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PURPOSE

The aim of this study is the development of techniques
for preparing thin-film resistors and capacitors by
complete or partial anodic oxidation of selected metal
deposits in predetermined patterns. The metals of '
interest are aluminum, tantalum, titanium, tungsten
and zirconium., The methods of patterning deposits of.
these metals should be both capable of obtaining high
resolution and economically adaptable to the mass
production of microelectronic circuits, Reliability
and tolerance limits should be comparable to levels

currently attainable with vacuum deposition methods.
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ABSTRACT

The technique of forming thin-film capacitors by the anodic
oxidation of the surfaces of vacuum-~deposited films of aluminum,
tantalum, tungsten, titanium and zirconium has been investigated. Of
these metals, tantalum was found to approach closest the oLjectives
specified in the contract. Methods of selecting and cleaning glass sub-
strate surfaces have accounted in large part for increasing the voltage
at which capacitor breakdown occurred. Breakdown voltages equal to
or greater than the anodization forming voltage have been obtained,
resulting in a usable capacitance-voltage product of 13.5 pf: v/em®,
The uniformity of capacitance measured for a large number of test
samples fell within a standard deviation of 3 percent. Electrical proper-
ties over a range of frequency and temperature have been evaluated.

The preparation of thin-film resistors by forming vacuum-
deposited metal in a predetermined pattern and then partially anodizing
the deposited metal to a precise resistance has been studied for tantalum
and tungsten. The properties of vacuum-~deposited films of titanium and
zirconium that are related to their use as resistors has also been inves-
tigated. Anodized, evaporated tungsten films best fulfilled the objectives
specified in the contract. Film patterns were prepared with a resistor
density of 6 megohms/in.?and with a temperature coefficient of resistance
(TCR) nominally zerc. The corresponding sheet resistivity at zero TCR
was 300 ohms/8q; the sheet resistivity at a TCR of -200 ppm/°C was
2000 ohms/sq. The resistance of anodized tungsten films has been
stabilized within 10 ppm/hr by heat treatment in vacuum without appre-
ciably changing the resistance from that obtained after anodizz*ion.

The precision of resistance to which a preselected value could be obiained
was better than 1.5 percent. Stability of resistance under load over a
temperature range is described.

ii
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i, FACTUAL DATA

1.1 THIN-FILM CAPACITORS

Thin-film capacitors were formed by anodic oxidation of the
surfaces of metal films deposited on glass substrates, followed by the
deposition of a metallic top or counter electrodes. The metals investi-
gated were aluminum, tantalum, tungsten, titanium and zirconium,
Electrical characteristics of the . upacitors were evaluated and compared
with those specified as objectives in the contract. Significant physical

characteristics of the oxide layers were determined.

1, 1.1 General Procedure

The structure of a glass panel containing five test capacitors
is represented schematically in Fig, 1. A film of the metal to be
anodized was deposited on the substrate by sputtering or evaporation
with part of the aréa masked off. The film was anodically oxidized
except for the circular portion which was masked for the electrical base
connection. Top electrodes were deposited by evaporation through a
mask in a pattern to form the five capacitors with contact tabs extending
over the unmetallized area of the substrate; A sixth top electrode made
contact with the unanodized area of the base film and therefore with the
metal film lying underneath the oxide, which served as a common bottom

electrode.

Substrates were generally cut from glass microscope slides
with a diamond scriber and measured 1.6 cm x 5.4 cm (5/8 in. x 2 in.)
as indicated in Fig. 1. The anodized area measured 4.3 cm? (0. 67 in.3),
Each capacitor had an area of 0.20 cm® (1/8 in. x 1/4 in. or 0.031 in.3),
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The following sections will describe procedures for and results
of selecting and cleaning of substrates, deposition of metallic base films,
anodic oxidation, deposition of top electrodes, examination of physical
characteristics of the oxide, and measurement of clectrical character-

istics of the test capacitors.

Electron microcouples were made at several stages in the
procedure. Surface replicas were prepared by preshadowing with plati~
num, depositing a carbon film, and stripping the replica from the speci-

men with dilute hydrofluoric acid.
1.1.2 Substrates

It is desirable to form thin-film passive componcnts on a sub-
strate having low electrical and high thermal conductivity, and a smooth,
chemically inert surface. Although the micro slide glass‘.surface chosen
for this study does not meet the last three requirements as well as was
hoped, careful selection and cleaning did meet the critical requirement

of smoothness.
1.1.2.1 -Materials

The suitability of ceramic subatrates was investigated in the
initial phases of this work. It appeared that a ceramic should meet all
the desired properties from a consideration of mechanical strength,
thermal and electrical characteristics, and the convenience of molding
small, precise shapes. Tests showea. however, that metallized Alsimag
614 alumina micromodule wafers had a surface roughness of 5000 A,
which was excessive for the formation of oxide films of 1000 A thickness.
Glazing the wafers by heating with a zinc borosilicate frit for a short
time at 700°C made thera sufficiently smooth for usc as substrates. For

the present experimental investigation, however, it was decided to use
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glass micro slides because of their ease of handling, the availability ofa =~ |
wide variety of glasses, and their superior surface smoothness. ' ]
As the program proceeded, it became evident that the use of ¢ -

smoother glass surfaces reaulted in films with higher electrical break-

down strengths. Although an early investigation.of increasing the -
c;xpacltance per unit area by roughening the glass surface showed that up

to a 20 percent increase could be obtained by sandblasting, an attending

loss in breakdown strength far overshadowed the gain.

1.1.2.2 Defects in Glass Surfaces

Eleven types of micro slides and cover glasses were examine2 ¢ ,;‘
by optical microscopy for surface defects. Attempts were also made to

relate these defects to sites of electrical breakdown in capacitors prepared

on these surfaces.

Preliminary studies narrowed the choice to four types of micro

slides:
A1l - ground edges; individually selected by the manufacturer as -

free of bubbles, pits and scratches. E
A2 - ground edges; selected as above, but by plate 2nd not
individually, -x
A3 - unground, fire-polished edges; otherwise selected like A2,

e e

B1 - unground edges as cut; packed with paper separators,

Figure Z shows that-the-unground-edge samples, B1 and A3,
had fewer defects. Since the A3 glass yielded, for undeterminod reasons,
capacitors of higher breakdown strexigt.h. it was adopted as the preferred

substrate material. Selection of individual slides from a given lot was

.. . B B ’
R e L 5

required, and one side of the slide was found to be preferable.
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(a) Unground-edge glass (b) Edge-ground glass

Fig. 2. Negatives of photographs at 40X under oblique top
illumination, showing unground-edge and edge-ground
micro slide substrates (metallized with sputtered
tantalum films).

Much of the optical examination of glass surfaces was done
with standard equipment. Areas up to 2 mm in diameter were photo-
graphed at 10X magnification with a 35-mm reflex camera mounted
above a Zeiss 2006 interference microscope with the eyepiece removed.
This instrument was also used in examining surface contours by means
of interference fringes under green (5400 A) or white vertical illumina-
tion. Additional illumination by transmitted and oblique light was pro-
vided. Extraneous reflections of transmitted light were reduced by
stopping the 10X objective down to 2 mm. Visual observation at 75 to
600X and photography up to 800X were possible with a Unitron U-11
metallographic microscope. '

To identify breakdown sites with glass defects in the same area,
photographs of a capacitor before and after breakdown were compared with

a photograph of the original substrate surface. A triple comparator was
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constructed for the purpose. This instrument superimposes two photo-
graphs in the field of one eye of the observer and locates a third photo-
graph in the field of the other eye. Superimposition is obtained with a
beam-~-splitting mirror and an erecting mirror. Lw-magnificaﬁm
prismatic oculars cause the two eye fields to merge. Three separate
illuminators of different colors with independent brightness controls and
blackout provision allow easy location of differences among the three
images.

The larger defects observed on glass micro slides we.re
classified as indentations, chips and ridges. Indentations, which were
detected with the interference microscope before metallizing, appeared
to have resulted from the glass lying on a rough surface while still soft
during its fabrication. Three types of slide from one manufacturer |
(A4, A2 and A3) had indentations as deep as 5000 A and on)v on one side,
while another type (B1) from another source had none. Although no direct
association could be drawn between indentations and capacitor properties,

where possible, the opposite side was selected for film deposition.

Chips are small fractures with radiating cracks and flakes still
attached. Similar fractures have been produced by pressing fine abraliv§
powder between two slides. Chips are visible under strong oblique light
especially after metallization (Fig. 2a). Glass slides were selected to

eliminate large defects of this type.

Ridges are ﬁné, widely separated, parallel elevations of
'heights up to 500 A. They were visible to the unaided eye after glass was
metallized and could be found with the interference micros_cbpe before
metallizing. This defect appeared ektensively on both surfaces of one
manufacturer’s micro slides (A1, A3). Ridges prominently interfered

with the anodization of titanium. The current tended to concentrate
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initially at ridge elevations and oxygen evolution, typical of titanium
anodization in aqueous electrolytes resulted in lines of bubbles covering
the ridges. Areas with ridges became insulated from the electrolyte
by the bubbles and ceased to form oxide. The result is shown in Fig. 3.

In addition to these large defects, which could be identified
and eliminated by glass selection, there remained a large number of ‘
small defects that could not be sufficiently resolved optically for classi-
fication. To study the relation between these small defects and sites of
electrical breakdown, 4-mm square capacitors were photographed and
the negatives enlarged for more detailed observation of the breakdown.

Fig. 3. Anodized titanium deposit on a glass substrate having ridge-~

type defects. (Photograph by transmitted light. Diameter
of field ~ 10 mm.)



The triple comparator was used for this purpose. An example of these
photographs and an enlargement of a breakdown sitc, which appears in
this case as a series of four craters, are illustrated in Fig. 4. Typically,
a pit was centered in each crater, and it is beliecved to be the origin of the
electrical discharge that caused breakdown. Although a surface defect in
the glass was found at the site in the photograph be¢fore breakdown, the
location of the defect did not coincide lwith that of the central pit. We

were not able in this investigation to establish fully the rclation between

small defects and capacitor breakdown.

1.1.2.3 Cle;ning

Glass micro slide substrates were individually clecaned ultra-
sonically in Alconox detcrgent, rinsed with running distilled water,
immersed in hot chromic-sulfuric acid, rinsed, quickly flooded with
1 percent hydrofluoric acid, rinsed again, and rapidly dried with a jet
of clean compressed air. The air drying took place within a pressurized
dust-free work space, which also enclosed the sputtering chambver.
Substratcs were transferyed directly to the sputtering jig or to a ccevered
Petri dish when the metal was to be deposited by vacuum evaporation.
Sample slides were periodically diverted for test. If black breath figures

were obtained, the cleaning was considered adequate.

The hydrofluoric acid treatment was instituted when electron
micrographs (Fig. 5) showed that chemical residues and grease remained
after the chromic-sulfuric acid cleaning. It is postulated that the hydro-
fluoric acid removes a thin layer of silica gel on the glass surface and
any foreign material attached to it. The forcign material was removed as
shown in Fig. 6, and capacitors prepared on these surfaces showed fewer
initial shorts a.:d higher breakdown voltages with no change in capacitance

or dissipation factor.

1 e jeemd
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Fig. 4. Top: Photographs of a tantalum capacitor of 32X magnification
before and after breakdown (by vertical illumination using inter-
ference fringes and by oblique illumination).

Brlow: Breakdown crater shown above, at 800X magnification.
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Fig. 5. Electron micrograph of glass slide, after chromic-sulfuric

acid cleaning. (13, 000X)

Fig. 6, Electron micrograph of glass slide, after chromic-sulfuric

acid cleaning and hydrofluoric acid treatment.

(13, 000X)
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1,1.2.4 Summary

Micro slide glass was chosen for substrate material in this
work because of its auperiof surface smoothness, availability, and ease
of handling. The bulk of the work was done with the unground, fire-
polished edge type of micro slide designated in this report as Al.
Selection from a given lot was required, and selection of the smoother
side was preferred. A direct association of glass surface defects with
sites of electrical breakdown could not be established. It was observed
that ridge defects had a deleterious effect on the anodization of metal
films. A glass substrate cleaning treatment was developed which

included flooding with dilute hydrofluoric acid to remove traces of foreign

materials.

1.1.3 Deposition ofthe Metal Base Film

Base films of the metals to be anodized were deposited on
substrates as soon as possible after cleaning. The materials deposited
during the course of this research included aluminum, tantalum, titanium,
tungsten, and zirconium. The methods of deposition employed were
vacuum evaporation from a resistively heated filament, sputtering in argon,
and vacuum evaporation by electron bombardment. Aluminum and titanium
were evaporated from filaments; tantalum and tungsten were both sputtered
and evaporatzd by electron bombardment, and zirconium was sputtered.

Detailed descriptions of these three methods follaw:.

1.1.3.1 Evaporation from a Filament

Evaporation of aluminum and titanium was carried out in a
Consolidated Vacuum Corp. LC41-18B vacuum system with a 45-cm bell
jar. The evaporant, in wire form, was placed inside or wrapped on the

filament, The filament had five turns of triple-strand 30-mil tungsten
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wiré and was operated at currents up to 110 amp. An inner cylindrical
shell shielded the bell jar from the filament for ease in cleaning.
Substrates to be coated with aluminum were mounted 15 cm below the
filament in a work holder (Fig. 7) provided with water cooling. Magks
were of glass. Substrates to be coated with titanium were mounted 15 cm
above the filament to reduce exposure to settling dust, with either glass
masks or steel masks held by magnets. A thermocouple indicated the

work-holder temperature.

Before evaporation, substrates we.re further cleaned by ion
bombardment in a giow discharge. The glovi was maintained for 20 to
30 minutes, until the work-holder temperature reached 250°C for
aluminum and 90°C for titanium. Glow currents of 200 to 400 ma
were passed at approximately 3 kv with the pz“\esaure preferably adjusted
to locate the substrate v'ithin the negative glOu‘&\. thereby reducing the
amount of organic contaminants. A liquid-nitrogen trap below and a
water~-cooled baffle above the main valve were employed to minimize the
backstreaming of oil, In the case of titanium, air was leaked into the
system and pumped out continuou;ly during the glow to oxidize and flush
out impurities such as water and pump‘oil. It was important to use a
pure titanium glow cathode for cleaning. When an aluminuym glow cathode
was used, the subsequent titanium deposit had a poor appea'rance probably

because of the effect of aluminum sputtered during the cle.aning.

Evaéaogation was carried 8ut after the substrates had cooled to
09C for titanium and 100%C for aluminum where water cooling of the

work holder aided the process. Pressure at the start of evaporation was
5 x 10°®% Torr or better. The charge was melted down with a shield
protecting the substrates from flying particles, and then evaporation ;wal
completed as rapidly as possible. Films evaporated in this manner had

a relatively small number of pinholes, metallic brightness on both sides

. .
- ——
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7.5cm

3

\\ E-_J’,' \\L__‘r,,
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glass mask
ii6 x 5,1cm
Water cooled glass slides
support
Section A-A

Fig. 7. Work holder for evaporation of aluminum,
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of the film, and good adherence to the substrate both in a Scotch tape

test and during anodization.

1.1.3.2 Sputtering

Tantalum, tungsten, and zirconium were sputtered in a modi ~
fied Kinney SC-3 vacuum system with a 30-cm bell jar. An electrically
insulated, water-cooled cathode support and a grounded cathode shield
were built into the jar (Fig. 8). A sheet cathode of the desired metal
was mounted by means of a threaded stud. A water-cooled copper table
4 cm below the cathode served as the anode and supported the jigs con-
taining the substrates and their masks. Clean glass was preferred as
the masking ﬁxaterial. A copper mask, employed for a time to give
higher precision, contaminated the edge of the film with submicroscopic

particles that were deposited electrostatically.

Argon of 99.995% purity was leaked into the system, which
was continuously pumped. Pressure was measured with a CVC type
GP-110 Pirani gauge corrected for argon. Substrates were shielded
during a preliminary period of intermittent sputtering while the cathode
was cleaned and the chamber was degassed. Next the shield was removed
and sputtering was carried out in 5-sec bursts alternated with 30-gec
cooling periods until 60 sec of on-time was completed. Some deviations
from this cycle were tried, notably with tantalum where extension of the
cooling periods to 54 seconds lowered the average cathode temperature
and improved the physical characteristics of the films. Sputtering
voltages, current densities, argon pressures and rates of deposition
are listed in Table I for the different metals. The dark space was
maintained ahort_ enough (2.5 cm) so that the substrates were outside

this region of high electrostatic fields.
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Fig. 8. Sputtering system,
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TABLE 1

~e

Sputtering Parameters for Differcnt Capacitor Metals

Argon pressure |Current density Voltage Rate
Metal {Torr) {ma/cm?) (kv) (A/sec)
- s
Tantalum 7.5 x 1072 2.5 6.0 13
Tungsten 5.5 x 1072 1.9 4.5 16
Zirconium 7.5 x 1072 1.7 5.0 18

A good vacuum prior to the introduction of argon was found
to be essential. Tantalum-base {ilms sputtered at an initial pressure of
5 x 10™* Torr, instead of the usual maximum of 3 x 10°% Torr, yielded
capacitors with reduced capacitance and high dissipat.;ion factors, This
deterioration was ascribed to oxygen and other contaminants in the

sputtered film,

Impurities in the argon during the sputteriné cycle were
monitored by spectrographic analysis, using the glow discharge as a
source., Films taken with a Gaertner 165 spectrogra];h were subsequently
plotted on a microdensitometer. The results indicated that the preclean~
ing operation, with substrates shielded, reduced the intensity of nitrogen
bands to a low value. Hydrogen lines increased in intensity during
sputtering, while a CO bandhead remainec.l constant. Figure 9 shows a

typical series of spectra during the cycle.

1.1.3.3 Evaporation by Electron Bombardment

Tantalum and tungsten were also evaporated by heating a rod
of the pure metal by bombardment with electrons emitted from an

incandescent filament and accelerated with a potential of 8 to 10 kv.
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A vacuum system constructed for this purpose, Figs. 10(a)and 10(b),
included an oil diffusion pump with a mechanical back pump and a liquid
nitrogen trap, and an Evapor-lon titanium gettering purmnp with a mech-
anical roughing pump. Chamber pressure was measurced with a Bayard-

Alpert ionization gauge.

The anode rod of tantalum (3.2 mm diameter) or tungsten
(1.6 mm for easicr melting) was manually adjusted to the center of the
grid-cavity (Fig. 11) and was electrically grounded. . The grid was
ordinarily self-biased and served to focus the electron current on the
anode. Only the tip of the rod was melted to form a hanging drop from
which evaporation took place. Monitoring of evaporation was aided by
an optically projected image of the drop. A shutter protected the sub-
strates during prcliminary outgassing. Evaporation was carried out for
20 minutes at clectron currents from 25 to 30 ma. The power supply

schematic is shown in Fig. 12.

The evaporation cycle involved the following steps:

Operation Pressure (Torr)
1. Start roughing pump Atmospheric
2. Start diffusion pump 4.x 1072
3. Start titanium pump 1x 1078
4. Bake vacuum system and cool 1 x 1078
5. Evaporate 3x 1077

Masks for evaporation were made of 2-mil and 5-mil spring steel.

1.1.3.4 Film Quality

With regard to the absence of pinholes and blisters in the films,

sputtered films ranked first, filament-evaporated films second and
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electron beam cvaporated films third. With regard to uniformity of
thickness, the order was approximately the same. R;nking according to
uniformity of thickness was datermined roughly by visually comparing
optical densities with tranamitt:d light. -

The smoothness of sputtered tanlalum and tungsten deposits
was examined by electron microscopy. A freshl); sp-‘.ttteredbtantalum
deposit is shown in Fig. 13, a sputtered tantalum deposit after standing
for two days at room temperature in Fig. 14. The fresh deposit shows
no significant localized irregularities, although it is slightly rougher than
the substrate. Heights of sur_fa_ée features vary from 50 to 125A. The
aged deposit shcws a clustcred laminar pattern. A sputtered tungsten
deposit, shown in Fig, 15, is i'een to be similar in surface character-

“istics to freshly sputtered tantalum,

1. 1.4 Anodic Oxidation (see’'also Section 1.2.5)

1.1.4.1 Eqguipment and General Procedure

Equipment for anodic oxidation included an electrolytic cell,
a power supply, and measuring apparatus, The cells were mounted
inside a dust-free, pressurized enclosure which also contained the

sputtering chamber and a small sink with running distilled water.

P S

The elc::trolytic‘ cell was'a Eove.red réoln reaction kettle fitted
with a glass stirrer, electrode ﬁolders. and a thermometer. The cathode
was a helix made from 25 cm of 40-mil platinum wire. The metallized
substrate was clamped at one end in a Teilon support., Electrical connec-
tion was made with a pad of conductive silicone rubber. The confaéf a're;
was insulated from the electrolyte by a Viton O-ring compressed between
the substrate and the support.
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1 Fig. 13. Electron micrograph of freshly sputtered tantalum film on

hydrofluoric acid treated slide (17, 500X).




-24 -

"IN & e N AT B SELEA SN B Y W S PR Y8 AT gt O SNV, ?

]
3%

S

i

20

ey

pateses =

{,’/:

T IIN

~ A)
R \ AR
Y Y NP L de LA
e N0 S S W
TNV RS R

_.“._ 1000 A

Fig. 14. Electron micrograph of sputtered tantalum layer on
bydrofluoric acid treated slide; stored two days before

replication (17, 500X).



I S e B

ity — g
. ‘ . '

—— b o A - I T

110:000 A,

Fig. 15. Electron micrograph of sputtered tungsten film
(20, 300X).



RS P

- 26 -

The normal procedure was to apply a constant current until
the voltage across the cell rose to a chosen level, then to apply a con-
stant voltage until the current dropped to a suitable level. The initial
constant current was selected to give a linear increase in voltage.
Constant current and constant voltage were furnished by a Kepco HB-2M
supply modified to reduce the minimum available current to 1.2 ma., Cell
voltage at the terminals was measured with a high-impedance Keithley
610A electrometer, whose output was plotted on a Brown strip chart
recorder, Cell current was measured with a Simpson 269 multi-range
meter.

Electrolytic solutions were prepared from reagent-grade
chemicals and distilled water. The solutions were filtered through
fritted glass to remove suspended particles that might be attracted to
the anode. The absence of such parficles was verified by searching for
the Tyndall effect with a bright lamp and a black backdrop. Stirring was
used to maintain a uniform composition of electrolyte near the anode.

The pH was measured with a Beckman 72 pH meter.

1.1.4.2 Electrolytes and Specific Procedures

Ancodizing electrolytes were selected, where possible, on the

1 and the final current

basis of van Rysselberghe's unitary formation rate
density. Unitary formation rate is defined as the rate of voltage increase
per unit current density, (dV/dt)/i, observed during the constant-current
phase. A high unitary rate and a low final-current density indicate favor-

able barrier-type oxide growing conditions.

The choice of electrolytes used in anodizing films of aluminum,
tantalum, titanium, tungsten and zirconium will be discussed individually

for each metal,
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4. Aluminum, Electrolytes showed a tendency to attack the
oxide film on aluminum and to form a soft, porous layer. An electrolyte
was sought which would favor the growth of a barrier oxide layer with a
minimum of attack. Results of tests on various solutions are presented
in Fig. 16, where the unitary formation rate is plotted against the final
current density. The formation rate was measured at a current of
0.46 ma/cm® between 20 and 50 volts. As mentioned, a high formation
rate and a low final current are desirable characteristica. The best of

these solutions is seen to be boric acid solution neutralized with ammonia.

The effect of the pH on the formation rate of 2 percent boric
acid electrolytes with additions of ammonia is plotted in Fig. 17.
Aluminum capacitors were prepared using an electrolyte having a pH
of 6.5 to 7.0, which gave the highest formation rate as well as a mini-

mum of attack on the film. Current density was 0.46 ma/cm?3,

The effect of solution temperature was also studied. Although
the formation rate increased with temperature, chemical attack of the
anodized film also increased. A compromise temperature of 20°C was

adopted.

2. Tantalum. Three different anodizing solutions were tested for
the preparation of tantalum capacitors:
a. A 3 percent boric acid solution adjusted to pH 6.9 with
NH,OH,
b. A 3 percent tartaric acid solution adjusted to pH 6.5 with
NH,OH,
c. A ‘solution of 17 percent oxalic acid, 33 percent water, and

50 percent ethylene glycol, measuring pH 1.5 as prepared.
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Films were anodized at room tempentm"eA at 0. 72 ma/cm?®,
After the selected forming voltage of 60 was reached, the anodization
was continued at constant voltage for thre¢ hours or until the current

had dropped below 0.7 pa/cm®

The unitary formation rates at the operating current for the
three electrolytes were as follows:

a. Boric : 26.8 v/min per ma/cm?

b. Tartaric 26.8

c. Oxalic-glycol 28.2

The three were therefore considered to be equivalqnt in this respect.
Equivalent values of final current were also observed. . The oxalic- A
glycol solution resulted in capacitors with the hig);eet breakdown voltages
and was adopted as the standard solution for tantalum capacitor anodizing.

3. Titanium. A search was made for an electrolytic solution that
would result in unblemished anodized titanium films. Solutions based on
oxalic, tartaric, and acetic acids yielded poor capacitors or dissolved

the films. The followmg solutions gave 'bptter re-ults.

a. 0.1 M citric acid adjusted to a, H of 4 to 8 with ammonia.
b. 67 percent 0.1 M citric acid and 33 percent ethylene glycol.

Reproducible results were obtained with the first citric acid
solution by anodizing at 1. 04 ma/cm? at room temperature. The unitary
formation rate was 15.5 v/min per ma/cm® The lowest final current

obtained was 1.5 pa/cm?®. .

The effect of pH on the final current denaity after one honr is
‘shown in’ Fig. 18. The final current was found to be not critically
dependent on pH in the range of 4 to 7.5. '

e ema
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Good results in terms of fairly low final currents and dissipa-
tion factors generally below 2 percent were obtained with cach of the
citric acid solutions by applying 40 volts initially (without a pnor constant-
current phase). The current initially rose to the limit of the supply,
60 ma/cm®, and gas evolved at the anode, as _rm»ght be expected at a

high current.

4. Tungsten. A number of electl:dytes were employed in anodizing
tungsten films. Included were solutions based on sulphuric a.cid, lead
acetate, phospharic acid, acetic acid, formic acid and several other acids.
Neutral or high pH solutions yielded poor capacitors or dissolved the films,
probably the result of increased solubility of tungsten oxide in increasingly
alkaline solutions. None of the solutions could be described as satisfactory

for obtaining low dissipation factors and reproducible capacitance values.

The effect of pH on the final current deneity was studied with
1 M solutions of potassium phosphate having the pH adjusted with ammonia.
Over the range of pH from 2 to 9, the only reproducible results were
obtained with a pH of 4 or less. In all other cases the films broke down
or dissolved. Final currents, after periods greater than one hour, ranged

from 16 to 32 pafcm? for the good films.

The largest group of tungsten capacitors was formed in solutions
of from 0. 08 to 11 ml of concentrated sulphuric acid in 1000 ml of water.
Oxide films formed at 50 volts had a wide range of capacitances and
- thicknesses, independent of the solution concentration. Interference
colors ranged through yellow, magenta and blue. The oxide often had a
frosty appearance. Six samples formed in sulfuric acid solutions at
temperatures from 4 to 13°C were indistinguishable from samples

prepared at room temperature.
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5. Zirconium. Two different anodizing solutions were tested for

the preparation of zirconium capacitors:

a. 10 percent ethyl acid phosphate (pH 1,0) or with ammonia
added to increase the pHto 2.0, 3.0, 5.2, and 7.0.

b. 3 percent boric acid (pH 3. 0) or with ammonia added to
increase the pH to 6.0.

Films were anodized at room temperature it current densities up to

1.4 ma/cm®, or in some cases with the constant voltage of 50 applied
initially. Anodization was continued for two to three hours. Final cur~
rents as low as 0.9 pa/cm® were observed for ethyl acid phosphate
electrolytes and increased rapidly as the pH was raised.. Although some-
what higher final currents were obtained with boric acid, dislipition

factors of the resulting capacitors had a lower average value.

Low pH appeared to result in capacitors with high dissipation
factors for boric acid solutions. No conclusion could be drawn in this

respect for the small number of samples formed in phosphate solutions.

1.14.5 Deposition of Top Electrodes

Top electrodes were applied as soon as possible after anodiza-
tion of the metallic base film to avoid settling of airborne contaminants.
Metal was deposited through a photoengraved spring steel mask by evap-

oration or, in some earlier work, by sputtering in argon,

1.1.5.1 Materials and Procedure

The final preferred meth~d of forming top electrodes was
evaporation of gold from a tungsten filament. The filament, mounted

20 cm above the masked substrates, contained 400 mg of gold wire.

~Evaporation took place in a vacuum of 10™* Torr or better. The pre-

ferred film thickness was 800 A,
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Materials investigated for use as top electrodes were gold,
'aluminum, tantalum and indium. For aluminum capacitors, top elec-
trodes were of evaporated aluminum. For tantalum capacitors, top
electrodes of evaporated gold were found to be preferable to evaporated
aluminum and sputtered gold, aluminum and tantalum. Evaporated .'
indium was tested with a few titanium capacitors. For all other '

capacitors, the top electrode material was evaporated gold,

Sputtering of gold took place at 2 kv with a cathode current
density of 0.3 ma/cm? in argon at 6 x 10”2 Torr. Current was carried
in 10-second bursts alternating with 30-second cooling periods for a
total of 2 minutes on-time, giving a film thickness of 700 A. Sputtering
of tantalum took place at 2 kv with current density of 0,8 ma/cm? in
argon at 7.5 x 1072 Torr. Current bursts 40 sec long were alternated
with 30-second cooling periods for a total of 8 minutes on-time, giving

a film thickness of 2000 A.

Two panels with anodized titanium films were coated by
evaporation partly with indium and partly with gold as top electrodes.

No significant difference in the capacitors was found.

1.1.5.2 Results and Discussion

Electrical characteristics are presented in Table II for
tantalum capacitors prepared with various top electrode materials.
All were formed at 60 volts in an oxalic acid - ethylene glycol solution.
Evaporated gold demonstrated a superiority in breakdown character-
istics which was maint#ined in subsequent tests. Capacitors with
sputtered-gold top electrodes developed substantial leakage above 40 to
45 volts, and conscquent heating soon caused them to spark. Capacitors
with evaporated-gold top electrodes could be taken up to forming voltage

before breaking down suddenly after giving evidence of only small leakage.

. .
——
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TABLE 11
Electrical Characteristics of Tantalum Capacitors

Having Various Top Electrodes

Top Number | Dissipation
electrode | formed factor
| — - = SRS S e s
Sputtered 105 0. 0092
gold
Evaporated 15 0.0100
gold
Sputtered 25 0.04 - 0,15
tantalum
Evaporated 10 0.0100
aluminum

Average
breakdown
voltage (volts)

19
60
6. ‘

35

Breakdown
voltage
(% of form-
ing voltage)

82
100
14

58

-Shorts

. before

test (%)

50

Capacitors with sputtered tantalum and evaporated aluminumn top electrodes

were inferior to the gold electrodes.

The thickness of the gold electrodes had little influence on dissi-

pation factor. Tantalum capacitors with gold electrodes sputtered to
thicknesses of 200, 800 and 1600 A had identical dissipation. As will be

discussed, diisipation occurred principally in the base metal conductor

and in the oxide film. A thickness of 800 A was adequate to prévent easy

removal by wiping.

1.1.6

Physical Characteristics of Oxide Film

One important value needed to characterize thin-film capacitors

is the thickness of the dielectric layer. The thickness of a transparent

oxide film over a metal film cannot be measured by ordinary interferom-
etric methods without a knowledge of the index of refraction, and the
absorption and phase shift constants of both films. Methods of measuring
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oxide -Iilrﬁ thickness were developed for special cases, all depending to
some degree on interferometric measurements. Tantalum oxide films

were measured by two methods and tungsten oxide films by a third.

Surfaces of tantalum and tungsten oxide films were examined

by electron microscopy of replicas.

An estimate of the density of the tantalum oxide film was
obtained.

1.1.6.1 Determination of Thickness by Total Oxidation

The thickness of a tantalum oxide film formed by anodization
at 60 volts was calculated from a measurement of the total thickness of
the base metal and the anodized layer and subtracting the estimated thick-
ness of the rema'ining base metal. This ¢stimate was obtained by com-
pletely anodizing a tantalum film of the same thickness (as that above
previous to anodization) and computing from the forming voltage required
the equivalent metal thickness that was converted to oxide at the lower

60 volts forming voltage.

A number of test panels were prepared with 800-A -thick
tant‘alum films. All but one were anodized at 60 volts in an oxalic acid = -
ethylene glycol solution. The average total tantalum-tantalum oxide
thickness was 1450 A with variations from panel-to-panel of 200 A.
Thicknesses were measured by a Zeiss 2006 interference microscope.
The remaining sample was then anodized at constant current and the
voltage allowed to rise until the tantalum was completely oxidized. At
300 volts the current fell steeply and the interference colors of the oxide
film were visible through the glass substrate. Since 300 volts was five

times the value of 60 volts used in the partial anodization, it was estimated

1
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that 160 A of the 800 A tantalum film was converted to oxide at 60 volts.
Subtracting the thickness of the remaining tantalum from the total thick-
ness of 1450 A, the estimated thickness of an anodized layer formed at
60 volts is 810 A,

1,1.6.2 Determination of Thickness by Wedge Measurement

Another method, suggested ﬁy Hass, 2 of measuring thickness
of partially oxidized films was applied to tantalum capacitors. The
tantalum was deponited with a tapered edge. Anodic oxidation resulted ln
a uniform layer of oxide blanketing a residual layer of metal whose tapered
edge ended abruptly along a line where all of the base metal deposit was
oxidized (Fiﬁ. 1§). A groove was scribed through the gold across this
line and the elevai.‘tion of the oxide film above the substrate was measured
inte,rferometricaliy. Measurements could be made on many of the tantalum
capacitors without\modification because the sputtering mask produced the
necessary taper at the edge of the deposit. This method could also be

used to measure the thickness oi some of the anodised tungsten films.

The thickness of anodized tantalum formed at 60 volts and
measured by this technique was 810 A, which is in close agreement with
the calculation derived from total oxidation.

1.1.6.3 Determination of Thickness by Dissolving Oxide

For some materials interferometric measurements of oxide
thickness could be made at a step created by stripping the oxide just
next to a top gold electrode. Measurement of the step height gave the
combined thickness of oxide and gold, from which was subtracted the
gold thickness measured at a point where the gold was deposited ou'

glass alone.
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.A number of tungsten capacitors were measured by this method,
Tungsten oxide films formed in dilute sulfuric acid could be dissolved
readily in 10 percent ammonium hydroxide without affecting the underlying
metal. Interference colors followed an order in agreement with the step
measurements of thickness and measuroments by the Hass wedge method

were in general agreement.

1.4.6.4 Electron Micrographs

The surface of an anodically formed tantalum oxide is shown
at two magnifications in the electron micrographs of Figs. 20 and 24,
Some smoothing of the surface has occurred in comparison with the
original metallic surface (Fig. 13). A small number of localised defects
are present, although their depth of penetration cannot be determined from

the replica micrographs.

The surface of anodically formed tungsten oxide is shown in the
micrograph of Fig. 22. In comparison with the original metallic surface
(Fig. 15), the oxide has a coarser finish and has developed a number of
scattered protrusions. Examination of similar micrographs after the
oxide film was stripped indicated that the uéderlylng metal contains-
craters distributed similarly to the oxide protrusions. This suggests
that the protrusions are regions of faster oxide growtl_x;

1.1.6.5 Tantalum Oxide Film Density

An estimate of the density of anodized tantalum films can be
made from the thickness data derived from total oxidation (Section
1.1,6.1) and a few additional assumptions. The first aumﬁdm are
that the tantalum is anodized to the pentoxide Ta,Op and that the tantalum
oxide is not dissolved in the electrolytic solution. We may then write
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Fig. 20, Electron micrograph of anodized tantalum film (17, 500X).
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Fig, 24, Electron micrograph of anodized tantalum film (96, 000X).

— — Py —— — I—— [ ey [y Pt g Putmncariudt, Vg [
. . Y e [ . » - . . . 0 % i 4 1] + ) . ) . ] 1



—————— a3

i

Fodn?
G A
AL

s, g D A
AL B ISl ST S A

_ ‘ |10, 000 A

Fig. 22. Electron micrograph of surface of anodized tungsten
film (20, 300X). ‘ i

b—d (] eued

d

.
o

1
[———

——




B

“43

Bm . EW,,
’

80 wﬂ

where g, is the mass of tantalum metal converted to the equlvalex;t mass
of oxide g, W is the atomic weight of tantalum, and W, is the molecular
weight of TagOg. Since the areas of the metal and oxide films may be
assumed to be the same, the gm/g o ratio is also equal to Dmtm/Dot ° where
D‘ and ti' are the rcspective density and film thickness. Ul#ng the thick-
ness values obtained in Section 1.1.6.1, i.e., t,, = 160 A, and t, = 810 A,
and assuming that the tantalum film density is the bulk density. of 16. 6g/cc,
we obtain

: D _ tm W

D_.
m_o m . 4.0 g/cc.
Ztowm :

Since this value is 46% of the density of bulk Ta Oy, 8.7 g/cc, it is inferred
that the anodized film is either porous or hydrated.

1.1.7 Electrical Mecasurements

Electrical measurements were designed to characterize the
films as fully as possible and to provide a basis for comparison with the
objectives specified in the contract:

1, Minimum capacitance for 50 volt formation: 0. 31 uf/cm?
(2pf/in.?).

2. Maximum dissipation factor at % ke: 0, 05.

3. Minimum insulation resistance at 75% of forming voltage:
1000 ohm-farads. ‘

4. Operating 'range: -55 to 125°C.

5. Maximum temperature coefficient of capacitance over the

operating range: +250 ppm/°C.
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1.4.7.4 Apparatus ;nd Procedures

Tests made on capacitors included examination for initial
short circuits and measurement of capacitance, dissipation factor,
breakdown voltage and leakage current as a function of applied voltage.
A brief description of the apparatus and procedures used in thesc tosts
is given in this section. The apparatus for short-circuit and breakdown

testing is described in Appendix I,

Examination for initial short circuits was made by gradually
applying an ac voltage at a frequency of 4 kc from a high-impedance
source until peak-to-peak supply voltage rcached 4 volts., I the capacitor
voltage failed to approach 4, as indicated on an oscilloscope, constructive
clearing was attempted by repeatedly discharging a 1-pf capacitor into
the film capacitor after charging to successively higher voltages. This
process often cleared short circuits by melting back the 'top electrode in

the vicinity of the short.

Capacitance and dissipation factor were measured with a '
General Radio 1650-A impedance bridge. The standard frequency was
1 kc. Additional test.s were made with the bridge at other ireqﬁenciel
through use of external oscillators, a null detector, and a decade

resistor box as described in Appendix II.

Breakdown voltage was measured by applying a gra'dually
increasing dc voltage to the capacitor through a high resistance and
comparing the supply and capacitor voltages as indicated by dual oscillo-
scope traces. Sparking without permanent breakdown sometimes occurred.
A procedure for constructive clearing could often be followed, in which
the voltage was slowly increased while repeated sparking took place and

weak spots in the film were gradually eliminated. Some capacitors
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developed substantial leakage before breaking down. For this type the

voltage was recorded at which leakage current exceeded a specified

amount, for exa.inple. 2 pa, as indicated by the oscilloscope.

Leakage current was measured with a Keithley 610A electrometer.
A calibrated voltage was applied to the capacitor through the electrometer.
Current was allowed to stabilize for two minutes at each voltage setting,

Testing at temperatures other than room temperature was
carried out with the capacitors in a Wyle C106-640 tempsarature test
chamber. -

1,1.7.2 Results

Results of electrical measurements on capacitors formed with
films of aluminum, tantalum, titanium, tungsten and zirconium are
presented individually for each metal,

1. Aluminum. The inverse of capacitance per unit area is plotted
against forming voltage in Fig. 23. Capacitance per unit area at 50 volts,
derived from the straight line plot, was 0,088 uf/cm?® (0.57 uf/in.”). '
Considerable spread appeared in the data for different samples, most of
which were constructed before procedures were standardized. Iboné
samples were anodized in solutions of boric acid and ammonia at pH
5.5 to 7.9 and had final ancdizing currents no greater than 3.1 pa/cm®.
The capacitance-formation voltage product, derived from the curve, was
4.4 pf-v/cm?® (28.5 pf-v/in,9),

The effect of ambient temperature on capacitance of an aluminum
capacitor at 1 kc is shown in Fig. 24, Capacitance increased almost
linearly with temperature, giving a temperature coefficient of 539 parts
per million per °C. |

BT S
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Dissipation factors ranged from 0,005 to 0.01 for aluminum

capacitors at 1 ke,

Breakdown voltage generally ranged between 80 and 96 percent

of the forming voltage.

The leakage current of an aluminum capacitor that withstood
at least 80 percent of the forming voltage is plotted as a function of
applied voltage in Fig. 25. The reverse current wa§ considerably larger
than the current in the forward (anodization) direction. The appareixt ‘
resistance as a function of voltage application time was derived from
measurements of leakage current at a fixed voltage; an example is

shown in Fig. 26.

The insulation resistance determined from leakage current at

75% of forming voltage was 1450 ohm-farads.

2, Tantalum. The inverse of capacitance per unit area is plotted
against forming voltage in Fig. 23. Capacitance per unit area at 50 volts
was 0,22 pf/cm? (1.43 pf/in.?). (Different electrolytes modify this
capacitance value by approximately. 20 percent.) These samples were
anodized in solutions of boric acid and ammonia at pH 7.6 and had final
anodizing currents no greater than 3,1 pa/cm®., The capacitance~
formation voltage product, averaged over a large number of capacitors
formed at 60 volts, was 13.6 pf-v/cm? (88 pf-v/in.?). This value com-
pares favorably with values of 6.7 to 12.4 pf.-v/cm? (43 to 80 pf.v/in,?)

reported in the literature. 3

Uniformity of capacitance was compared among 92 panels
consatructed with only minor processing differences. Six panels were

rejected for masking flaws. A probability plot for the center capacitors
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of the remaining 86 panels, Fig. 27, shows a mean capacitance of 0. 0423
pf with a standard deviation of 0.0012 or 2.8 percent,

The effect of ambient temperature on the capacitance of a
tantalum capacitor at 1 kc is shown in Fig. 28. Capacitance rose in a
slightly sublinear fashion with temperature over the range of -60 to 125°C.
The temperature coefficient computed from the end points was 222 parts

per million per °C,

The effect of frequency on capacitance is shown in Fig. 29.
The percentage change in capacitance relative to room temperature value
at 1 kc is plotted at -55, 25, and 125°C over a frequency range of 0.1 to
100 kc. Between 0.1 and 10 kc the capacitance change was 2 percent of
the 1-kc value. Between 10 and 100 kc the capacitance decreased by not
more than 6 percent of the 1-kc value.

The dissipation factor for tantalum capacitors (formed at
60 volts) at 1 kc was approximately 0,04, The capacitor nearest the base
electrode contact on a test panel typically had only half the dissipation of
the capacitor farthest away on the panel; consequently the contribution of

the base electrode resistance to dissipation had to be considered. An

- equivalent circuit for a capacitor being tested at a fixed frequency is

shown in Fig. 30. Dissipation factor for this circuit is given by

R. X -
D =—o—+——, where X = 1/2%fC.

3

In this equation the series resistance R, of the base and top electrodes

is seen to account for one part of the dissipation and the parallel resistance,

Rp, of the oxide accounts for the other part.
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Fig, 28. Percentage capacitance change at 1 kc relative to room
temperature value as a function of temperature for a
tantalum capacitor,



Capacitance cL.age (%)

54 «

0.1 1 10 100
Frequency (kc)

E"'ig. 29. Percentage change in capacitance of a tantalum capacitor
relative to room-temperature value at 1 ke, as a function
of frequency, with temperature as the parameter.
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Fig. 30. Equivalent circuit of a single capacitor.

The series resistance of the electrodes was measured for each
of the five capacitors on a panel by breaking down the capacitors in turn
and shorting them completely with silver paint. As indicated in Section
1.1.6.2, the gold electrodes contributed little to the resistance. The
separate contributions of the electrodes and the oxide were calculated

by substituting values of D, R, and C, all measured at 1 kc.

Dissipation values are listed in Table III for a typical tantalum
capacitor and for capacitors having thinner and thicker base electrode
layers (previous to anodization at 60 volts). The values of R./x are
clearly a function of base film thickness and of distance to the contact
area. Two conclusions were drawn from these data and were borne out
by further experiments., First, the resistance of the underlying metal
layer in this range of thickness accounted for a major portion of the

dissipation of tantalum capacitors. Second, dissipation of the oxide

‘layer increased with base metal thickness. A probable explanation for

this lies in the influence of greater stresses to be found in a thicker
film on the formation of the anodized layer. In any event, a compromise
must be reached in base metal thickness to obtain the lowest dissipation

factor.



Contributions of Base and Oxide Film Resistances
to the Dissipation Factor of Tantalum Capacitors
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TABLE 111

Measured at 1 ke,

Base Film Capacitor C D R /X X/R

Thickness W) (Base) (Oxile)

800 A (Normal) 1 . 0488 . 0074 . 0043 . 0034

' 2 . 0485 . 0088 . 0049 . 0039

3 . 0487 . 0098 . 0067 . 0031

4 . 0483 L0147 . 0094 . 0023

5 . 0483 .0432 .0109 . 0023

Mean . 0485 . 0102 . 0072 . 0029

270 A (Thin) 1 L 0424 .0082 . 0048 . 0034

2 . 0443 .0103 . 0067 . 0036

3 . 0412 .0124 . 0104 . 0020

4 . 0405 . 0450 . 0429 . 0021

5 . 0414 . 0200 .0166 . 0034

Mean .0413 0132 .0103 . 0029

1500 A (Thick) 1 . 0448 .0062 .0023 . 0039

2 . 0446 .0076 . 0034 . 0045

3 . 0443 .0080 .0033 . 0047

4 . 0432 . 0092 . 0049 . 0043

5 . 0432 . 0097 .0051 - . 0046

Mean . 0440 0081 .0037 . 0045
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The effect of ambient temperature on the dissipation factor of
a tantalum capacitor at 1 kc is shown in Fig. 34. Dissipation increased
linearly with temperature and had a temperature coefficient of 29'10 ppm
per °C. '

The effect of frequency on dissipation factor is shown in Fig. 32,
Values are plotted for temperatures of -55, 25 and 125°C over a frequency
range of 0.1 to 100 kc. At high frequencies, the capacitive reactance
becomes 80 small that the term lep is an insignificant part of the dissi-
pation factor, There remains the contribution of the series resistance
of the base electrode Ra/x, which is proportional to frequency. Therefore
each curve approaches a line of 45° slope on this plot at high frequency.
At low frequencies, the decrease of one term tends to balance the increase

of the other.
At low frequencies, the dissipation curves of Fig. 32 show that

lowering the temperature substantially decreased dissipation. It was

also observed that immersing the capacitor in liquid nitrogen permitted
operation at higher voltage before sparking set in. Since temperature had
little effect at high frequencies, where the resistance R, of the base
electrode dominated the dissipation, it may be deduced that the effect of

low temperature was to increase the resistance Rp of the oxide.

The breakdown voltage of tantalum capacitors was improved
to the point where it was equal to or greater than the forming voltage.
Capacitors were generally subjected to voltages no greater than the

forming voltage to avoid destructicr.

The leakage current of a tantalum capacitor as a function of
applied voltage is plotted in Fig. 33 in both forward (anodization) and
reverse directions. The two curves rise with voltage in the same manner,
but the voltage is 20 to 50 percent higher in the forward direction for a

given current, Current is linear with voltage below approximately 8 volts.
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The leakage current as a function of applied voltage at differ-
ent temperatures is plotted in Fig. 34. In this example the low-voltage
values of current increased by a factor of 10 when the temperature was
raised to 125°C. After returning to room temperature the current was
found to be lower than its original value by a factor of 13. Reduction of
temperature to -55°C produced a further reduction of current measured
at low voltage. The current at voltages above 40 was little influenced by

temperature, except at high temperatures.

The insulation resistance of tantalum capacitors at room tem-
perature, determined from leakage current measured at 75 percent of
forming voltage, was as high as 400 ohm-farads. Below 17 percent of
forming voltage, it exceeded 1000 ohm-farads. '

The dielectric constant, estimated from the capacitance and
the oxide thickness value of 810 A, was 24. This figure compares favor-

ably with the values given in Refs. 4 and 6.

3. Titanium. The inverse of capacitance per unit area is plotted
against forming voltage in Fig. 35 for titanium anodized in citric acid
and ammonia. Capacitance per unit area at 50 volts, as derived trom
the straight line, was 0.15 pf/cm?® (0. 94 puf/in.?). Exceptionally high
capacitance was observed for a few titanium capacitors, which also had
unusually large dissipation factors and were excluded in determining the
capacitance-voltage relationship. The capacitance-formation voltage

product, derived from the curve, was 7.5 pf-v/cm?® (47.0 pf.v/in.?).

The capacitance per unit area of the units formed at a constant
voltage of 40, without a prior period at constant current, fitted the
straight line of Fig. 35 in the case of a citric acid - glycol electrolyte and -

was slightly smaller than that for citric acid - ammonia.
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After standing for several days, some ﬂunim'capnciton
showed increased capacitance and dissipation. A number of these were
heated in oxygen at 125°C. The capacitance, which had increased by
over 50 percent, returned to its original value as a result of this treat-
ment. The dissipation factor fell below its original value. After stand-
ing for several days more, the capacitors showed only slight increases.
in capacitance and dissipation. When other capacitors were heated in
oxygen at 200°C, they became short-circuited within one-half hoﬁr.

A mild heat treatment in oxygen shows promise as a method of ltai:ilhing
titanium capacitors. Similar results have been reported elsewhere.5

The dissipation factor of titanium capacitors anodized in citric
acid - ammonia solutions averaged 0,029, Lower values were obtained by
anodizing at constant voltage alone. The diasipation factor of capacitors
anodized at constant voltage in citric acid - ethylene glycol solutions
averaged 0,018,

The breakdown voltage of titanium capacitors was low and
erratic and it was usually preceded by a large leakage current. The
leakage current generally increased to the point of destruction if the
applied voltage was held sufficiently high to give an initial current of

one or two microamperes. T

The leakage current of a. titanium capacitor as a function of
applied voltage is plotted in Fig. 36. With voltage in the forward
(anodization) direction, this capacitor had a relatively high resistance '
over a range.of several volts and then became highly conductive at
5 volts.

4. Tungsten. A scatter diagram of capacitance vs dissipation
factor, together with their numerical distributions, is presented in
Fig. 37 for tungsten capacitors anodized in sulfuric acid at 50 volts, '
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TABLE IV

Average Capacitances and Dissipation Factors for Tungsten -

Capacitors Anodized in H,SO, at Different Forming Voltages

‘ Forming Average
No. of voltage capacitance Average
panels {volts) (nf/cm?) D
7 30 0. 350 0. 26
54 50 0.59 0.76
14 60 0.2a7 0.46

Such plots for 30 and 60 volts showed similar scattering. Average
capacitances and diesipation factors are given in Table IV, Other
electrolytes produced similar wide spreads and large diesipations.

From the data on anodization in sulfuric acid at 50 volts, giving capaci-
tance per unit area of 0.59 pf/cm? (3.8 pf/in.?), the capacitance-formation

voltage product was determined to be 29.5 pf.v/cm?® (490 pf.v/in.?).

Capacitance per unit area and dissipation factor, measured
over a period of days, are listed in Table V together with oxide thickness
data for a group of tungsten capacitors formed at 50 volts in sulfuric
acid solutions. From these data the inverse capacitunce is plotted against
thickness in Fig. 38 for films in three age ranges. Inverse capacitance
generally decreased with time, tending to settle toward a line which
intercepted the thickness axis at 1370 A,  Three of the original values
were near a line parallel to this one and passing through the origin. Such

a line would represent capacitors whose oxide thickness is inversaly

" proportional to their capacitance. The displacement of the line representing
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" Fig. 38. Inverse of capacitance per unit arca vs oxide thickness for .
films anodized in sulfuric acid at 50 volts (data from Table V),
showing changes of capacitance with age of film.
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stable values suggests that a portion of the oxide of thickness ils =« 4370 A
has been converted to conducting material, thereby shorting out the
capacitance which would normally pertain to that portion of oxide.

The apparent dielectric constant of the remaining capacitive -
layer of thickness d - d is calculated as 46.5, in reasonable agreement
with the published value of 41. 7 for anodically formed tungsten oxide. 6

Breakdown voltage was generally less than 10 percent of the

forming voltage for tungsten capacitors.

A typical plot of leakage current as a function of applied
voltage is shown in Fig. 36 for a tungsten capacitor. In view of the
high leakage and high dissipation factors, further measuremnents of

leakage resistance were not warranted.

5. Zirconium. Two groups of zirconium capacitors were tormed
at 50 volts, one in solutions based on boric acid and the other on ethyl
acid phosphate. Both groups had the same average capacitance of
0.13 pf/cm® (0. 84 pf/in.®), giving a capacitance-formation voltage
product of 6.5 pf.v/cm® (42 pf.v/in.?). A scatter diagram of capacitance
vs dissipation factor with their numerical distributions is presented in
Fig. 39 for hoth groups.

The effect of ambient temperature on capacitance for a sirco-
nium capacitor at 4 kc is shown in Fig. 40. Capacitance increased with
temperature, giving a temperature coefficient computed from the end

points of 356 ppm per °C.

Dissipation factor had a slightly better average of 0. 017 for
capacitors formed in boric acid, compared with 0.022 for those formed
in phosphate solutions. ‘ '

]
LR ]

|

L)

Ce

$eed

et



- -

D
0.2 I . |
) 'y
'
0. 15~ °* ° - -
° L °A
° A 1 Mean
. A 4 \
[ ]
; ‘ |
Soak . i fom
i °
8] °
°
0. O.T- - -
[} ] L |
.01 .. 02 .03 10 5 0
D N

Fig. 39. Capacitance per unit area vs dissipation factor, and their numerical
distributions; zirconium anodized in boric acid and ethyl acid
phosphate at 50 volts,

F=1 o bt Pt ed ey peed e G e pend BN GEN) G Pueg ey e g pm



— ————_—

- Capacitance change (%)

-72 -

' L ! |
3ir n
z = -
1 )
or -
-1 - -
2 // } -

© 7 Temperature coefficient of C
7 356 ppm/°C based on end points -

3 pat
-4 = -

[ [ 1 i

-50 0 50 100 150

Temperature (°C)

Fig. 40, Perceniage capacitance change at 1 kc relative to room

temperature value as a function of temperature, for a
zirconium capacitor formed at 50 v,

N




——

-73 -

~ The breakdown voltage characteristics of sirconium capacitors
were similar to those for tantalum. Ina jroup of 61 capacitors tested,
36 withstood voltage greater than the forming voltage of 50 without show-
ing appreciable current leakage. Many of the remainder were withdrawn
from test after intermittent sparking was observed at voltages from 26
to 49. Only 12 were rejected for short circuiting or current leakage.
Some self-healing was noted.

The léakage current of a zirconium capacitor is plotted as a
function of applied voltage in Fig. 41. Insulation resis.ance determined
from leakage current at 75 percent of forming voltage was 161 ohm-farads.

1.2 THIN-FILM RESISTORS

The technique of preparing thin-film resistors by forming a
vacuurmn-deposited metal in a predetermined pattern and the'n partially
anodizing the deposited metal to a precise value of resistance has been
investigated for tantalum and tungsten. The properties of vacuum-=
deposited films of titanium and zirconium that are related to their use

as resistors has also been explored. The resistor properties specified

. in the contract are:

1. Films with resistance of approxim.ately 6 megohms per square
inch,

2. A final resistance within 10 percent of a desired value.

3. Temperature coefficient of resistance (TCR) within * 200 ppm/°C
over the temperature range -55°C to 125°C. -

4. Power dissipation up to 2 watts at 125°C while maintaining
resistance within 1 percent per 1000 hours (10 ppm/hr).



Leakage currents (amperes)

10°8

10”7

10

-4 -

» V ] YIIIF" 1 ¥

C N
po -
=1 -
- -t
o -
C .
- -
- .
o N
" -
-— -

1 LLllllll L 1. 10411

1 100

10 ‘
Applied voltage

Fig. 41, Leakage current at 25°C as a function of applied
voltage for a zirconium capacitor formed at 50 volts,

N o T o I

. ]
R

.
—

tons



ans BN ot TN ot I o R

[

—~—

L s e apn e s s S BRSO AT

-78 -

f.2.1 Selection and Treatment of Subutrmo

Individually selected Type A4 and A3 glass micro slides free
from bubbles, scratches and pits were used as substrates. Type'Ai
glass was used extensively until the later part of the work when newly
received slides were found to have visible scratches. At this point,
glazed-edge slides of type A3 that were free from defects were employed.

Both types of glass micro slides were cut to the desired test
sample size of 5/8 in. x 2 in. They were cleaned in the same manner as
capacitor substrates by ultrasonic agitation in an Alconox solution, rinsing,
dipping in a chromic - sulfuric acid mixture at 80°C for about 10 seconds,
ringing and flooding quickly with a 1 percent hydrofluoric acid solution
followed immediately by rapid rinsing in distilled water and drying with

a jet of cold, filtered, comprcased air.

1.2.2 Film Deposition Techniques

1.2.2.1 Sputtering

‘ Films of tantalum, zirconium and tungsten were prepared by
sputtering in the vacuum bell jar system described in Section 1. 1.3.2.
The substrates were held in holders with masks on the work table or
anode, approximately 1-1/2 inches from the cathode. The system had
an argon leak that supplied 99.995% argon at the desired pressure. The
glass substrate was shielded during the pumping and during the pre-
sputtering. The cathode dark space was maintained approximately
1 inch thick, The values of pressure, current density and rate used for

each of the above metals are given in Table VI.

Sputtering was carried out in 5-second steps with a 60-second
cooling period to prevent buckling of the metal masks from excessive

heating. Pattcrns that were to be formed subsequently by etching did

e,
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TABLE VI

Sputtering Parameters

Current Cathode
Pressure density potential Rate
Metal (1072 Torr) {ma/cm?3) {volts) (A/sec)
Tantalum 75 2.5 6000 20
Zirconium 68 1.7 5000
Tungsten 60 2.0 ‘5000 7
(Masked pattern) .
Tungsten 15 5.2 5000-5400 18
(Etched pattern) :

not require the use of a mask; therefore the deposition rates indicated

could be used without a cooling period.

Some data concerning the uniformity of sputtered tungsten
fllms was obtained from 20 samples prepared at dlfferent tin\es. Under
the conditions of Table VI, and 6sing a total sputtenng tlme of 10 secondl,
the average sheet resxativx.ty was 135 ohms/sq with a standard deviation
of 24 ohms/sq. The averaée.TCR was -70 ppm/°C with a standard devia-
tion of 17 ppm/°C. The effect of the rate of sputtering on the TCR qf .

tungsten will be discussed later,

Examination of sputtered films of thickness below 100 A
revealed a nonuniform deposition across the breadth of the resistor
pattern.as shown in Fig. 42. This defect was also found subsequently
in thicker fxlma. although it could not be observed as readxly. It was
postulated that a nonorthogonal' field on the surface of the substrate at
the beginning of the sputtering caused a nonuniform distribution of the

sputtered atoms. A curved field distribution could arise from the
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Fig. 42. Nonuniform deposition in a sputtered film.

grounded metal mask which imposed a potential boundary around the
insulating glass substrate.

Either of two corrective proceduz;en proved to be successful.
The first was to pre-sputter the entire glass substrate with a thin metal
layer. This allowed the substrate surface to be electrically grounded
to the mask and holder, thereby obtaining an equipotential surface. The
second, used in most of this work, was to employ a holder of Supermica

to insulate the metal mask from ground, thus reducing the field perturba-

tions. Since patterns produced by etching were not prepirod with masks,
nonuniform field distribution was not encountered.
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1.2.2.2 Evaporation

Titanium films were prepared by vacuum evaporation from a
tungsten filament in a Consolidated Vacuum bell jar system with the
substrate 15 cm above the filament. Steel masks were held in place by
magnets. Titanium wirs (25-mil) was wrapped on a standard tungsten
filament, Sylvania Type A1109D, The slides were subjected to an ion
bombardment current of 300 ma in a dc glow discharge at 2500 volts for
approximately ten minutes at a pressure of 5 x 10™? Torr. The system
was then pumped down to approximately 407® Torr. Filament current
during the evaporation was held constant at approximately 100 amperes.
Film thickness was monitored by measuring the relative light trans-

. mission through a control sample with an Edwards modulated-beam

photometer.

Tantalum and the majority of the tungsten films were prepared
by vacuum evaporation in the electron bombardment system described in
Section 1.1.3.3. The tungsten vapor source was a sessile drop formed
on 1/16-in. -diameter B-type tungsten rod, by electron bombardment
heating. The electron beam is focused by a grid cavity surrounding the
tip of the rod and filament. Films were evaporated at a chamber

pressure between 3 x 10”7 and-2 x 107°® Torr.

Aluminum contact tabs were prepared by vacuum evaporation
in a 12-in.-diameter bell jar system. Alvminum wire slugs of 99. 99%
purity were rapidly evaporated from a heated tungsten filament at

approximately 10°* Torr.
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1. 2.3 Measuring Tochniques

1,2.3.1 Interferometry

The thickness of the deposited metal film was measured inter-
ferometrically at a step where a vacuum=-evaporated aluminum contact
tab was deposited over the edge of the metal film. The opacity of the
aluminum film (1000 A) eliminated phase shift effects usually encountered
at metal-glass boundaries. Film thicknesses greater than 300 A were
measured with a Zeiss interference microscope; ‘thickneues less than
300 A were measured by a multiple-beam interferometric tcchﬁique

described in detail in Appendix Iil,

1.2.3.2 DC Resistance

Film resistances were measured with a Leeds and Northrup
Model 5300 bridge and an external galvanometer to increase the sensi-
tivity of measurement. Measurements were made over the temperature
range from -55 to 125°C in a Wyle Laboratories C106-640 high-low

ternperature test chamber.

1.2.4 Resistor Patterns

Most of the test resistors were prepared as shown in Fig. 43.
The tab mask, resistor mask and holder are shown in Fig. 44. The
U-shaped pattern in line widths down to 18 mils was obtained by deposi-
tion through a metal mask held in contact with the glass substrate. The
effective dimensions of the resistor deposits between the evaporated
aluminum contact tabs were 2.0 in, long x 0.08 in. wide (0. 16 8q. in,
with 25 squares). This short length of path design was used to keep the
resistance of the higher sheet resié‘tivity deposits to values small enough

for a reasonably precise measurement of resistance with the available
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dc bridge. When suitable methods were found for the preparation of film
resistors, marrower and longer path patterns, like that shown in Fig. 45,
werc used to obtain high resistances over a smaller substrate area. For
example, a pattern which was specifically designed to yield a one-megohm
tungsten resistor with a zero TCR was 16 in. long by 0. 005 in. wide

(3200 squares) over a substrate area of 1/6 square inch. Turns in the
pattern were curved to avoid sharp corners, because thin deposits were
found to be preferentially attacked at these sharp corners during anodiza-
tion as shown diagramatically in Fig. 46. These fine patterns were pre- .
pared by photoengraving the tungsten deposit rather than be evaporating
thro@xgh a mask. Kodak Photo Resist was used as an etching resist and

the exposed tungsten was removed by Murakami's Reagent. 7

Aluminurl;l

Vg

Resistor film

N

Glass

Fig. 45. Narrow path resistor pattern,
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Fig. 46, Deterioration of sharp-cornered pattern.

1,2.5% Anodization (see also Seciton 1.1, 4)

1.2.5.1 Apparatus

Anodization of tantalum and tungsten films were carried out
in an electrolytic cell shown diagramatically in Fig. 47. The cell was
resin reaction kettle with a Teflon-covered stirrer and two electrode
holders. One holder carried a coiled platinum wire which served as the
cathode and the other the deposited metal film which served as the anode.
The anode holder, designed to provide a low-resistance contact to the
resistive film, is shown in Fig. 48, Contact to each llmninutﬁ tab of the
resistor was made by a spring-loaded brass plug. Each plug was comn-
nected with platinum wire to the two external terminals of the electrode
holder. Two aylon set screws hold the substrates firmly against two
rubber O-rings that provided a leak-tight seal for the contact,
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Fig. 47. Anodizing cell,
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1.2.5.2 Elsctrolytes

The electrolytes used to anodize the metal films were as
follows:

For tantalum

a. Oxalic acid 17% (by weight)
Ethylene glycol 50%
H,O, distilled 33%

b. Boricacid 4%
HoO, distilled 96%

Ammonium hydroxide to pH 6.8

For tungsten

KOH 23 gms
HaPO, 49 cc
H O, distilled 800 cc
Ethylene glycol . 300 cc
pH (measured) 2.0

Used at 5°C.

The solutions were prepared from reagent-grade chemicals
and each was filtered to remove suspended particles. Both of the
solutions used to anodize the tantalum metal provided satisfactory .oxide

coatings. Although the oxalic acid - glycol solution, unlike the ammonium

' borate solution, deteriorated the aluminum tab by dissolving the aluminum

oxide formed, it was preferred because a more stable null identification

was obtained on a dc bridge used to monitor anodization.

The solution employed to anodize tungsten provided an unblem-
ished oxide layer and offered few difficulties in monitoring the anodization

process, It was cooled to prevent the aluminum oxide surface of the
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contidct tabs from rapidly dissolving in the electrolyte and in turn deteri-
orating resistor film surfaces. Although the expou-d surfaces of the
aluminum tabs were partially anodized in the cooled electrolyte, sufficient
metal remained to maintain a low resistance contact. The electrolyte
was cooled by suspending the resin kettle in an ice bath.

1.2.5.3 Current‘ Denlity.

In general, anodizing can be accomplished by applying constant
current or voltage, or a succession of both, Constant current was chosen
because the okide formation ratés made it convenient to use automatic
resistance monitoring equipment. Appropriate limits for applied current
deniitiel were established. .

The total applied current is divided betw;en film forming ionic \
currents and leakage currents. At low current densities, .leakage currents \
constitute the greater fraction. It was experimentally found that the

formation rate of tungsten oxide was greatly reduced below a current density
of 30 pa/cm?, indicating a low efficiency of oxide formation below this

value.

Excessively high current densities, on the other hand, will
accentuate nonuniform oxide growths owing to a larger IR drop along the
underlying metal film. This causes the resistive film to thin-out near
~ the aluminum tab. The effect is particularly troublesome with tungsten
films because of the relatively high sheet resistivities used. It was also
observed that larée current densities produce bare patches at various
locations on tungsten films. This deterioration increased when the film
was further anodized. Inspection of the films at successive intervals
during anodization showed that the deterioration began with the appearance
of small holes between 0.001 and 0,006 in. in diameter. These defects
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could be eliminated by using current densities below { ma/cm®. Subse-
quently, anodizing currents between 50 pa/cm?and 200 pa/cm®were used
for the formation of tungsten oxide. At a current density of 70 pa/cm?®

a typical oxide coating would be formed in 20 minutes. For tantalum
films, it was possible to use a high current density ¢f 4 ma/cm®, which
formed a film in about 40 minutes.

Small holes also occurred in tungsten films when the voltage
across the oxide film exceeded approximately 35 volts. Most of the

resistors were therefore formed without exceeding this voltage.

When the same anodic current source was connected to both
ends of a long resistive path, e.g., 16 inches, the current to each end
was not equal, Since an unbalance occurring as the film is anodized
would cause one leg of the path to become comparatively thinner, the
currents to each leg were balanced by inserting a series resistor approxi-
mately equal to the internal resistance of the current source into each leg.

This circuit is illustrated in Fig. 49 with typical values for the resistora.

Constant I source

R, =1 megohm over 16 inches
R' =Ri =8,2 megohm

Fig. 49. Balancing of anodizing currents for long resistive paths.



1.2.5.4 Automatic Method of Anodisation

An automatic method of anodizing the tungsten film to a specific
resistance is shown schematically in Fig. 50. Essentially, the control

" circuit has a switch which alternately connects the anodizing current

source and the monitoring bridge to the immersed film. The bridge,

a Wheatstone type, indicates a null when the immersed film resistor,
which acts as an arm of the bridge, becomes equal to an external pre-
set calibrated resistance, which acts as the other con"espondﬁg arm,
The anodizing current suppiy is switched off when a null is obtained. To
obtain a sensitive null indication for precision monitoring, a dc amplifier
with a gain of 2500 is used as the null detector., The output of the ampli-
fier controls a relay that opens the current source when the desired pre-
set value of resistance is obtained. The precision of the final anodized

resistors, measured with a bridge of 0.5 percent accuracy with a chosea

Tektronix
Aﬁ—B type 127
ing ?_g %‘“B power supply
Rotary switch
r.-..‘iEP‘L‘--., Latching
) H relay

|
i i

e em e o J Current source

|

Fig. 50. Automatic anodization schematic,
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pre-set resistance, was approximately 0.5 percent for films below

25 kilohms and 1 percent for films to 50 kilohms. The resistance of

test resistors was usually kept less than 50 kilohms.

1.2.6 Heat Treatment of Anodized Films

It has been observed that the rate of resistance change of an
anodized film exposed to air at temperatures up to 125°C increases with
temperature and is largest at the start of heating. It is known that this
rate of resistance change can be reduced by heat treating these films in
air at higher temperatures. Anodized tantalum deposits, for example,
heated at 200°C for 6 hours in air have shown resistances stable within
-1 ppm/hr at 125°C up to sheet resistivities of 150 ohniu/nq. This treat-
ment, however, thermally oxidizes the film to some extent, High
resistivity tungsten films suffer an appreciable change in resistance when
similarly treated. A change in resistance after anodization is undesirable
since it is this step that adjusts the resistor to the value desired. In

addition, thermal oxidation increases the TCR. (to higher negative values).

1t was found, however, that heat treating anodized timg-ten
films at high temperatures in vacuum stabilized the resistance without
any appreciable change in resistance. Data are presented in Table VII.
The first eight entries are preliminiry data obtained with the use of a
vacuum oven where the minimum obtainable pressure was approximately
0.2 Torr. The average change in resistance was approximately 1 percent
for sheet resistivities up to 1000 ohms/sq and increased to 2 percent for
sheet resistivities up to 2000 ohms/sq.
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TABLE Vi1

Change in Resistance (R) as a Result
of Heat Treatment in Vacuum

140
150
150
150
120
140
130
150
150
150
150
150
150
150
180
180
150
150
150

Time
(Hrs)

B b b W W W WU W W NN R e

~n
w

Pressure
(Torr)

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
1.5x10°7
1.5x140-7
4,0x10°7
4,0x10°7
4.0x140"7
4,0x10°7
3.0x10°7
3,0x10°7
0.6x10°7
0.6x10°7
1.0x10°7

Resistance
before
treatment

48,535
38,060
47,400
41,780
25,200

9,625
18,930
622,300
2,390,000
767, 400
1,364,000
413,900
542, 850
340,300
1,053,000
990, 300
372, 300

. 20,800

{ohms)

1,186, 1

Resistance
after
treatment
(ohms)

49, 510
39,090
48, 090
42, 640
25,480
1,202.8
9,708
19,220
623, 000
2,377,000
763,300
1,365,000
415,200
542, 500
341,100
1, 044, 000
993, 500
374,150
20,650

Resiativity
(ohms/sq)

195
750
240
427
129
169
107
328
310
117
831

AR
(%)
+2,0
+2,7
+1.4
+2.0
+1.1
+1.4
+0.8
+1.5
40, 11
-0.54
-0,.53
+0,0734
+0, 31
-0,06
+0.23
-0.85
+0,32
+0, 50
-0.72
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Fig. 51. High-vacuum heat-treating equipment.

A vacuum oven, shown in Fig. 54, was constructed to heat treat
anodized films at pressures between 10 and 10™ Torr. Although the

samples tested all had sheet resistivities below 1000 ohms/sq, an average
decrease in the percentage change in resistance compared with those
samples heat treated at 0,2 Torr may be noted. Some samples have
exhibited small decreases in resistance. This behavior suggests a
critical pressure, temperature and time of heat treatment for which the

resistance change will be zero.
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1.2:17 Resistor Propertisies
The three propertieies by which the different metals were

evaluated for use as thin-filmmeresistors were:

i 1. High sheet‘reailtivitfs'tty to obtain large resistance values over
small substrate areas. _
2. Low temperature coedéfficient of resistance (TCR) to maintain
a precise resistance over a widide temperature range.
3. Stable resistance ovaver a wide range of temperature under load

and no-load conditions.

1,2.7.1 Temperature Coeffificient of Resistance

The sheet resistivitid¢ies of metal deposits of tantalum, titanium,
tungsten and zirconium were dedetermined within the range of TCR speci-
fied in the contract, *200 ppm#f/°C. As mentioned, tautalum and tungsten
filma. were carried through theheranodization process and sheet resistivity

vs TCR data were obtained foroththese filmsa.

It may be noted thataththe range of TCR under consideration includes
both positive and negative valubises, as will be shown, for example, in.Fig., 53,
As the films are made thinnersrikthe positive TCR associated with metallic
conductivity becomes smaller;rp:passes through zero and then becomes
increasingly negative. When .mmetallic films are very thin, the available
electron path becomes a fractition of.the normal mean free path for the
conduction electrons. With surkch films, the available path is no longer
tem.perature dependent a; it isiwwith thick films where the mean free
path is reduced by scattering witiith increasing temperature. The result
is that the TCR approaches zeazxo as the thickness falls below the mean-
free-electron path length. Matatillic conductivity apparently becomes

bwed  powm)
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replaced by semiconductor behavior as the films become thinner, since
the resistivity continues to increase and the TCR becomes increasingly
negative., This behavior suggests a departure from an otherwise con-
tinuous metal path to an array of metal iggregatel or islands, separated
by gaps where conduction depends on the transfer of charge across an

insulator, or semiconductor gaps between these metal aggrcgltal.a

The TCR as a function of sheet resistivity rather than thickness
has been measured for all the metals because it provides a direct com-
parison of the electrical properties of interest and because of the relative
ease of measurement. In general, it may be stated that sheet resistivity
is a decreasing function of film thickness. Data for tungsten, which include
the region of sheet resistivity where zero TCR is io;md. are given in

Fig. 52.

Detailed data for tungsten, titanium, tantalum and zirconium,

followed by a tabular summary, are givea below:

1. Tungsten. Anodized evaporated tungsten films at zero TCR
have sheet resistivities betweeen 150 and 320 chms/sq, and 2000 chms/sq
at -200 ppm/°C, as shown in Fig. 53. A review of the data has indicated
that the use of lower pressures during metal deposition resulted in more
positive temperature coefficients for the lower resistivity films and higher
resistivities in the region of zero TCR. This suggested that contaminants
in the system such as moisture and residual oxygen contributed significant
amounts of material of negative TCR to the deposited films.? When the
evaporation system was recently modified to obtain pressures below
1 x 10”7 Torr during evaporation instead of the 3 x 10”7 Torr employed
for the data of Fig. 53, a TCR of +400 ppm/°C was obtained at 30 ohms/sq
in contrast to the +80 given in Fig. 53,
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Fig. 52, Tungsten thickness vs sheet resistivity .
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The data for sputtered tungsten films are shown in Fig. 54.
A sheet resistivity at sero TCR close to values for evaporated fiims was
obtained when resistors were prepared by photoengraving patterns on
unmasked deposits which were sputtered at high rates. A zero TCR
value of sheet resistivity was not obtained for resistors produced by
masking during sputtering at the conventional low rate. This supports
the evidence that the presence of contaminants during tungsten film
deposition results in deposits with larger amounts of negative TCR

material.

2. Titanium. Sheet resistivity vs TCR for evaporated titanium
films is shown in Fig. 55. A zero TCR exists at a sheet resistivity of
130 ohms/sq and the specified lower limit of TCR at -200 ppm/°C occurs
at a sheet resistivity of 700 ohms/sq. The TCR increased to higher
negative values when the films were allowed to stand in air at 25°C. When
samples were heated in air, the TCR was greatly increased to higher
values as shown in Fig. 55,

3. Tantalum. The temperature coefficient of anodized evaporated
tantalum films vs sheet resistivity is illustrated in Fig. 56, The tem-
perature coefficient of resistance varies from +200 ppm/°C at approxi-
mately 30 ohms/sq to -200 ppm/°C between 90 and 120. ohms/sq. A
zero TCR is found at approximately 60 ohms/sq. The temperature coef-
ficient vs thickness of the tantalum. film is shown in Fig. 57. Thicknesses
were computed to a first approximation from an experimentally determined

sheet resistance-thickness product.

4. Zirconium. The temperature coefficient of zirconium film
resistors vs sheet resistivity is shown in Fig. 58. A sheet resistivity of
250 ohms/sq is obtained at a TCR of -200 ppm/°C. A zero TCR lies
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Fig. 56. Temperature coefficient of resistance vs sheet resistivity
of anodized evaporated tantalum,
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botween shest resistivities 20 and 100 ohms/sq. All the films in this
region were sputtered at th? pressure and current density given in
Table VI at sputtering times of 60 to 80 seconds. The films lacked
metallic iuater and exhibited a pale brown interference color. This
suggests that the zirconium reacted with residual impurities in the
sputtering chamber. ‘

Table VIII summarizes the most pertinent sheet resistivity

data.
TABLE V1l
Sheet Resistivities at Given Temperature
Coefficients of Resistance
Sheet resistivity (ohms/s_c’) :
Film At zero TCR [At -200 ppm/°C
Tungsten (anodized evaporated) |450-300 2000
Titanium (evaporated) X 130 700
Tantalum (anodized evaporated) 60 90-120"
Zirconium (sputtered) 20-100 250

4,2.7.2 Stability of Resistance

The stability objective specified in the contract is a change of
resistance of less than 1 percent per 1000 hours (10 ppm/hr) at worst
case operation at 125°C with power dissipation up to 2 watts/sq. inch of

total enclosed substrate area.

Exposure of thin films of the refractory metals to air at room
temperaturdand above results in an'increiue in resistance of the films,
Data for tungsten and titanium films are given in Figs. 59 and 60. When
tungsten films are anodized, the effect is considerably reduced, When

the anodized filma are heat treated in u!r, the resistance is increased
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Fig. 59. Stability of resistance vs sheet resistivity for tungsten (not
anodized) films, Note: Resistivities measured at 25°C,
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but becomes stabilized. When the anodised fiims are heat treated bw
vacuum as described in Sectica 4.2.6, the resistance changss only
sliyhily and becomes stabilised. This set of observations may be ’
explained by attributing increases in resistance to air oxidation. Heat
treatment accelerates the oxidation. Anodization protects the metal from
it. Heat treating anodized films causes a reaction of the metal with
residual traces of air or moisture on the metal and the treatment may be
called an accelerated aging process. Heat treating anodised films in
vacuum reduces the amount of residual air or moisture available for
reaction with the metal.

Stability data for resistors prepared from the metnls investi-

gated are as follows:

1. Tungsten

a. Stability under no-load. Stability of resistance tests were

carried out in air for periods of 100 to 200 hours. Data for anodized
films prepared from both evaporated and sputtered tungsten were
obtained. Figure 61 shows that stability within 10 ppm/hr on exposure

at 125°C is maintained for evaporated tungsten samples up to 700 ohms/sq
and for sputtered tungsten samples up to 100 ohms/sq. Data for tungsten
films exposed at 65°C are shown in Fig. 62. Evaporated films are stable
up to 2600 ochms/sq and sputtered samples up to 1000 ohms/sq. The
spread of points is within the present capability of measurement, which

is approximately 2 ppm/hr.

The lower stability of the sputtered samples is believed to be
related to the tapered edges in the film deposit caused by the use of masks
to define the deposit. These edges of relatively thin metal account for
a.bont 10% of the total film width and are expected to be more susceptible

during exposure to air oxidation.
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Fig. 61. Stability of resistance of anodized tungsten films measured at
125°C under no-load vs sheet resistivity.
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Fig. 62. Stability of resistance of anodised tungsten films measured at
65°C with no-load vs sheet resistivity.
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The change in sheet resistivity for nine evaporated anodised
samples in the "U" shape pattern that were stored for 4000 hours under

room conditions is as follows:

Sheet resistivity Percent change after Average rate

ohms/sq 4000 hours - ppm/hr

60 <0,01 <0, 025
270 0.024 0. 06

318 <0, 01 <0, 025

05 <0, 01 <0, 025
400 0.036 0.09

476 0.009 0.022

370 0. 015 0.035
400 0.26 0. 65
1106 0.04 ‘ 0.10

Eight samples exhibited a drift no greater than 0.04 percent per 4000
hours (0.1 ppm/hr). The one sample which changed by 0. 26 percent,

was found to have a defect in the resistor pattern.

b. Stability under load. The ability of the anodized evaporated

tungsten films to dissipate power at elevated temperatures is shown in
Fig. 63. These data were compiled using seven samples of the "U"
shaped pattern of Fig. 43. The power 'and temperature of each sample
was sucessively increased until the rate of change of resistance,
measured at zs‘c, was approximately + 10 ppm/hr. The data presented
represent the maximum power dissipation of a resistive film at a
particular temperature within the required stability of £10 ppm/hr, Two
of the seven samples exhibited negative resistance changes and are
indicated on the curve. These negative changes in resistance suggest
that mechaniams other than oxidation are responsible for the resistance
instability,
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Fig. 63. Power dissipation of anodized evaporated tungsten resistors
vs temperature. Stability is maintained within 10 ppm per hour,
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2, Titanium

Metal titanium films of 100 ohms/sq sheet resistivity were
found to drift 10 percent per 1000 hours (400 ppm/hr) on ltora;e. No
further data were taken.

3. Tantalum

a. Stability under no-load. le stability of resistance of anodized
films was measured at .25°C and 125°C {in air) after heat treatment at
200°C for 6 hours in air. Although heating in air resulted in small
increases in resistance Irom the value selected during anodization, the

resistance of the films was stabilized.

The changes in resistivity of four samples after a 7200-hour

life test at room condilions (shelf life) are as follows:

Resistivity Percent change after Average rate
(ohms/sq) 7200 hours ppm/hr
120 0. 16 0.22
72 1.0 1.4
71 0.05 0.07
53 | 1,07 1.5

Anodized films up to sheet resistivities of 150 ohms/sq were

found to be stable within 0.07% after 70 hours (10 ppm/hr) at 125°C in air.

b. Stability under load. The power dissipation prior to film break-

down at a temperature of 125°C in air was measured. For tantalum films ‘

of 40 ohms/sq sheet resistivity the dissipation immediately before break~
down was 40 watts/sq in, Examination of the glass substrates with cir-
cularly polarized light showed that the glass was in a state of radial
compression, indicating that the glass melted at the.site of breakdown.

In some cases this stres: was sufficient to crack the glass.

. []
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. 4. Zirconiwm
1" The resiatance stability of metal zirconium films waa not

tabulated because they exhibited a high degres of instability — estimated
to be in excess of 100 ppm/hr at room conditions. Of the four metals

deposited, zjrconium was rated the lowest,
‘- ~'2. CONCLUSIONS

2.1 THIN-FILM CAPACITORS

Techniques have been established for depositing on microscope slide
glass substrates adherent, unblemished ﬂlrﬁs of tantalum, tungsten and
zirconium by sputtering, and films of almiAm. titanium and tungsten
by vacuum evaporation. Methods of preliminary selection and cleaning
of substrate surfaces were developed. These techniques in large part
accounted for increasing the voltage at which breakdown occurred.

Suitable electrolytes wereAsel‘_et':ted and procedures established for the
anodization of the filie Eﬂg;;&ﬁ?:e clear, smooth oxide films of tantalum, —
aluminum and zirconium that a.re suitable for use as micro-circuit

capacitor dielsctrics.

Evaluation of electrical properties of capicitors formed with-
these films indicated that tantalum, aluminum and zirconium approach the
basic requirements of low dissipation factor and high breakdown voltage.
The electrical characteristics of thin-film capacitors prepared from these
metals as well as titanium and tungsten are summarized and compared
! with the contract specifications in Table IX. When all properties are

considered, tantalum best approaches the contract specifications.
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2.2 THIN-FI1LM RESISTORS

- 113 -

Of the four metals investigated, tantalum, titanium, tungsten

and zirconium, tungsten best fulfilled the specifications of the contract.

A summary of the properties of thin-film anodized tungsten resistors

obtained in the period of the contract is given in Table X.

The temperature coefficient of resistance (TCR) of tunj.ton

films as a function of sheet resistivity is significantly dependent on the

impurity gas content in the film deposition system.

More positive tem-

perature coefficients have been found for the lower sheet resistivity

films when the impurity content has been reduced.

The resistance of anodized tungsten films can be stabilized by

heat treatment at 150°C for 3 hours at a pressure of 4 x 10~7 Torr or less

without appreciably changing the resistance from that obtained by anodizatio

TABLE X

Properties of Anodized Tungsten Resistors Compared

Property

Film resistor
"density "

Precision of

.preselected

resistance

Temperature
coefficient of
resistance

Stability

Power dissipa-
tion at 1259C

with Contract Specifications

Specifications

6 x 10° ohms/
8q. in.

10%
200 ppm/°C

1% per 1000
hours

2 watts/sq.in,

Tungsten

6 x 10® ohma/
8q.in.

1.5%

Nominally 0

1% per 1000
hours

1/16 to 1/8
watt/sq. in.

Tantalum

1.2 x 10° ohms/

8q. in.
1.5%

Nominally 0
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4. RECOMMENDATIONS FOR FUTURE WORK

4.4 THIN-FILM CTAPACITORS

1. Attempt to increase leakage resistance and reduce breakdown
by counteracting metals or metallic ions that may be frozen into the
anodized layer. Counteractants may be incorporated during metal film

deposition, e.g., as a residual gas, or dur'ing anodization as solutes.

2. Reduce breakdown and leakage by seeking counter-electrode
materials and deposition techniques that will promote agglomeration of
the counter-electrode film to avoid penetration of the film into fissures
in the anodized layer.,

3. Improve long-term stability by use of low alkali glaass (with

smoother surfaces than are presently available).

4, Generally improve the capacitor properties of anodized

zirconium by further testing different electroiytes.

4.2 THIN-FILM RESISTORS

1. Obtain higher tungsten resistivities at zero temperature

" coefficient of resistance by eliminating as far as practicable those

conditions involved in depositing tungsaten films that contribute to nega-

tive temperature coefficients. These conditions and the direction expected

for improvement are increased purity of the tungsten source, reduction
of contaminants in the deposition system, higher rates of deposition and

higher substrate temperatures.

2. Investigate the extent to which fine resistor patterns of tungsten

can be made without sacrificing reproducibility or stability, to obtain a
higher film resistor density.
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APPENDIX 1
ELECTRICAL TESTING UNIT FOR THIN-FILM CAPACITORS

A compact testing unit was assembled for initial telfl.
clearing of short circuits and breakdown voltage measurements. A

schematic diagram is shown in Fig. 1-4,

With the 3-section switch S4 in the "ac or clear" position,
the ac supply is connected to the capacitor under test, provided that
switch S2 is in the "ac' position. Supply current is limited by the
10-kilohm rheostat, 5 '

_ To clear short circuits, swit“ch S2 in the "clear' position.
A 1-pf capacitor, which is charged thro&gh a {-megohm resistor
to a voltage established By a potentiometer across the dc supply, is then
discharged through the capacitor under test by pressing switch S3,

With the 3-gection switch S1 in the '"dc" poaition. the dc
supply is connected to the capacitor under test through a 1-megohm
resistor., Applied voltage is controlled with the potentiometer.

A dual-trace, direct-coupled oscilloscope monitors the voltage
across the capacitor under test (trace B) and the voltage of the supply
(trace A). The two oscilloscope signals are made equal for a test sample
of infinite resistance by the use of a second 1-meghom resistor leading
to trace A. This compensates for the 1-megohm input impedance of the
scope. Shorting switches are used to ground both scope inpﬁtu and the

capacitor momentarily while zero sefting- or gain changes are made.



dc
Supply

20k

Oscillator

ikc
|

Amplifier

- 118 =

—
' ) ac or

clear

Kenyon T108

CRO
trace B3

C under
test

Fig. I-1, Schematic diagram of electrical testing unit for thin-film capacitors.
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APPENDIX 11

MEASUREMENT OF CAPACITANCE AND DISSIPATION FACTOR
OVER A FREQUENCY RANGE

Capacitance and dissipation factor were measured with a
General Radio 1650-A impedance bridge over a range of frequencies
from 0.4 to 100 kc. External oscillators were provided: a Krohn-Hite
430A for frequencies above 10 kc, and a Hewlett~Packard 201C for fre-
quencies below 10 kc where greater power was required. The null
detector was an oscilloscope with a deflection sensitivity of 0.02 volt
par inch, coupled through a 30-pf capacitor to minimize hum, Sensi-
tivity in measuring dissipation was increased by wiring a decade
resistor box with 0. 01-ohm steps in series with the D rheostat of the

bridge. External leads were shielded.

Because the bridge was designed for an upper limit of 20 ke,
it was calibrated with a standard mica capacitor and known series
resistors to approximate the equivalent circuits of thin-film capacitors.
Values of dissipation factor computed from these standards were com-
pared with D readings on the bridge and found to agree within 5 percent.

Small corrections for capacitance were also determined.



R

P e e

P

*

e e e

[o———y
. 3

[——

- 124 -

APPENDIX IH

MULTIPLE-BEAM INTERFEROMETRY FOR THIN-FILM
MEASUREMENT BELOW 300 A

A modified Bausch and Lomb interference microscope
objective was mounted on a‘.metallurgical microscope having provision
for vertical illumination. The objective was comprised of a lens and
an optical flat with a partly reflecting front surface coating. The original
coaﬁng had insufficient reflectivity for multiple beam interferometry;
consequently it was replaced by evaporated aluminum with a reflectivity
of more than 90%. The flat was lowered against the surface of the samples,
which had previously been aluminized. A screw adjustment provided an
air wedge between the flat and the sample, giving rise to interference
fringes which were extremely narrow because of the multiple reflections.
The tungsten lamp and the interference filter supplied with the micro-
scope werc raplaced by a mercury arc and filter to give monochromatic
illumination at 5460 A. The arc was focused on the back focus of the
objective lens, so that the sample is illuminated by light collimated by
the objective before it strikes the flat and the sample below.

A photomicrograph of the edge of a tungsten film resistor as
seen through the interferometer is shown in Fig. llI-1, The deviation
of fringes averages 2.5 percent of a fringe space, representing a step
height of 69 A. Improvements in the optical system involving the sub-
stitution of aluminum coatings by silver coatings for the sample and a
multi-dieiectric layer mirror with high reflectivity and low absorption
are expected to permit measuremeat of thinner films, if they are

deposited with sharply defined edgee.
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Tungsten film resistor edge AA as seen through multiple
beam interference microscope,
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MAN HOURS EXPENDED BY KEY PERSONNEL

For period Dec.1, 1962 - February 28, 1963, Contract No. DA 36-039

| g |

SC~90744
) A, L. Solomon, Project Supervisor 68 '
E.R. Bowerman, Projeét Director 394
i J.W. Culp 405
P.F. Hudock 447

Total man hours expended under Contract No. DA 36-039 SC-90744,

for period June 1, 1962 to February 28, 1963

A.L, Solomon, Project Supervisor 170
E.R. Bowerman, Project Director 768
J. W, Culp \\ 1264
P.F. Hudock Y 1279
F. Leder 360

Total hours 3838

Total man hours expended under Contract No, DA 36-039 SC-87305

for period June 1, 1961 to May 31, 1962

A. Solomon, Project Director 149.0
E.R. Bowerman, Project Director 1438.0
J. Culp 1463.8
A. Esbitt 834,3
H. Woods 1.0
P. Lublin 14,0

Total hours 4048, 1



et B

[t ]
’

———
' .

GTLE Labs, lnc,
DA 36-019-8c-90744
Second Quarterly Report

UNITED STATES ARMY ELECTRONICS RESKARCH & DEVELOPMENT AGLNCY
STANDARD DISTRIBUTION LIST
RESEARCH AND DEVELOPMENT CONTRACT REPORTS

Coeiel

OASD (R&E)

ATTN: Technical Library

Room 3E1065

The Pentagon

Washington 25, D.C. 1

Chief of Research and Development
OCS, Department of the Army
Washington 25, D.C. ) 1

Commanding General

U.S. Army Materiel Command

ATTN: R&D Directorate

Washington 25, D,C, . 4

Commanding General

U.S. Army Electronics Command

ATTN: AMSEL-AD

Fort Monmouth, New Jersey 1

Director, U.S. Naval Research Laboratory
ATTN: Code 2027 :
Washington 25, D.C, : 1

Commander, Aeronautical Systems Division
ATTN: ASAPRL
Wright-Patterson Air Force Base, Ohio 1

Hq, Electronic Systems Division

ATTN: ESAL

L,G, Hanscom Field

Bedford, Massachusetts : 1

Commander, Air Force Cambridge Research Laboratories

ATTN: CRO

. L, G, Hanscom Field

Bedford, Massachusetts 1

R L S i TE Y WO RN TR PR



DA 36-039-8c-90744

Coples
Commander, Air Force Command & Control Development Division
ATTN: CRZC

L.G. Banscom Field
Bedford, Massachusetts 1

Commander, Rome Air Development Center
ATTN: RAALD ,
Criffiss Air Force Base, New York B |

Commander, Armed Services Technical Information Agency

ATTN: TISIA

Arlington Hall Station

Arlington 12, Virginia - 10

Chief, U.S. Army Security Agency
Arlington Hall Station
Arlington 42, Virginia 2

Deputy President

U.S. Army Security Agency Board

Arlington Hall Station

Arlington 12, Virginia 1

Commanding Officer

Harry Diamond Laboratories

ATTN: Library, Room 244, Building 92

Washington 25, D.C, 1

Corps of Engineers Liaison Office :
U.S. Army Electronics Research and Development Laboratory .
Fort Monmouth, New Jersey : 1

AFSC Scientific/ Technical Liai.on'officu
U.S. Naval Air Development Center
Johnsville, Pennsylvania ‘ 1

USAELRDL Liaison Office

Rome Air Development Center

ATTN: RAOL :

Griffiss Air Force Base, New York i

Commanding Officer

U.S. Army Electronics Matoriel Support Agency
ATTN: SELMS-ADJ :
Fort Monmouth, New Jersey 1



td ey

g

[ TS
f

DA 36-039-8c-90744

AFSC Scientific/ Technical Liaison Office
U.S. Army Electronics Research and Development Laboratory
Fort Monmouth, New Jersey

Commanding Officer and Director
U.S. Navy Electronics Laboratory

San Diego 52, California

Field Emigsion Corporation
ATTN: Mr. F.M. Charbonnier
611 Third Street

McMinnville, Oregon

P.R. Mallory & Company, Inc.
ATTN: Mr. A.S, Doty
Indianapolis 6, Indiana

Texas Instruments, Inc.
ATTN: Mr. Wayne Patterson
P.O. Box 5012

Dallas, Texas

Republic Aviation Corporation
ATTN: Dr. F. Huber
Farmingdale, L.1., New York

Stanford Research Institute
ATTN: Dr, Saul W, Chaikin
Menlo Park, California

General Dynamics Corporation
ATTN: Mr..R.L. Layburn
P.O. Box 1068

Red Bank, New Jersey.

Bell Telephone Laboratory
ATTN: Mr. D.A. McLean
Murray Hill, New Jersey

Philco Corporation
Lansdale Division

ATTN: Mr. C.D. Simmons, Mgr. Microelectronics Dept.

Lansdale, Pennsylvania



DA 36-039-8c-90744

Marine Corps Liaison Office

U.S. Army Electronice Research and Dcvelopmont Laboratory
ATTN: SELRA/LNR

Fort Monmouth, New Jersey

Commanding Officer

U.S. Army Electronics Research and Development Laboratory
ATTN: Director of Research and Engineering

Fort Monmouth, Ncw Jerscy :

Commanding Officer )

U.S. Army Electronics Research and Development Laboratory
ATTN: Technical Documents Center :

Fort Monmouth, New Jersey

Commanding Officer

U.S. Army Electronics Research and Development Laboratory
ATTN: SELRA/ADJ (FU #1)

Fort Monmouth, New Jersey

Advisory Group on Electron Devices
346 Broadway
New York 13, New York

Commanding Officer

U.S5. Army Electronics Research and Development Laboratory
ATTN: SELRA/TNR

Fort Monmouth, New Jersey

3

(FOR RETRANSMITTAL TO ACCREDITED BRITISH AND CANADIAN

GOVERNMENT REPRESENTATIVES)

Commanding General

U.S. Army Combat Developments Command
ATTN: CDCMR-E

Fort Belvoir, Virginia

Commanding Officer

U.S. Army Communications -Electronics Combat Development Agency

Fort Huachuca, Arizona

Director, Fort Monmouth Office

1

U.S. Army Communications-Electronics Combat Development A;ency

Building 410
Fort Monmouth, New Jersey

1



T ey, s

g e

+

[Ty

br— [ e——y
. . ’

DA 36-039-sc-90744

Metarac, Incorporated
ATTN: Mr. George N. Fadel.
45-68 162n4d Street

Flushing 58, New York

Chief, Bureau of Ships
Room 3327, Department of the Navy

ATTN:

Mr. J.M. Kerr, Jr.,, Code 691A2A

Washington 25, D.C.

Headquarters, ARDC
ATTN: Mr. L. Gubbins, RASGR
Griffiss Air Force Base, New York

Commander, ASD _
ATTN: Mr. C.K. Greene, ASRNE
Wright-Patterson Air Forte Base, Ohio

Commanding Officer
U.S. Army Electronics Research & Development Laboratory
Fort Monmouth, New Jersey

ATTN:
ATTN.
ATTN:
ATTN:
ATTN:
ATTN:

SELRA/PE (Division Director)
SELRA/PE (Dr. E. Both)
SELRA/PEP (Dr. H.J., Degenhart)
SELRA/PEP (Mr. R.A. Gerhold)
SELRA/PF (Mr., V.J. Kublin)
SELRA/PEP (Mr. A.J. Raffalovich)

| Copies

I IYS
RION oo o oo o



e e AR W O £ RGOSR | R

| wonoeres vizsv ur -

_ £°502-€9 W1

3aodeyg yevry -

_ woopay *3°g

dmo wessey °f
_ uswsemog ‘¥ I
' FIOX MON
|oPIsdeg ¢ *oug *weri0)y
*¥I0QWT SOTWOLIINTY

;" svovdsye ] (Rasuen

|  ammarssvionn

'S0€L8-08 6£0-9¢ VA
70 WOHWAURVOD)
¥#206-DS 6£0-9¢ Vd

*oN 19eaW05

Y00=#E-€6D€
PUT £00-G3-66VE
‘oN 199fexg VO

sz0ypoede)
sa0qs1soyg

sunyy YRLL
AIATIISSVIONN

“AY

-~

7\

o) 39730q STA PAUTEGO 9q PT ontea pejomy
-9s9xd ® YOTYM 03 edwwI9ISeI JO woystOexd gy _
"umnoeA uy JusuUITESSy Jeey Aq ay/wdd o) Trpte
POITIIQEIS SIPM SONTRA 1oy °bs/suay _
0002 s®M 3T D, /wdd 00Z- Jo WDOL ¥ I* tbe
Jswino gog sem YO L o192 jv Ajtanerses jous
Surpuodeazzod aqy ‘oz9z Afjrunumou (YOI1) _
20URISY 19X JO JUITIYFE0D anIWISdWI} * PIM
pue n.ﬂ\-ﬁonnoﬁ 9 3o A1suep ¥ o3 pauasyywd _
pue paxwedi.xd axom swyyg "saandefqo sy pPoOrIY
-} j8aq ruafyy udisBuny °Mm DUT v], 0] PITPNIE _
sem odumsisax 993d>91d % 03 swiy) o Juysypous
pue swiylf prIduw paussyyed Bupirsodop-wnndea
Aq 320387193 WITIJ-uIYys JO wonreaedead oy . *4¢
JO UOTI¥IAID PITPUEIS ¥ UTQIIM [13] eduwirowdwed
Jo Ainusojrm oyy ° wd/A-y G°g JO NP
~0ad a%eijoa-sdueiIdwded d1qesn v ut Bumnsaz _

: _
\ 1

* vBejjoa Suruwiio} VOTIERTpOUT SY) Uy 19jeIxF _

20 03 Tembs 2VejoA UMOPTIIq QIIM sIATIONf _
-Qo 3>ex.uod IY) payowoxdde A[1eau jsows wmy

-wjue], °pajednssaur sem IZ PUR IL'M ‘CLTVY _
Jo sumnj parapnds pue pajezodeas ‘pojrsodap

~WINNOTA JO 990vjINS SY) JO WOIIEPIXO Drpoue _

oy 4Aq srojoeded wr-ury Jo UORRWLIIOS 94T, _

* 320day poysseEdun
*sa1q™ o} pue saandiy g9 °[our ‘swoled €21
‘€961 '87 934 - 1961 'y Iunf "3zoday vUrd
*YoopnH *J°'d PUT dn) udarep °f ‘wewaImog
B3 £ °SROILOVAE TVOINMITHIORLOTIT X1
AINYOIL SWIII NTHL **‘f "N ‘fInourvop] 3303 _
*QW] *A9(] N YOIeISOY $ITUOIINT Away SN

UOTIIMTOD VILSY U1 ‘1A

€°502-€9 Y1
1zodoy TeUry ‘A

%0OPRH ‘I°d

dmo uszaem °f
urwiIaMog ‘W°T °Al

A20X MON

»pisdeg * *ouy ‘eetr0y

vIoqw] 831003IdeTT
3 suoudars g rearued M1

QHIAISSVTIONN

30€L8-DS 6£0-9¢ VO
JOo woTENUNIVOI)

#106-0S 6£0-9€ VA
‘oN 19213009 ‘1T

100-¥€-£6D¢
PUT £00-S3-66VE
*oN 199foxg V@ *

u
uno:u&uo.n
-uOu-«no&.N
sumnyy vy ¥
QATIISSVIONN

— — — — ———

PR

¢t N\

I T — n*.
WA 20NQ FVA PIUTTING OQ PIRED SUTTA PO3ISY
«0002d ¥ QOMA 03 SIUNISTIOZ JO woyetIead eqy _
‘wWmnOvA U} JueunjEen) ey Ag sy /usdd O ETRIIA
POSIIIqEIS SISA SONTRA eduwIsyeey °bessuryo _
0002 vem 31 O, /wdd 007~ Jo YOI © ¢ ‘be
JowIqo 00 seA YOI 0298 Jv AIATISIENZ J00ys
Sutpoodssszod sqy coxex Arevejuon (YO L) _
SIURISIESX JO JUNOJFH0D sanyeaeduie; ¥ QM
pue a.ﬁs-goﬁ 9 yo Lypeusp ® 03 pouaayyed _
pue peaedaxd sxem sumid *seandsiqo oy panyy
-Tnj 192q swyy; usysBuny ° M PUT B I0] PeTPMIe _
sem souvIsInax 991dexd ¥ 03 swiy oq: Swmnypous
pue suny rvssws peuzasyed Bupiisodepeumndea _
Aq 10381892 wry-ury; yo vopvredesd oqy, *N¢
JO UOTIMIASD PIVDU®ls ® UIMIA 112] soveyowdes _
3o Aywizoyyun ayy, * wWd/Acr g€} JO IMP
-02d afejjoa-edunitowded spqesn v uy Supmees _

A /

*93w310A Suturicy VOTIRSTPOUT My wwWY: 19jwesxd
X0 01 Twnba aBeIOA TMOPARSIQ It SAATIOS]
-qo 39¢IW0d oy pagovoidde Ataeeu Jsows wny
-ejue] ‘pojelniesauy seM IZ PUR 1L M CRLTV
yo sury pexonynds pue porexodeas ‘parsodep
~WMNOTA JO $97ejIng Y} JO VORVPIXO Ifpouwe
aq) Aq s20310wded WIF-UTH JO WOIWWIIOF SN

1zodoy panteswIdun
*sa1qe o} puv sanByy g9 -1ouy ‘selwd €23
‘€961 ‘82 °99d -~ §961 '3 dung ‘ixodsy vy
*WIOPRH *J°d Pue dn) usIIRg o ‘wewIImOg
P ¥ d 49 'SNOTLOVAE TVIINTHIOULOATIT X4
QINEOL SWILL NTHL °°f *N ‘Pnowuon 3x0g
*qwT "AsQ % Yoawssey sotwoxdery Lwmryegen

SN R Y B e s o o S0k, 0,



