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SUMMARY

Low energy rf sputtering and vacuum evaporation were used to

investigate the feasibility of producing thii ► metal- and oxide-film

capacitors. Dielectric material systems selected for the study in-

cluded SiO2 and Al203, and aluminum and tantalum were examined for the

electrodes.

A configuration was established for planar thin film capacitors

and various materials systems and deposition procedures were investi-

gated.

SiO2 and Al203 capacitors were found to operate effectively at

temperatures as high as 3000C, and, in several systems, did not

change electrical properties appreciably at temperatures as high as

5000C. The changes that did occur at 5000C were always reversible.

Three model capacitors were prepared with interconnected layers having

a cumulative volume exceeding 0.5 cubic centimeter of material.

The electrical test characteristics of thin-film S102 capa-

citors were excellent from -600 to above 3000C, for frequency ranges

fron, 200 to 100,000 hertz. These capacitors demonstrated the fea-

sibility of making planar capacitors that at 300 0C had energy densities

of 25 joule per kg and dissipation factors of 3 x 10 -3.
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INTRODUCTION

In present-day thin film microcircuitry applications, capacitors

operate with very low power dissipation. Conventionally, the capacitors

do not require high breakdown strengths and do not need to handle high

power. In most situations, the problem is reduced to one of employing

a capacitor with sufficiently high capacitance and insulation resistance

for its application. The dielectric constant for the usual dielectrics

lies between 3 and 10. Within this range of dielectric constants,

reduction of the thickness of the dielectric is the only means of

obtaining higher capacitance per volume. A capacitor fabricated from

a material with a dielectric constant of 10 and a thickness of 500

angstroms would have a capacitance of 0.17 microfarads per em2 . The

fabrication of capacitors with dielectrics as thin as 500 A is diffi-

cult because discontinuities and voids are more prevalent, and because

insulation resistance and breakdown voltage -- both dependent on film

thickness -- suffer as films become thinner. With a uniform filtr. of

2000 A, the insulation resistance can approach 1016 ohm-cm, and up to

30 volts de can be maintained without breakdown.

Techniques used to date to prepare thin film capacitors employ

vacuum evaporation of metals, with subsequent anodic treatment to

form the dielectric oxide, or reactive sputtering, where the dielectric

is developed by sputtering metal in an oxygen-rich plasma. The technique

of low energy radio frequency (rf) sputtering is attractive because

of excellence in the control of stoichiometry and film thickness. The

technique also yields high-film density and permits a high degree of

freedom from pinholes. Improved adherence is also obtained. One

reason for improved adherence is that particles arrive at the substrate

at much higher velocities than they do, for example, in vacuum evapora-

tion. Thin film inorganic capacitors that can withstand environments

up to 5000C and that have higher energy storage capability per unit

volume than do presently available inorganic capacitors are of par-

ticular interest to the National Aeronautics and Space Administration

for applications near energy converters, especially near nuclear reactors.
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EXPERIMENTAL PROCEDURE

The four elements of the program to explore the feasibility of

preparing thin film capacitors with high capacitance per unit volume

and operable up to 5000C are: (1) materials selection, (2) deposition

process studies, (3) cap,-.citor development, and (4) testing. High

temperature dielectrics, primarily oxides, were reviewed during a

screening study. Table 1 lists a number of high temperature compounds

of interest for thin film dielectrics.

TABLE 1

CANDIDATE THIN FILM DIELECTRIC MATERIALS AND SPECIFIC PROPERTIES

Compound Relative Coefficient of Room Dissipation
Dielectric Expansion Temperature Factor
Constant (x 10-6 /0C) Resistivity @1 kHz a:ae

(ohm-cm) 250C

S102 (fused) 3.78 0.55 1018 .0007

Si0 6-7 5 x 108 - 108

.	 Al203 10 9.5 1014 .0014

S13N4 12.7-13.5 Bulk 2.76 4.1 x 1016 <0.0001
6.5 Sputtered _2 x 1013* .009

Ta205 25 1.2 .005

TiO2 100 9.1 1014-102b .02-.6

BaT103 1000 12.2 3 x 1014
3 x 104*

*At 5007

Material Selection

Screening Studies

Screening studies indicated that both 5102 and Al203 were

excellent dielectric materials for preliminary sputtering activities

because of their stability at high temperatures and their basic pro-

perties (chmical inertness, etc.). Other materials displayed varying
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degrees of promise as high temperature dielectric materials, but in

most cases, the deposition procedure required extensive refinement, the

compatibility with electrode material was a problem, or the electrical

propertie%were lacking in some respect.

Silicon monoxide, frequently studied for integrated circuit and

microcircuitry applications (1,2,3) 9 did not have the desired high

temperature properties. Moreover, the dielectric constant for thin

film SiO decreases as the frequency increases (4) . Some work on Ta2Os

films, prepared for experimental capacitors by reactive sputtering,

revealed that breakdown voltages were low and that the dielectric con-

stant increases with temperature (5) . Other investigators (6) have

observed an instability in both the current-voltage relationship and

the capacitance -voltage behavior in reactively sputtered thin films of

TaaOs at temperatures between 25 0 and 1500C. High temperature nitrides,

such as Si3N4, were excluded from more detailed examination during

screening studies because they offered no real advantage over Al203 with

respect to the electrical properties. Thin films of Si 3N4 have been

prepared by rf and do reactive sputtering; surface roughness problems

were more prevalent in films produced by the do technique (). Barium

titanate films have a variety of dielectric constants when flash

evaporated 
(8, 9) 

1 alt very low when compared to the constant of the

single crystal material. The properties of rf sputtered barium titanate

films vary somewhat depending on substrate temperatures used during

deposition(10).

TiO2 possesses an attractive dielectric constant (100), but

recent work indicates that the deposition rates are somewhat lower than

for other dielectrics (11) . Reactive cathodic sputtering has been used

successfully with improved deposition rates for the preparation of

thin TiO2 layers (12) . Other deposition methods (e.g. chemical vapor

deposition 
(13) 

and ion beam deposition (14^ also appear promising,

but electrical properties appear to vary significantly, depending on

operating conditions and substrates used.

W,

t
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Although Ti02 and BaTiO3 have desirably high dielectric con-

stants, longer lead times required to establish optimum sputtering

conditions suggested that the capacitor feasibility trials could be

conducted more expediently with S102 and Al203.

Previous work had shown the feasibility of using reactive sputtering

techniques 
(15) 

to produce continuous films of SiO2. The application of

rf sputtering techniques, as opposed to reactive sputtering, had been

established for quartz seve::al years ago(16,17). preliminary trials

revealed that Si02 could be sputtered -ffectively, and initial capa-

citor studies were made using this material.

Prototype Trials

A number of experimental capacitors, 0.635 cm in diameter, were

planned as an initial activity. These prototypes were prepared by

depositing Si02 films on chromium plated steel substrate:, followed

by depositing aluminum for the other electrode. A typical example of

the capacitance for eight capacitors produced on a Si02 film, 1.325

microns thick, was 1319 picofarads + 3.5 percent. The breakdown voltage

of this group was determined to be approximately 70 volts, with a

dielectric strength of 2.3 x 106 V per cm. Data obtained indicated

that the high dielectric constant of 6.3 may have resulted from an

error in film thickness measurements.

Larger capacitors, 2.22 cm diameter, were prepared to assist

in examining deposition conditions. Electrical properties were

studied for capacitors of various dielectric film thicknesses. Rep-

resentative of capacitance values obtained was the 0.0145 pf recorded

for a 1.05-micron-thick Si0 2 film.

The capacitance of these SiO2 capacitors is generally within

2.5 percent at all frequencies from 100 Hz to 100 kHz and from room

temperature up to about 3000C. Above 3000C, the capacitance rises

rapidly with temperature at frequencies below 10 kHz.

T
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For the initial Al 2 03 dielectric capacitors, fabricated with
.

aluminum electrodes and employing a dielectric layer 3000 A thick,

the results were somewhat different. The capacitance values increased

from slightly over 3000 pf to approximately 11,000 pf with a temperature

change from ambient to near 5000C. The capacitance-versus-temperature

curve was relatively flat between room temperature and 230 0C; above

that temperature the curve rose rather steeply. Initial trials

conducted under various operating conditions revealed some pinhole

problems and indicated that more process standardization was needed

for the dielectric and electrode deposition. Each was examined separately

before further device fabrication was attempted.

Deposition Process Studies

Two deposition processes, vacuum evaporation and sputtering,

were investigated for fabricating the thin film capacitors. Vacuum

evaporation of metals is well-known and has been described in detail

by several authors (18,19). However, sputtering is not as well-known,

and is described briefly below.

Sputtering is generally classified as that deposition process

whereby atoms are ejected from a surface as a result of ion bombard-

ment of that surface and are subsequently collected on a substrate.

The bombarded surface, or source material, is usually referred to as

the sputtering target, and the surface on which the film is deposited

is the substrate.

There are several types of sputtering processes, but in this

program two types were utilized: do triode sputtering and rf diode

sputtering. The do triode arrangement, shown in Figure 1, has a

thermionic cathode (electron source) and an anode toward which the

electrons are accelerated. The process employs a vacuum system,

evacuated and then backfilled with argon to about 1 micron pressure.

When a potential is applied between anode and cathode, energetic

electrons strike argon atoms and cause ionization. The resultant
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large number of Ar+ ions and electrons form an argon plasma. This

plasma usually fills the chamber, but can be confined magnetically

to increase its density. A metal target is placed in the plasma as

the third electrode. When a negative potential is applied to this

target, the target is bombarded by the positive argon ions. For example,

if the target is made 1000 volts negative with respect to the plasma,

it will be bombarded by 1000 eV argon ions. This results in ejection

of target material, which is subsequently collected on a substrate.

This technique was used in the project for depositing electrode materials

such as stainless steel, copper, titanium, and tantalum. Gold and

aluminum were more conveniently deposited by vacuum evaporation.

Insulating materials cannot be deposited in the same way. It

is not possible to impress a negative do voltage on an insulator. In

attempting to do so, the surface becomes charged po.;itively from the

bombarding ions because the charge cannot be conducted away. Ultimately,

the surface becomes positively charged to a point where bombardment

stops. To circumvent this condition, rf voltage is applied to a metal

plate placed in contact with the insulator target and shielded from the

plasma. Because the target is an insulator, the net current flowing

to it is zero. However, because of the large difference between electron

mobility and ion mobility, the surface becomes increasingly negatively

charged during the first few cycles. It thus becomes biased to the

point where the electron and ion currents are equal in any one cycle.

The electrical voltage pattern of such a system is shown below.

0 Vol

The displacement (d) of the 0 volt line is self-bias. The rf

voltage has to become only slightly positive to gain its electrons.

When it becomes negative, it is bombarded by an equal number of ions,

•	 which cause sputtering.
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North Star used the rf diode arrangement shown in Figure 2.

The target is attached to the high voltage electrode and the sub-

strate table is the other electrode. In this system, the rf not only

provides sputtering voltage but also causes plasma excitation. The

frequency used in this system is 13.56 MHz, a frequency within the

band alloted to industry, science, and medicine.

A more nearly complete discussion or. rf voltage interactions

with a plasma is given by H. S. Butler
(20).

Initial Deposition Studies

Early laboratory work employed a McDowell 1.5 KW-2VFD rf

power supply for sputtering the candidate dielectrics. An 18 x 10-inch

bell jar system was set up with anode and cathode for do plasma

excitation. An rf feed-through (Consolidated Vacuum Corporation) was

installed for applying the rf sputtering voltage to the target. A

Kovar-glass target was fabricated for the rf sputtering trials.

In the first rf sputtering runs, the magnet for constricting

the plasma, and thus increasing plasma density, acted as an antenna,

picking up the rf signal and feeding it back to the magnet's power

supply. A capacitor was added to the magnet circuit to filter out the

rf signal.

It was found that rf sputtering of metal targets worked very

well. However, when the metal was covered with an insulator, the best

conditions were obtained when the tuning dapacitor in the rf supply

was at one extreme of the tuning range. A "matching-box" (inductor

and variable capacitors) was added between the rf supply and the rf

feed-through to extend the tuning range so that the load could be

impedance-matched to the output of the rf supply. All conceivable

combinations of the rf supply frequency (2-40 MHz) and output tuning,

as well as "matching-box" tuning, were examined. Deposition rates

for insulating materials with this arrangement were found to be too

low (< 10 ;/min) to be useful in producing experimental capacitors.

T



-9-

Problems in system design and component construction plagued

initial studies. Typical of difficulties experienced in these trials

were the power tube failures in the McDowell generator. During one

rf sputtering run, the rf power tube failed as a result of a power

induced crack in the glass envelope. The tube was replaced and two

sputtering runs later, the problems recurred. The McDowell rf power

supply was returned to the manufacturer, where it was found to pro-

duce sufficient parasitic oscillations to crack the tubes. Several

components were replaced, including the tuning capacitor for load

matching purposes. These modifications improved the operation signi-

ficantly. A new R. D. Mathis rf sputtering module, placed in service

at that time, performed sufficiently well to warrant its use on all

subsequent rf sputtering tasks.

Magnetic fields were used in both the do triode system and the

R. D. Mathis system to increase plasma density. Studies showed that

the use of magnets significantly increased the deposition rates. A

750-turn magnet was used to produce an axial magnetic field (parallel

to the vertical axis through the target and the substrate table) and

the magnet was normally operated at 2 amperes.

Magnetic field strength measurements were made to relate field

strength to plasma density. The magnetic field strength and profile

for the 750-turn electromagnet with 2 amperes do applied is shown

in Figure 3, in which the magnet position is shown at the bottom.

Curve "a" was plotted from data obtained starting at one edge of the

magnet, while curves "b" and "c" were made at distances of 6 and 12

inches, respectively, from the same edge. A transverse magnetic field

probe (Bell model 120) was used, and all measurements were made of the

field strength parallel to the axis of the magnet. In the case of the

rf system, the magnet is approximately centered on the target-substrate

space. In the case of the do triode system, the anode-to-cathode

spacing is approximately one foot and the level of the magnet is near

the anode as shown previously in Figure 1.
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Studies in Ultrahigh Vacuum

A number of sputtering runs were made in the Ultek ultrahigh

vacuum system. A k-inch thick stainless steel plate was placed on the

system in place of the 19-inch bell jar. A six-inch diameter Pyrex

cylinder was positioned over a 4k-inch hole in the plate, and the R. D.

Mathis target assembly and the tuning unit was placed on top of the

glass cylinder. Typically, the system pressure before admitting argon

varied between 7 x 10 -9 and 2 x 10
-8
 Torr as read on the ion gage. The

corresponding pressures in the ion pump were about 1 x 10- 8 to

3 x 10-8 Torr. Figure 4 shows the arrangement used.

There were minor problems experienced in obtaining good capacitors

in the ultrahigh vacuum system because of faulty adhesion and some

shorting. This may have been caused by depositing SiO2 cn uncooled

substrates. The thermal expansion mismatch between the Si02 and the

electrode material may have promoted crazing when the coupled materials

were cooled to room temperature. The substrate table used in these

trials had no provisions for water cooling. An alternate table with

cooling capabilities was considered but found unusable because it had

a lubricated movable feed-through, not suitable for ultrahigh vacuum

use.

A typical capacitor prepared in the ultrahigh vacuum system was

0.635 cm in diameter with 1.34µ thick Si02 film deposited on a chromium-

plated steel substrate. Aluminum top electrodes completed the device.

Capacitance values were near 1,000 pf with parallel resistance values

of 2.5 x 10-8 ohms. A value of — 5 was calculated for the dielectric

constant.

It appears that differences between capacitors produced in high

vacuum and those prepared in ultrahigh vacuum systems will probably

become apparent only in long-term exposure to elevated temperatures.

ITT that case, the additional trapped background gas in the films prepared

in the high vacuum system will probably have some affect on the film

characteristics.

1W
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Capacitor Development

Electrodes

All of the aluminum electrodes were vacuum evaporated by con-

ventional techniques, using tungsten wire filaments. Auxiliary sub-

strates were utilized for producing steps so film thickness could be

measured on an interferometer. Tantalum electrodes were produced by

do sputtering. Gold interconnections were produced by vacuum evapora-

tion.

Dielectrics

The following is typical of the procedures used for depositing

a dielectric film by sputtering in the R. D. Mathis rf system:

The target was clamped to the water-cooled rf elec-

trode, using a thin coating of vacuum grease for

better heat transfer. The Al2 03 target (Cerac, Inc.)

was four inches in diameter and k inch thick. The

Si02 target (General Electric, Co. Type 101 clear

fused quartz) was five inches in diameter and 1/8 inch

thick. The substrate was cleaned by scrubbing with

detergent, rinsing with both tap water and deionized

water, and drying in a stream of clean dry air. The

substrate was placed on the substrate table spaced

two inches from the target. After the system was

evacuated to the lower 10 -5 Torr range, it was then

back-filled with Ar through the needle leak valve

to a pressure of 1 to 2 x 10 -3 Torr. The magnetic

field was introduced by passing a current of two

amperes through the 750-turn electromagnet. Cooling

'	 water to the rf electrode and the substrate table

then -ti-- d to be turned on. The plasma was ignited by

'	 turning on the rf power, the "matching-box" (matching

load to the 50 ohm output of transmitter) was tuned for

minimum reflected power and the tranfa,iitter output
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adjusted to give 2,000 volts rf voltage to the target.

The system is capable of operating at higher rf voltages,

but the higher voltages produce considerably more heat,

and better thermal contact would be required both at

target and substrate for satisfactory operation.

After sufficient film was deposited, the rf generator

and the magnet were turned off. Following this, the

vacuum valve was closed, but the Ar leak valve was

left open. This allowed the Ar pressure to build up

and speeded cooling by transferring heat from hot

components to the water-cooled components. After

five to ten minutes, the cooling water was turned

off, and the system was brought to atmospheric pressure

and opened. The initial facility is shown in Figure 5.

Film Thickness Measurements

In all deposition runs, a small auxiliary substrate was placed

near the primary substrate to obtain thickness measurements. A thin

section of quartz (0.010 in) was on the auxiliary substrate in order

to create a physical step from substrate to upper surface of film.

This step was measured interferometrically using a Reichert metallo-

graphic microscope equipped with a Nomarskii polarization inter-

ferometer. The film thickness can be determined by the equation:

ph = (n + Ad ( -
2) (l)

where ph - film thickness

Qd fringe displacement

X	 wavelength of light

n	 an integer

The integer, n, can readily be determined using white light as

shown in Figure 6a. It can be seen that the pattern at the step is

deflected slightly less than 3 full fringes. Since the deflection is
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more than 2 fringes, the integer n is 2. The lines become sharper

in monochromatic light (Figure 6b) making measurement of the frac-

tional fringe ( da ) easier. In this case ad= 	 0.824 and X	 5890 A.
0

Thus, the film thickness in Figure 6 is 2.824 x 2945 A - 8317 A, The
0

precision is approximately + 50 A from a single measurement. By

knowing the exact deposition time, we can determine deposition rates

for various operating conditions. The time is then subsequently con-

trolled to yield the desired film thickness in later runs. In each

succeeding experiment, another "step check" is made to determine the

thickness and the deposition rate for the film produced.

Examination of Capacitors and Substrates

Several capacitors of Al - Al S 03 were subjected to microscopic

examination to determine the origin of the pinhole shorts in the
0

capacitors. Figures 7a and 7b show regions of the alumina (9,000 A

thick) over an aluminum thin film in two sets of capacitors. The

capacitors formed by the film shown in Figure 7a revealed no shorts.

All of the capacitors formed on the film shown in Figure 7b were shorted

and could not be healed by applying a high current to burn out the

shorts.

The dark grey defects in the film shown in Figure 8 are

asperities in the alumina substrate that extend above the glazed

surface. During alumina deposition, they are not coated well and

result in shorts. These substrate asperities were also observed in

uncoated, glazed substrates. Figure 8 represents a particularly poor

substrate in terms of asperity density. Most of the substrates had

only a few or no asperities.

Figure 9 shows a minor pinhole tnat has been healed by "burn-

out" of the thin aluminum strand that had permeated the pore. Current

flows through the short when do power is applied to the capacitor.

When the current rises sufficiently, the aluminum in the short evapo-

rates, eliminating the short. This does not work with higher melting

electrode materials.
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Most of the pinholes in films such as these are believed caused

by dust
(21,22). 

In our work, the longer the highly cleaned substrates

were exposed to laboratory atmosphere before deposition, the more pin-

holes were formed in the films produced. Dust can be effectively

eliminated and the capacitor yield optimized by performing the entire

operation in a clean room and in a system equipped so that vacuum

does not have to be broken between deposited layers of a stacked

capacitor.

In general, dielectric film thicknesses used for experimental
0

capacitors varied from about 3000 to 14,000 A for SiO2 and from about
0

3000 to 20,000 A for Al2 03 . In the Al2 0a capacitor systems some films
a

were prepared to thicknesses of 75,000 A. The lower film thicknesses

were preferred for ease of deposition.

Multilayered Capacitor Preparation.

Multilayered Al - S102 capacitors were produced on glazed Al203

substrates. The four Si0 2 dielectric layers deposited to make up a
0

typical test capacitor averaged approximately 3,400 A and were separated

by vacuum-evaporated aluminum electrodes. Figure 10 shows the con-

figuration with the deposited aluminum contacts at the corners. The

center disk is the electrode stack. Tabs of odd-numbered electrodes

make contact at one corner, and of even-numbered electrodes at the other

corner. One fourth-inch diameter contacts (Al) were added to make testing

easier.

A more complex Ta - Ala03 multilayer system was designed and pro-

cedures were established for producing interconnecting layers by using

a mask during deposition. A typical capacitor of this series is

shown in Figure 11. It is composed of several Al 2 03 dielectric layers

and alternating Ta electrodes. This series demonstrated the feasi-

bility of depositing capacitors of large volume, the volume of each

capacitor being more than 0.17 cm3.
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Electrical Tests

Electrical tests were conducted to determine capacitance,

dissipation factor and breakdown voltage as functions of frequency

and temperature for the various capacitors const; •icted.

The two-terminal equivalent electrical circuit of a capacitor

may be represented by a series resistance (R) and inductance (L)

connected to a parallel combination of capacitance (C) and conductance

(G) as shown in Figure 12. The series resistance and inductance repre-

sent the equivalent circuit of the capacitor ' s connecting leads and

electrodes. The capacitance exists between the capacitor plate

electrodes and t ?ie conductance represents the losses of the solid

dielectric between the capacitor plates.

At low frequencies, the effects of the series resistance and

inductance are negligible and t he capacitor acts as a pure capacitance

in parallel with a conductance. As the frequency is increased, the

inductance becomes an important consideration because a condition of

resonance occurs between (L) and (C). For frequencies below resonance,

the inductance partially neutralizes the effect of the capacitance,

resulting in an effective terminal capacitance given approximately by

the following equation (Equations given in this section are derived

in the Appendix);

C
Ct = 1—^—

The dissipation factor for a capacitor is defined as the ratio

of the energy dissipated to the energy stored. In terms of the

equivalent circuit of Figure 12 the dissipation factor is given by:

R+G
wC+G

D =	 (3)

cuL - --z ;d;Z2-

(2)
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At low frequencies, and for the case of a reasonably good

capacitor; e.g.

L = 0

G2 << Up C2

the total dissipation factor is 	 (4)

D = wCR + 
G

WC

For a solid dielectric capacitor, the dominant component of

the conductance is the loss in the dielectric. The loss varies with

frequency. The dissipation factor is directly proportional to the

energy dissipated and is the sum of the three principal components.

1. A constant dissipation factor caused by residual
polarization.

2. Interfacial polarization loss.

3. Series resistance in the leads and capacitor plates.

The total dissipation factor has a minimum value at the fre-

quency that varies inversely with capacitance. The minimum usually

occurs between 1 kHz and 1 MHz.

A typical result for the variation of dissipation factor with

frequency at room temperature for a solid dielectric capacitor is

shown in Figure 13. The residual polarization results in a constant

dissipation factor and is shown by the horizontal dotted line. The

loss produced by interfacial polarization is represented by the dotted

line that slants downward to the right. Ohmic losses in the leads

and plates are shown by the dotted line slanting upward to the right.

The series resistance (R) is not usually significant at low frequencies.

As the frequency is increased, the skin effect becomes significant,

the resistance increases, and is a function of the square root of the

frequency. This resistance relationship may be expressed as R Nrf—,where

R is the resistance at 1 MHz and (f) is the frequency in megahertz.

The total dissipation factor at high frequencies is then:

D	 + R1 1 fwC	 (5)
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At low frequencies, the only losses that are important are

represented by the parallel conductance (G).

In addition to the high frequency effect of the inductance of

capacitor leads and electrodes, an effect occurs at ?' ►w frequencies

that causes a capacitance change with frequency. The capacitance

increases at low frequencies because of dielectric absorption resulting

from interfacial polarization in the dielectric. A typical result of

capacitance change with frequency is shown in Figure 14. The dotted

line slanting downward to the right represents the change in the

dielectric constant of the dielectric resultant of interfacial polari-

zation. The line slanting upward to the right is the effective change

in capacitance caused by the series inductance.

Table 2 lists the capacitor types on which extensive electrical

tests have been performed. The results of the tests are reported in

the following sections.

Test Equipment

Electrical tests have been made using a General Radio Type

1615A capacitance bridge and sample holder. A special high temperature

holding device was fabricated for making elevated-temperature electrical

measurements. A high-temperature furnace was modified to allow direct

connection of the specimen holder to the capacitance bridge. This

laboratory facility is shown in Figure 15, The high temperature test

cell was fabricated from stainless steel, Inconel, and glass-bonded

mica. Platinum contact wires and a tip were used to prevent oxidation.

difficulties. Arrangement of the components is shown in Figure 16.

To.t D— ... 1 *a

The early measurements of breakdown voltage were made by

manually contacting the capacitor electrode with a probe connected
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to a power supply. The power supply was current-limited, so the

voltage was increased until the ammeter registered current flow. The

accuracy of these measurements was doubtful because contact pressure

would vary considerably and the pressure might be enough to damage

certain capacitors.

The measurement apparatus was then set up as shown in Figure 17.

This utilizes the same sample holder used for capacitance and dissi-

pation factor measurements, and the contact pressure is the same on

all samples. All capacitor series that were measured both ways gave

higher breakdown voltages in the sample holder. There were no capacitors

remaining in series B and E for additional measurements; consequently,

dielectric strengths for B and E are probably higher than shown in

Table 2.

Some preliminary measurements of dielectric strength versus

temperature were made an both SiO 2 and Al2 03 films. The results of

these measurements are shown in Figure 18. The spread in points on

the Si02 curve probably is not related to temperature, but rather

indicates a variation from one capacitor to another on the same sub-

strate. At this time it has not been determined whether the same is

true for Al2 03 . At 300°C, the dielectric held 510 volts, the limit

of the power supply.

Figures 19 and 20 illustrate results obtained on a capacitor

of 0.250 inches diameter with the dielectric of SiO2 on a chromium-

plated steel substrate. The thickness of the dielectric in this group,
0

denoted Experimental Capacitor Series B, is 4,500 A. The top electrode

is formed of vacuum evaporated aluminum. In Figure 19 the capacitance

variation is shown as a function of frequency and temperature. At

frequencies above 10 kHz, the capacitance varies less than two percent

from approximately room temperature to 390°C. Figure 20 shows the

variation of dissipation factor with frequency and temperature. The

results at 138°C are approximately as would be expected for SiO2

dielectric material. As the temperature is increased, the minimum

value of the dissipation factor moves toward a higher frequency,
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indicating an increase in dielectric losses because of interfacial

polarization. Published values 
(23) 

of dissipation factors as a

function of frequency and temperature for fused quartz are plotted in

Figure 21.

Figures 22 and 23 show results obtained on a capacitor system

that has been fabricated with a dielectric of Al203. The capacitor,

0.250 inch in diameter, is on a tantalum substrate with a tantalum top
a

electrode. The dielectric thickness for this series (AC) is 38,000 A.

Figure 22 shows the effect of frequency and temperature on the capa-

citance. As found in capacitors with SiO 2 dielectric, the capacitance

has only a small variation over the temperature range for frequencies

from 10 kHz to above 100 kHz. In Figure 23, the dissipation factor

is shown as a function of frequency for a temperature of 220C. For

this particular capac-tor system, the dissipation factor is higher than

for the Si02 system illustrated in Figure 20. Published values (24)

of the bulk dissipation factor of Al2 03 as a function of temperature

at a frequency of 1 kHz are plotted in Figure 24.

Figures 25, 26, and 27 show results obtained on a series C

capacitor that has an identical configuration to the series B, except

that the dielectric of C is thicker. For the series C devices, the

capacitor diameter was 0.250 inch, the dielectric was sputtered

SiG2, and a chromium plated steel substrate was used. The series C
0

capacitors were fabricated with a dielectric thickness of 9,000 A,

twice that used for the series B devices.

The effect of frequency and temperature on capacitance is shown

in Figures 25 and 26 for temperatures from 22 0 to 5200C. At 100 kHz,

the capacitance varies about two percent from 220 to 5200C. Figure

27 shows the effect of frequency and temperature on the dissipation

factor.

Series E is another capacitor series similar to B and C.

Devices in this series also have SiO2 dielectric layers with chromium

plated steel used as the substrate. The differences are the dielectric
.

thickness and capacitor diameter which are 10,250 A and 0.875 inch,
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respectively. Results of electrical measurements on series E are shown

in Figures 28, 29, and 30. The effect of frequency and temperature

on capacitance from -60 0 to 5200C is shown in Figures 28 and 29.

From -600 to 3200C, we noted that the capacitance changed only about

2.3 percent for frequencies from 200 Hz to 100 kHz. Only at a

temperature of 5200C, and for frequencies below 100 kHz, does the

capacitance depart significantly from the values at lower temperatures.

The dependency of dissipation factor on frequency and t-mpera-

ture for series E is shown in Figure 30. For the lower frequencies

and temperatures, the dissipation factor is less than approximately

10 X 
10-4.

Two capacitor series with a dielectric material of Al 2 03 and

aluminum electrodes were subjected to extensive electrical tests.

Devices that were examined are the I and V series, which are identical

except for the thickness of the dielectric material. Both series were

fabricated using Al203 substrates and have capacitor diameters of

0.250 inch. The series I capacitors have a dielectric thickness of
o	 ,

3,000 A while the series V have an average thickness of 19,500 A.

Figures 31, 32, and 33 show the pertinent electrical characteristics

for temperatures from -570 to 5200C. For temperatures from -57 0 to

approximately 3000C, a greater change in capacitance occurs with Al203

systems at the low frequencies than does with the SiO2 dielectric

series.

Figures 34, 35, and 36 show results obtained for capacitance

studies of the series V devices. The effect of temperature and

frequency on capacitance and dissipation factor are shown to be quite

similar to that observed in serieE I devices, except that there is a

slight upward shift in the series I dissipation factor at 100 kHz

for temperatures of 1350C and below. As in the series I, the change

in capacitance as a function of temperature is greater than that shown

by the series B, C, or E.
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To examine the effect of tantalum electrodes on Al 203 dielectrics,

two series of devices, AC and AG , were fabricated identically except

for dielectric thickness. Series AC devices, test data shown pre-

viously in Figures 22 and 23, revealed lower capacitance values than

those found for the series AG devices. Curves for series AG devices,

presented as Figures 37, 38, and 39 are similar to those obtained for

the companion devices, AC series, with their thinner dielectrics.

Volume resistivity measurements were performed on two capacitor

series. The value of the parallel conductance (G) was measured and

the volume resistivity computer from

	

Resistivity = 1
	 Area of Capacitor Electrode 	 (6)

	

G	 Dielectric Thickness

(ohm^4cm)

Figures 40 and 41 show results of measurements for the series

E and AG capacitors as a function of temperature and frequency. The

series E volume resistivity is shown in Figure 40 for a frequency of

1 kHz. Results for the AG series are shown in Figure 41 for fre-

quencies from 1.0 to 100 kHz. The series E has a dielectric of SiO2

and the series AG, Al2 03. Comparing results at 1 kHz the volume

resistivity of the series E issuperior by a factor of approximately 100.

The do resistance as a function of temperature was measured for

two capacitor series. Series I represents a single layer capacitor

with a dielectric of Al2 03. Series AH is a four layer capacitor with

a SiO2 dielectric. Figure 42 shows the test results for both series.

Both series have nearly identical do resistances as a function of

temperature.

A quantity that can be used for determining the quality of a

capacitor in a filter circuit is the C (1 kHz) x R (dc) product.

The series AH has a capacitance of approximately 11,000 picofarads for

temperatures from 220 to over 3000C. Precise capacitance measurements

were performed on the series AH for frequencies from 200 Hz to 100 kHz
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throughout the temperature range from 22° to 512°C. Results of the

capacitance and the do resistance measurements were used to calculate

the C (1 kHz) x R (dc) product which is shown in Figure 43. Results

for the series I -2 were obtained from the data given in Figures 31,

32, and 42.

Property Review

Dielectric Strength. Bulk strength for Si0 2 is 1.6 x 10 5 V/cm

and for Al2 03 it is approximately 8.4 x 10 4 V/cm. The dielectric

strengths shown earlier in Table 2 reflect the common increase in

dielectric strength for thin films. For Al 203 this trend is already

evident at ? mm where the dielectric strength is 2.8 x 10 5 V/cm.

Below about 2000 A thickness, however, the breakdown strength might

decrease due to discrete film defects and interfacial roughness.

Dielectric strengths measured in this program were generally in the

105 V/cm range and this agrees well with what others have found for

thin films of these materials(25).

Capacitance. The variation of capacitance with frequency and

temperature is less for the Si0 2 dielectric capacitors than for the

Al203 devices. Table 3 tabulates the p:rcentage capacitance change

for SiO2 and Al 203 capacitor systems for a temperature range from

22° to approximately 300°C at a frequency of 1 kHz. The table shows

the small variation in capacitance for S10 2 systems compared to the

large changes experienced by Al 203 dielectrics. The major cause of

capacitance change can be attributed to the temperature dependence

of the dielectric material. Figure 44 shows values of dielectric

constant for Si02 and Al203 measured at a frequency of 1 kHz. The

change of dielectric constant for Si0 2 is insignificant for temperatures

from 22° to 3000C. Only above 300°C does the dielectric constant

increase appreciably. A different situation exists for Al 203 . The

dielectric constant experiences a significant change with temperature.

For the case of the field perpendicular to the optic axis the

dielectric constant changes by more than 20 percent for the temperature

°	 °range from 22 to 300C.
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TABLE 3

CAPACITANCE CHANGE IN SiO2 AND Al203
CAPACITOR SYSTEMS AT 1 kHz

Series	 Temperature Range	 Percent
Variation

C (Si02 ) 220 to 31%0C 1

B (Si02 ) 220 to 3000C 1.2

E (S102 ) 220 to 3200C 1.25

AH (S102) 220 to 3140C 0.33

I (Al2 03 ) 220 to 2950C 59

V (Al2 03 ) 220 to 3180C 26

AG (Al2 03) 220 to 3320C 3

AC (Al2 03) 220 to 3000C 23

Dissipation Factor. A preliminary analysis of the effect of

temperature on dissipation factor of 5102 and A1a03 capacitor systems

can be made by examining measurement data. Figure 45 shows the dissi-

pation factor at temperatures of 22 0 and approximately 3000C for

selected capacitors. Data is for measurements at 1 kHz. The SiO2

capacitors have a dissipation factor an order of magnitude less than

the Al2 03 devices over the temperature range considered. Figure 46

illustrates bulk dissipation factors for Al203 and SiO2 for a fre-

quency of 1 kHz. The spread in dissipation factor noted for the measured

capacitors is not evident from Figure 46. The greater dissipation

factors of the Al203 units cannot be attributed to electrode thickness.

Further effort will be devoted to this area.
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CONCLUSIONS AND RECOMMENDATIONS

Thin film capacitors were prepared by low energy rf sputtering

and vacuum evaporation using dielectric materials of SiO2 and Al203.

Results of electrical tests indicated that both dielectric materials

can be employed effectively in capacitors operating at temperatures as

high as 3000C, and in several cases to temperatures as high as 5000C,

with little change in electrical properties.

Specifically, laboratory work demonstrated the feasibility of

making planar thin-film Si02 capacitors with excellent electrical

characteristics from -600 to above 30000 for frequency ranges from

200 to 100,000 hertz.

From the results of this initial study, it is recommended

that additional research be undertaken to develop dielectric films

of primarily S 4_02 or Al 2 03 for high temperature capacitors with

thicknesses betwe°n 2,000 and 5,000 angstroms, with higher thickness

uniformity and with higher deposition rates. Other high dielectric

constant materials, as well as new techniques for preparing capacitors

without breaking vacuum, should be investigated.
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FIGURE 10. MULTILAYER Al - SiO 2 CAPACITOR WITH ALITMII:UM CONTACTS
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FIGURE 11, MULTILAM Ta - Al 2 0 3 CAPACITOR WITH GOLD INTERCONNECTS
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FIGURE 12. EQUIVALENT ELECTRICAL CIRCUIT OF A CAPACITOR
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FIGURE 16.HIGH TEMPERATURE TEST UNIT FOR ELECTRICAL
MEASUREMENTS OF CAPACITORS
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W c/1
Wwwwo

n
cn

«̀7
U
HW

v
0

00
O

.r

-64-
a
g

en
ON
a H

^^ d

^ u	 w
=+•4	 u}

N-4

ON
lei

t
H

v
0
N
N V

O
t f^

t

O	 O
In	 O
ON	 0%

(speie;oaTd) oaue7T:)edir)



-65-

O
O	 N

(^p^s•;oajd) wa•^joedq

M
ON
a .

F

c^

ow

^ u Mu	 u

O^ A W
h

N

v
0a
MI

M

a
g

w
U
6HH
U
a:
6
V

O

•Y
M
X

•
s
•
M
fY

z
O

O
H

h. H

Qi
W P.iH 6
UA ^

^a

z W H^x
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New Technology Appendix

"After a diligent review of the work per-
formed under this contract, no new innovation,

discovery, improvement or invention was
conceived worthy of reporting at the time of

publication".



The equivalent electrical circuit of a capacitor is shown in

Figure 12 and the terminal impedence is,

I
Zt = (R + jwL) +	 j1	 (A-1)

Rearranging Equation (A-1) into real and imaginary components results

in,

Zt -[R + C2+0 -1 + j 
1OJL -
	 C +0 I	 (A-2)

For,

G2 < < w2Ca

the effective terminal capacitance (Ct) can be determined,

-

	

	
1	

= WL -	 (A-3)
w 

t

and

Ct = Ĉ —(A-4)

`	 The dissipation factor (D) of the capacitor is the ratio of the mag-

nitudes of the real and imaginary parts of Equation (A-2). At low

frequencies, (L = 0), and for G 2 < < w2C2,

D = cuCR = wC
	

(A-5)
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