300

PRINT 20,1IP

2 FORMAT(1X,5A10//)

PRINT 21,(T(1),I=1,N)

21 FORMAT(1X,*TEMP.(C)*,11F9.0)
PRINT 22,(ABST(1),I=1,6N)

22 FORMAT(1X,*1000 /T(K)*,11F9.3//)
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01310 PRINT 23

01320 23 FORMAT(1X,*FREQ.(HZ)*,638X,*CAPACITANCE(PF)*/)

01330 PRINT 24,((F(J),(C(1,J),I=1,N)),J=1 M)

01340 24 FORMAT(1X,F8.0,1X,11F9.1/)

0135 PRINT 25

01360 25 FORMAT(//1X,*FREQ.(HZ)*,40X,*L0OSS TANGENT#*/)

013M PRINT 26,((F(J),(ALT(I,J),I=1,N)),6J=1,M)

01380 26 FORMAT(1X,F8.0,1X,11F9.4/)

0139 PRINT 27

01400 27 FORMAT(///1X,*REAL AND IMAGINARY PERMITTIVITY AS A FUNCTION *,
014104*0F TEMP. AND FREQ FOR*)

01420 PRINT 20,IP

01430 PRINT 21,(T(I),I=1,N)

01440 PRINT 22,(ABST(1),I=1,N)

01450 PRINT 29

01460 29 FORMAT(1X,*FREQ.(HZ)*,32X,*REAL PERMITTIVITY(E-10F/M)*/)
0147 PRINT 26,((F(J),(PREAL(T,J),I=1,N)),J=1,M)

01480 PRINT 30

0149 30 FORMAT(//1X,*FREQ.(HZ)*, 28X ,*IMAGINARY PERMITTIVITY(E-10F/M)*/)
01500 PRINT 26,((F(J),(PIMAG(L,J),I=1,N)),J=1 M)

01510 200 CONTINUE

01520 PRINT 4 ,CORCO

0153 4 FORMAT(//1X,*CORRECTED VACUUM CAPACITANCE=* F6,2,%PF*/)
01540 PRINT 31,CE

0155 31 FORMAT(1X,*VACUUM CAPACITANCE CORRECTION=* F6.2,6*PF*)
01560 IF(AND2.EQ.1)250,350

015 250 CALL PLT(1.)

01580¢

0159 C REAL PERMITTIVITY-RECIPROCAL TEMP. PLOT

01600C

01610 CALL FACTOR(1.)

01620 CALL LIMIT(1l.,1.,-3)

01630 PREALI (N+l)=1.2

01640 PREALI (N+2)=,2

0165 CALL SCALE (ABST,10.,N,1)

01660 CALL AXIS (0.,0., "REAL PERMITTIVITY(E-10F/M)",26,8,,9.,
0167 +PREAL1 (N+1 ) ,PREAL] (N+2))

01680 CALL AX1S8(0.,0.,"1000/T(K)",-9,10.,0.,ABST(N+l),ABST(N+2))
0169 DO 500 J=1,M

0100 DO 510 I=1,N

01710 PREAL1(I)=PREAL(I,J)

01720 510 CONTINUE

0173 CALL LINE (ABST,PREALI,N,1,1,NSYMB(J))

0174) CALL SYMBOL(4.,(6.5-.2*J),.1 ,NSYMB(J),0.,~1)

0175 CALL NUMBER(4.4,(6.5-.2%J),.1,F(J),0.,-1)

01760 500 CONTINUE

0170 CALL SYMBOL(4.4,6.6,.1,"FREQ.(HZ)",0.,9)

01780 CALL LMT(1.,8.5,IP)

0179 35 IF(AND3.EQ.1)360,450

01800 360 CALL PLT(l.)

01810C

01820C IMAGINARY PERMITTIVITY-REC. TEMP. PLOT
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018%¢C
01840 PIMAGI (N+1)=0.

01850 PIMAGI (N+2)=.2

01860 CALL SCALE(ABST,(50./7.),N,1)

0187 CALL AXIS(0.,0.,"IMAGINARY PERMITTIVITY(E-10F/M)",31,8.,9%.,
01880 +PIMAG] (N+1 ) ,PIMAG] (N+2))

01890 CALL AXIS(0.,0.,"1000/T(K)",-9,(50./7.),0.,

0190 +ABST(N+1 ) ,ABST(N+2))

01910 DO DO J=1,M

01920 DO 710 I=1,N

01930 PIMAG] (I)=PIMAG(TI,J)

01940 710 CONTINUE

01950 CALL LINE(ABST,PIMAGI,N,1,1,NSYMB(J))

01960 CALL SYMBOL(4.,(4.5=.2%J),.1 ,NSYMB(J),0.,~1)
0197 CALL NUMBER(4.4,(4.5-.2*%J),.1,F(J),0.,-1)

01980 M0 CONTINUE

0199 CALL SYMBOL(4.4,4.7,.1,"FREQ.(HZ)",0.,9)

02000 CALL LMT(1.,8.5,IP)

ox10C

020 20 CCOLE COLE PLOT

o BC

0204 45 IF(AND4.EQ.1)460,55

0205 460 CALL PLT(1.)

02060 PIMAG] (N+l)=0.

0200 PREALL (N+l1)=.5

0208) PREALL (N+2)=,2

0209 CALL AXIS(0.,0.,"IMAGINARY PERMITTIVITY(E-10F/M)",31,
0210048.,% .,PIMAG] (N+l ) ,PIMAGL (N+2))

02110 CALL AXIS(0.,0.,"REAL PERMITTIVITY(E~IOF/M)",-26,10.,
0212040 . ,PREAL] (N+1 ) ,PREAL] (N+2))

02130 DO 720 J=1,M

0214 DO 730 1I=1,N

0215 PREAL1(I)=PREAL(I,J)

02160 PIMAG](I)=PIMAG(I,J)

0217 730 CONTINUE

0218) CALL LINE(PREAL1,PIMAGI,N,1,-1,NSYMB(J))

0219 CALL SYMBOL(3.,(5.5=.2*J),.1,NSYMB(J),0.,-1)
02200 CALL NUMBER(3.4,(5.5-.2%J),.1,F(J),0.,~1)

02210 720 CONTINUE

02220 CALL SYMBOL(3.4,5.7,.1,"FREQ.(HZ)",0,,9)

02230 CALL LMT(l.,8.5,IP)

0224 550 IF(AND5.EQ.1)560,650

022%C

02260 CPLOT REAL AND IMAGINARY DIEL. CONS. ON LOG-LOG. SCALE
022McC

02280 560 CALL PLT(1.)

0229 CALL RESET2(DC,PREAL,1,M)

02300 CALL LGSCAL(F,5.,M,1)

02310 DC(M+ )=.1

02320 DC(M+2)=3./8.

0233 CALL LGAXIS(0.,0.,"DIELECTRIC CONSTANT",19,8.,9.,
02340 +DC(M+1 ) ,DC(M+2))
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02350 CALL LGAXIS (0.,0.,"FREQ.(HZ)",-9,5.,0.,
02360 +F(M+1 ) ,F(M+2))

0237 CALL LGLINE(F,DC,M,1,-1,2,0.)

0238 CALL RESET2(DC,PREAL,N,M)

0239 CALL LGLINE(F,DC,M,1,-1,5,0.)

02400 CALL RESET2(DC,PIMAG,1,M)

02410 CALL LGLINE(F,DC,M,1,-1,19,0.)

02420 CALL RESET2(DC,PIMAG,N,M)

0243 CALL LGLINE(F,DC,M,1,-1,17,0.)

0244 CALL LMT(1.,8.5,IP)

02450¢C

02460 CPLOT AC CONDUCTIVITY VS FREQ. LOG.-LOG.
024MC

0248 65 IF(AND6.EQ.1)660,800

0249 660 CALL RESET3(ACCON,PIMAG,l,M,F)
02500 CALL PLT(1.)

02510 CALL LGSCAL(ACCON,8.,M,1)

02520 CALL LGSCAL(F,5.,M,1)

0253 CALL LGAXIS(0.,0.,"AC CONDUCTIVITY(/#XM)",21,8.,9.,
02540 +ACCON(M+1 ) ,ACCON(M+2))

0255 CALL LGAXIS(®.,0.,"FREQ.(HZ)",-9,5.,0.,
02560 +F (M+1 ) ,F(M+2))

0250 CALL LGLINE(F,ACCON,M,1,-1,2,0.)

02580 CALL RESET3(ACCON,PIMAG,N,M,F)

0259 CALL LGLINE(F,ACCON,M,1,-1,5,0.)

02600 CALL LMT(l.,8.5,IP)

02610C

02620 C1KHZ AC COND.*TEMP.-TEMP. PLOT SEMI-LOG
02630C

02640 80 IF(AND7.EQ.1)810,820

02650 810 CALL PLT(l.)

02660 DO 8 1I=1,N

0267 ACCON(I)=6,28*F(5)*PIMAG(I,5)*]1 .E~10*1000,./ABST(I)
02680 83 CONTINUE

02690 CALL LGSCAL(ACCON,8.,N,1)

02710 CALL SCALE(ABST,5.,N,1)

02710 CALL LGAXIS(0.,0.,"AC COND.*TEMP,(K/#XM)",21,8.,%.,
02720 +ACCON(N+l ) ,ACCON(N+42))

027% CALL AX1s(.,0.,"1000/T(X)",-9,5.,0.,
02740 +ABST(N+1 ) ,ABST(N+2))

0275 CALL LGLINE(ABST,ACCON,N,1,-1,2,1)
02760 CALL LMT(l.,8.5,1IP)

0270 820 CALL LIMIT(13.,0.,999)

02780 STOP

02790 END

02800¢C

02810 CSUBROUTINES

02820C

0283 SUBROUTINE PLT(FAC)

0284) CALL FACTOR(FAC)

028% CALL LIMIT(1.,0.,-3)

02860 RETURN
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02871 END

02880C

02890 SUBROUTINE LMT(XX,YY,IP)

0290 DIMENSION IP(5)

02910 CALL SYMBOL(XX,YY,.l14,1P,0.,50)
02920 CALL LIMIT(13.,0.,-3)

0293 RETURN

02940 END

02950C

02960 SUBROUTINE RESETI(Y1I,YIJ,N)
0297 DIMENSION Y1I(20),YIJ(2,2)
02980 DO 40 I=1,5

02990 YII(I)=YIJ(I,10)

03000 40 CONTINUE

03010 DO 42 I=6,N

0020 YII(I)=YIJ(I,1)

03030 42 CONTINUE

0304 RETURN

0305 END

060C

03 M SUBROUTINE RESET2(DC,YIJ,I,M)
0308 DIMENSION DC(20),YIJ(20,2)
0309 DO 740 J=1,M

03100 DC(J)=Y1J(1,J)/.0885

03110 740 CONTINUE

03120 RETURN

03130 END

03140¢C

0315 SUBROUTINE RESET3(ACCON,Y1J,I,M,F)
03160 DIMENSION ACCON(2),YIJ(20,2),F(20)
0317 DO 750 J=1,M

03180 ACCON(J)=6.28*F(J)*1J(I,J)*1.E-10
03190 750 CONTINUE

03200 RETURN

03210 END

03220C

03230 SUBROUTINE LINERG(XARRAY ,fYARRAY,K,NTEST)
03240 DIMENSION XARRAY(20),YARRAY(20,20),DX(20),DY(20)
03250 READ*, IFIRST,NPOINT

03260 SUMX=0

0327 SUMY=0

03280 SUMXY=0

0329 SUMXS=0

03300 SUMYS=0

03310 ILAST=NPOINT+IFIRST-1

03320 IF(NTEST.EQ.0)301,32

0330 01 CONTINUE

0334 DO 03 I=IFIRST,ILAST

03350 DY (I)=ALOG(YARRAY(K,I)/.0885)
03360 303 DX(I)=ALOG(XARRAY(I))
0330 GO TO 18

03380 302 IF(NTEST.EQ.1)¥4,36
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0339 304 CONTINUE

03400 DO 37 I=IFIRST,ILAST

03410 DY (I)=ALOG(YARRAY(K,I)*6,28E~10*XARRAY(I))

03420 07 DX(I)=ALOG(XARRAY(I))

03430 GO TO 308 ;

03440 306 CONTINUE

03450 DO X5 I =IFIRST,YILAST

03460 DY (I)=ALOG{YARRAY(I,K)*6,28*1000.E-10*1000. /XARRAY(I))
034 305 DX{I)=XARRAY(I)

03480 308 CONTINUE

0349 DO 19 I=IFIRST,TLAST

03500 SUMX=SUMX+DX(1)

03510 SUMY=SUMY+DY (I)

03520 SUMXY=SUMXY4+DX(I)*DY (1)

03530 SUMXS=SUMXS+DX(I)**2,

03540 SUMYS=SUMYSH+DY (I)#*%2, .,;-
03550 309 CONTINUE

03560 APOINT=NPOINT

0357 DENUM=SUMX**2, -APOINT*SIMXS

03580 TOP=SUMX*SUMY -APOINT*SUMXY

0359 SLOPE=TOP/DENUM

03600 CINTER=(SUMX*SUMXY~SUMXS*SUMY ) /DENUM

03610 CCOEFF=—TOP/({ (APOINT*SUMXS-SUMX**2, )*{ APOINT*SUMYS-SUMY**2.))
03620 +*%%_5)

03630 SYX=((l./(APOINT-2))*(SUMYS~CINTER*SUMY -SLOPEASUMXY } )**.5
0364 IF(NTEST.EQ.2)315,3l4

03650 311 FOBMAT{4F2).4)

03660 314 PRINT 311,SLOPE,CINTER,SYX,CCOEFF

0363 GO TO 316

03680 315 E=»=SLOPE*, 08614

03630 PRINT 311,E,CINTER,SYX,CCOEFF
0320 316 RETURN ' C
03710 END _ i
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APPENDIX D

FORTRAN PROGRAM DC4

The computer code for FORTRAN program DC4 is listed below.

The calculations performed by the program are outlined in

CHAPTER II.

00100 PROGRAM DC(INPUT,OUTPUT,TAPEl,TAPES=INPUT,TAPE6=0UTPUT)

o000 0O00n00

THIS PROGRAM TREATS THE I = F(T) DATA BY READING AN INPUT DATA FILE
CONTAINING, IN THE FIRST LINE, A SAMPLE DESCRIPTION. THE NUMBER OF
VOLTAGES AND THE NUMBER OF TEMPERATURES APPEAR IN THE SECOND LINE.

THE THIRD LINE CONTAINS THE SAMPLE THICKNESS IN MICRONS, DOT DIAMETER IN
CM, AND THE APPROXIMATE DIELECTRIC CONSTANT. FINALLY, THE FOURTH LINE
CONTAINS THE VOLTAGE. THE ACTUAL TEMPERATURE~CURRENT DATA THEN APPEARS
IN A COLUMN OF TEMPERATURE (# F) AND CURRENT.

THE PROGRAM ALLOWS SELECTION OF POOLE-FRENKEL ANALYSIS OR ARRHENIUS
OR CONDUCTIVITY X TEMPERATURE. THE PORTION OF THE LINE FOR ANALYSIS IS
SELECTED. THE POOLE-FRENKEL ANALYSES OPTION OUTPUTS THE SLOPE, Y-INTERCEPT,
STANDARD ERROR OF ESTIMATE, CORRELATION COEFFICIENT FOR THE REGRESSED
LINE, AS WELL AS THE PHI, FIELD, C, AND BETA VALUES. THE ARRHENIUS AND
CONDUCTIVITY X TEMPERATURE OUTPUT IS THE APPROXIMATE ACTIVATION ENERGY,
Y-INTERCEPT, STANDARD ERROR OF ESTIMATE AND CORRELATION COEFFICIENTS
OF THE SELECTED LINE. A PLOT OF THE SELECTED CONDUCTIVITY CAN THEN BE
MADE USING THE CALCOMP PLOTTER.

00110 DIMENSION IP(5),V(4),T(50),TC(50 ),CURR(50 ,4),DCURR(50),
00120 +RABST(50 ) ,NSYMB(4 ) ,IFIRST(5,4) ,NPOINT(5,4),1IBUF(512)
00130 +,CURRNA(50 ,4)

00140 COMMON TH, DCONST, POOLE , AREA, D

00150 DATA (NSYMB(J),J=1,4)/2,3,11,17/

00160 READ(1,1) (IP(K),K=1,5)

0017 1 FORMAT(5A10)

00180 READ(l,*) M,N,TH,D,DCONST,(V(J),J=1,M),

0019 +((T(1),(CURRNA(L,J),J=1 ,M)),I=1,N)

00200 AREA=3,14%D**2, /4,

00210 DO 3 J=1,M

00220 DO 4 I=1,N

00230 CURR(I,J)=CURRNA(I,J)*1.E09

00240 4 CONTINUE

0025 3 CONTINUE

00260 DO 5 I=1,N

00272 TC(I)=(T(1)-32.)/1.8



00280
0029%
00300
00310
00320
00330
00340
00350

RABST(I)=1000./(TC(I)+273.)
5 CONTINUE
PRINT 10

10 FORMAT(//1X,*REGRESSION ANALYSIS?, YES, TYPE 1; NO, TYPE 0%)

READ* , AND

IF (AND.EQ.1)15,2

15 PRINT 21

21 FORMAT(//1X,*POOLE FRENKEL? TYPE 1; COND.? TYPE 2%,

00 360 +*; COND. X TEMP.?, TYPE 3%*//)

003D
00380

0039 25 FORMAT(//1X,*FOR THE FOLLOWING PLOTS, TYPE DATA AS FOLLOWS*/

READ* , POOLE
PRINT 25
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00400 +*# OF LINES, FIRST POINT, # OF POINTS, FIRST POINT, # OF POINTS *,
00 410 +*ETC*////111])

00420
00430
00440
00450
00 460
0047
00 48)
004%
00500
00510

0052

IF(POOLE.EQ.1)32,27

27 IF (POOLE.EQ.2)28,29

28 PRINT 17

17 FORMAT(//1X,*ARRHENIUS-CONDUCTIVITY*//)
GO TO 19

29 PRINT 22

22 FORMAT(//1X,*ARRHENIUS-COND. X TEMP.*//)
19 PRINT 23,1P

23 FORMAT(//1X,5A10///)

PRINT 33

33 FORMAT(//8X,*E(EV)*,12X *INTERCEPT* 12X ,*ST. ERROR*,

00530 +11X,*COR, COEF.*//)

00540
00550
00560
0057
00 580

GO TO 34

32 PRINT 43

43 FORMAT(//1X,*POOLE FRENKEL ANALYSIS*//)
PRINT 2 ,IP

3 FORMAT(//1X,5A10///

00590 +* SLOPE INTERC ST. ERROR COR. CF. PHI(V) FIELD(MV/*
00600 +,%*CM) C(/ CM) BETA*//)

00610
00620
00630
00640
00650
00660
0067
00680
00690
00 00
00710
0072
00730
00 740
00750

34 CONTINUE

DO 35 J=1,M

PRINTXD ,J

4 FORMAT(//*PLOT NUMBER *,I1//)

READ* N1, ((IFIRST(I,J),NPOINT(I,J)),I=1,N1)

DO 45 1 =1,N1

CALL LINERG(RABST,CURR,IFIRST(I,J),NPOINT(I,J),J,V(J))
45 CONTINUE

35 CONTINUE

2 PRINT 36

36 FORMAT(//1X,*PLOT?, YES, TYPE 1; NO, TYPE 0%*//)
READ*, AND2

IF(AND2.EQ.1)37,38

37 PRINT 140

140 FORMAT(1X,*ARRHENIUS PLOTS: COND., TYPE 2; COND. X TEMP.*,

00 760 +* ,TYPE 3%*)

0077
00 780
00790

READ* , TYPE
CALL PLOTS(IBUF,512,3,40)
CALL FACTOR(1.)



00800
00810
0082)
0080
00840
00850
00860
008
Q0880
00890

CALL LIMIT(1.,0.,-3)

CALL RESET{CURR,RABST,DCURR,TYPE,J,N,V(1))

50 CONTINUE

CALL LGSCAL(DCURR,8.,N,l)

RABST(N+l }=1.2

RABST(N+2)=.4

XAXIS=6,

IF(TYPE.EQ.2)160,1 2

160 CONTINUE

CALL LGAXIS(0.,0.,"CONDUCTIVITY(/#XM}",18,8,,9.,

00 00 -+DCURR(N+]. )} ,DCURR(N+2))

00 910

0092 17 CALL LGAXIS{0.,0.,"COND.*TEMP,(K/#XM)",18,8.,%.,

GO TO 180

00 930 +DCURR(N+L ) ,DCURR{N+2)})

00940
00 950

180 CONTINUE
CALL AXIS(0.,0.,"1000/T(K}",-9,XAXIS,0.,

00 960 +RABST(N+1 ) ,RABST(N+2))

0097
00 980
0099
01000
01010
01020
01030
010 40
01050
01060
01070
01080
010%
01100
Q1110
0i1 20

IF(M.EQ.1)120,100

100 CONTINUE

DO 55 J=1L M

CALL RESET(CURR,RABST,DCURR,TYPE,J,N,V(J))
CALL LGLINE(RABST,DCURR,N,1,-1,NSYMB(J),1)
CALL SYMBOL(3.,(6.-.2*J),.1,NSYMB(J),0.,-1)
55 CONTINUE

GO TO 130

120 CALL LGLINE(RABST,DCURR,N,1,-1,NSYMB(J),1)
CALL SYMBOL(3.,(6.-.2*1),.1,NSYMB(J),0.,-1)
130 CONTINUE

CALL SYMBOL(1.,8.5,.14,IP,0,,5)

CALL LIMIT(13.,0.,-3)

CALL LIMIT(13.,0.,999)

38 STOP

END

0112C

01140
0l1%0
0lle0
QL1
01180
01190
01200
01210
01220
01230
0124
01250
01260
012D
01280
01290
01300
01310

SUBROUTINE LINERG(XARRAY,YARRAY,IFIRST,NPOINT,J,V)
DIMENSION XARRAY (50 ),YARRAY(50,4),DY {50 ),DX(50)
COMMON TH,DCONST, POOLE ,AREA,D
ILAST=NPOINT+IFIRST-1

SUME0D .

Smﬂ -

SUMXY=0 ,

SUMXS=0

SUMYS=) ,

1¥(PODLE.EQ.2)52,53

52 CONTINUE

DO 67 I=IFIRST,ILAST

DN (I)=ALOG(YARRAY (I,J)*TH*1 ,E-D4/(AREA*V))

67 CONTINUE

Ge 10 73

53 CONTINUE

DO 69 I=IFIRST,ILAST

DY (I)=ALOG(YARRAY (1,J)*TH*l.E-01/(AREA*VAXARRAY(I)))

10
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01320 69 CONTINUE

0133 73 CONTINUE

0134 DO 65 I=IFIRST,ILAST

01350 DX(I)=XARRAY(I)

01360 SUMX=SUMX+DX(I)

0137 SUMY=SUMY+DY (I)

01380 SUMXY=SUMXY4DX(I)*DY (1)

0139 SUMXS=SUMXS+DX(I)**2,

01400 SUMYS=SUMYS+DY (I)**2,

01410 65 CONTINUE

01420 APOINT=NPOINT

01430 DENUM=SUMX**2,~APOINT*SUMXS

0144 TOP=SUMX*SUMY-APOINT*SUMXY

0145 SLOPE=TOP/DENUM

01460 CINTER=(SUMX*SUMXY -SUMXS*SUMY ) /DENUM

0147 CCOEFF =-TOP/({ (APOINT*SUMXS-SUMX**2,)*(APOINT*SUMYS-SUMY**2,))
01480 +*%,5)

0149 SYX=((1./(APOINT-2.))*(SUMYS—-CINTER*SUMY-SLOPE*SUMXY ) )**,5
01500 IF(POOLE.EQ.l)85,80

01510 80 E=-SLOPE*.08614

0152 PRINT 9 ,E,CINTER,SYX,CCOEFF

01530 9 FORMAT(4F2.4)

01540 GO TO 95

01550 85 Q=1.602E-19

01560 BETA=SQRT(Q**3./(3.14*,0885E-16*TH*DCONST))
0157 FIELD=V/(TH*1.E4)

01580 C=EXP(CINTER)/FIELD

0159 PHI=BETA*SQRT(V)/Q-.08614*SLOPE

01600 E=FIELD*1,E-06

01610 PRINT M ,IFIRST,NPOINT,SLOPE,CINTER,SYX,CCOEFF,PHI,E,C,BETA
0162 7 FORMAT(/1X,Il1,*-* 1] ,6F10.3,2E15.3)
01630 95 RETURN

0164 END

01650C

01660 SUBROUTINE RESET(CURR,RABST,COND,TYPE,J,N,V)
0167 DIMENSION CURR(50,4),RABST(50),COND(50)
01680 COMMON TH,AREA

01690 IF (TYPE.EQ.2)200,210

0170 200 CONTINUE

01710 DO 65 I=1,N

01720 COND(I)=100 .*CURR(I,J)*TH*] .E-Q04/(AREA*V)
01730 65 CONTINUE

01740 GO TO 220

01750 210 CONTINUE

01760 DO D I=1,N

0177 COND(I)=100 .*CURR(I,J)*TH*1 ,E-01/(AREAXV*RABST(I))
01780 7 CONTINUE

0179 220 RETURN

0180 END
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APPENDIX E

FORTRAN PROGRAM ADMIT

The fortran computer code for ADMIT is listed below.

00100C THIS PROGRAM CALCULATES THE REAL AND IMAGINARY PARTS
D0110C OF THE ADMITTANCE OF A SAMPLE AND OUTPUTS THE RESULTS, IN
0012)C TAPES8. THE DATA ARE INPUT THROUGH TAPE7. THE PROGRAM
00130C WILL CALCULATE FOR UP TO 2 (M) SETS OF DATA, EACH WITH
0014C UP TO 2 (N) DIFFERENT FREQUENCIES.THE RAW LOCK-IN
00150C AMPLIFIER DATA ARE TO BE INPUT IN TAPE7 IN THE FOLLOWING
00160C MANNER, -

go1mcC
00180C
00190C

FIVE WORD TITLE
M N

00 200C FREQ(HZ) RESISTANCE(K OHMS) VX VY VRX VRY(MV)

00210C

REPEAT N TIMES

00220C INPUT NEXT SET OF DATA M TIMES

00230C

00240C

00230
00 260
0027
00280
002%
00 300
00310
0032
00330
00340
00 350
00360
0030
00380
0039
00 400
00410
0042
00430
00440
00450
00 460
00470
00480
004%

PROGRAM ADM(INPUT, OUTPUT,TAPE7,TAPES,TAPES=INPUT,TAPE6=OUTPUT)
DIMENSION IP(5)
DEG(X)=X*360,/6.28 *
READ(7,10) (IP(K),K=1,5)
WRITE(8,10) (IP(K),K=1,5)

10 FORMAT(5A10)

READ(7,*) M,N

INDEX=M*N

DO 2 I=1,INDEX

READ(7,*) FREQ,R,VX,VY,VRX,VRY
R=R*1 .3

VCX=VX-VRX

VCY=VY ~VRY

VC=SQRT(VCX**2 ,+YCY**2,)
VR=SQRT(VRX**2 , +VRY *%2 )
A=VR/(VC*R)
PHASE=DEG(ATAN(VRY /VRX))-DEG(ATAN(VCY/VCX))
FACTOR=1.H)5

G=A*COSD(PHASE )*FACTOR
B=A*SIND(PHASE )*FACTOR
WRITE(8,*) FREQ,G,B

2 CONTINUE

WRITE(8,*) FACTOR

STOP

END
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