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EVALUATION

This effort has identified and described half a dozen distinct electro-

magnetic device categories utilizing in situ formed composites. They

cover a wide range of Air Force functional applications requiring advanced

device and materials capabilities. Some may warrant designation as future-

technology or application far in advance of expressed or perceived need;

i.e., “look forward twenty years.’

Time, manpower and jurisdictional or mission limits have permi tted

experimental Investigation only in the areas of:
(1) Field-effect emi tters (cold cathodes).
(2) Miniaturized, high resolution displays.

This work fits into the RADC Technology Plan under TPO 5 - C3 System
Availability; Thrust — Advanced C3 Electronic Materials and Devices.

The Intended appl ication of aligned needle-array composite field-effect

emitters is to supersede thennionic cathodes in microwave tubes in order

to gain the obvious advantages of instant-on operation, long lifetime,

ruooedness and reliability; wi th concomitant cost—to—l ifet ime benefit.

The intended application of the composite-based display is as a helmet-

mounted, head—up display having high resolution and rapid refresh capability.

cc
Contract Monitor
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I. Introduction: Background on In-Situ Composites

In recent years it has been demonstrated that one can prepare a wide

range of eutectic materials whose microstructure consists of geometrically

aligned phases. For example, the synthesis of parallel one—micron semicon-

ductor rods (Si ) in an alum inum matrix has been demonstrated (Filonenko , ‘72). 
J

Researchers have prepared eutectics which contain combinations of many types

of materials ranging from metal—insulator to semiconductor—semiconductor to

Insulator-semiconductor, etc. Many combinations of optical, I.R., super-

conducting, and magnetic characteristics have been experimentally prepared.

The work in this report is the result of a broad-scope effort In the

field of In-situ grown composite materials. The intent of this project was

to identify highly promising device concepts in the early phase of the pro-

gram, and to conduct experiments to prove out technical feasibility in later

stages of the program.

Miong the most promising new eutectic applications pursued during this

program Is the field emitter array for microwave cathodes. Continual use of

microwave tubes will be essential for a number of years to come, since neither

existing nor projected solid state devices can fill Air Force needs for both

power and high frequency. Composite cold cathodes, or thennal-field cathodes,

have inherent potential for high power and particularly high power and high

frequency microwave cathodes. Currently, additional programs are being

initiated by both the Air Force and Navy to continue development of high

performance cathodes based on field emission in composite materials (see

later sections).

These new materials hold great promise for application in a wide range

of current and future electro-aagnetlc devices. Directional solidification

permits one to “fabricate” composites containing geometrical arrangements of

micron-sized structures made up of two or more materials. One may also select,
1
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from a wide rang e of components, materials to combine into a eutectic struc-

ture which has optimal properties for a given device . In addition, dramatic

increases in specific bulk properties, such as magnetic anisotropy, may be

obtained by proper selection of eutectic components. In the latter case, a

synergistic effect has been observed: the magnitude of a composite property

may be greater than that property exhibited by the pure component materials.

It Is conceivable that by proper combining of materials , relatively weak

optical , magnetic, etc., effects may be amplified in a eutectic composite to

usable magnitudes and thereby make possible new electro-optic devices.

In very broad terms, composites offer the device fabricator a means of

“designing around” the fundamental limitations most single-phase materials

present to the developer of electro-magnetic devices . A great many radiation

detectors, semiconductor diodes, etc., require combinations of properties

that are not found in single-phase materials, e.g., a solar cel l requires

the photoelectric response of a semiconductor and the low resistance of an

electrical conductor. Working devices, with less than theoretical efficien-

cies are usually based on compromise designs which work around the basic

limitations of single—phase materials.

l.A. Objectives of the Program

This program was conducted in order to identify possible electronic,

electromagnetic, or electro-optlc device applications of controlled-micro-

structure eutectics (“In—situ grown composites”). This was accomplished by

means of a coordinated interdisciplinary study, involving staff members ac-

tive In the areas of electronic devices and materials science. The study

was directed under the constraint that the ultimate goals of this program

would be totally new devices or device components or significant improve-

ments in the efficiency or function of state-of-the—art devices.

Concurrently with device identification efforts , eutectics likely to
2
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be useful as device materials were screened from among various literature

sources . Phase equilibria, solidification kinetics , and other pertinent

data were reviewed, and extrapolated when deemed useful and rational , in

order to postulate the existence of new eutectic materials wi th device po-

tential.

Specifi c objectives of this program included : (1) the analysis of a

comprehensive literature base, (2) identification and analysis of new device

concepts , and (3) limited experimental activity to further evaluate interest-

ing device concepts. In the initial phase, the program was operated in an

iterative fashion , in order to survey many classes of eutectic materials and

many classes of devices. Starting wi th either a known device concept or new

concepts generated by the project staff, the objecti ve was to discover , by

compari ng various combinations of properties , how one could go from the

initial point (A) to point (B) at which a eutectic-based device and corres-

ponding eutectics could be described. An alternati ve approach would have

been to select specific in-situ composites , determine or estima te their

properties, and match that combination of geometrical , electrical , etc.,

characteristics wi th the requirement of various devices . This latter approach

to the study was rejected at the outset as too narrow since this entire study

may wel l have been limi ted to evaluation of two or three composite materials.

I.B. Research Plan

The study plan was designed so that the research effort was based on

a systematic procedure that leads to the desired objectives. The plan con-

sisted of a sequence of tasks leading from a thorough review of background

information to the evaluation of new device applications of controlled-micro-

structure eutectics.

This study was conducted In an on-going iterative sequence, based upon

Tasks I through III described below . The procedure was cont nued for the
3
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duration of the contract period. Thus, as information was added to the data

base, it was reviewed by the interdisciplinary technical staff for (1) poten-

tial device applicati ons and (2) basic materials Information relating to the

formation or characteristics of in-situ grown composites. Frequent staff

meetings were held in order to facilitate the exchange of ideas and to speed

the evaluation of concepts identified during the course of this study.

Task 1. Establish a literature base.

The purpose of this task was to collect and compile available techni-

cal information relevant to device applications of controlled-microstructure

eutectics.

The data collected included all pertinent Information related to the

dev&opment of devices from eutectic-type composite materials. Also , infor-

mation relating to the practical and theoretical range of composite material

characteristics and factors which control the development of eutectic micro—

structures was included in the literature base.

The output of Task I served as input for Task II.

Task 2. Preliminary search for new devices /applications and useful
eutectic systems.

The task included choosing broad bases for selecting eutectic materials

for device categories . Using these materials cri teria , the data were scanned

to identi fy eutectics or specific micro—structures which have the general

characteristics required for device application(s). Subsequent scans were

made specifically to identify data which had relevance to a specific device

or class of devices (e.g., I.R. detectors).

This task Included consideration of technically innovative device

applications of composites, such as:

(a) compact , high resolution displays

(b) more sensitive I.R detectors

(c) electronic components based o~ low voltage cold cathode elements .
4
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Output of this task served as Input for task III , the preliminary

technical evaluation of device candidates and eutectic systems.

Task 3. Prelimi nary technical and economic analysis.

The purpose of this task was to review the technical and economic

feasibility of the device candidates and eutectic systems identified in Task

II and to identify the pacing technology required to Improve the attractive-

ness of some of the devices.

Th is task utili zed data collec ted in Task I on the current and pro-

jected feasibility of specific composite material applications. Candidate

composite materials for devices had to meet the general criteria of (1) pro-

mIse of significant improvement in state—of—the—art in toninunications, energy

conversion and other applications, (2) technIcal feasibility , and (3) economIc

viability (economically competitive).

Task 4. Experimental studies.

The purpose of this task was to evaluate key elements of conceptual

device designs and also to conduct limited prototype development experiments.

The most promising device concepts identified in terms of techn ical/

economic feasibility and in terms of projected Air Force needs, were fur ther

evaluated. This task was confined to limi ted (1) prototype studies of a

field emission cathode and (2) experimental evaluation of display concepts.

Task 5. Reporting results of study.

The purpose of this task was to assure that project results were

effectively disseminated to the Air Force and interested D.O.D. agencies.

This task involved preparation of materials for several conference

presentations as well as the compilation of interim reports and a final re-

port. Report material approved by the Solid State Sciences Laboratory,

Hanscom AFB, .was published in the proceedings of the Materials Research
Society . 5
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This task included the collection and compilation of the results of

Tasks I through IV and the preparation of additional material, as required

by the results of Task IV, for the final report.

The main body of the report includes the methodology, procedure, data,

findings, rationale and reconinendatlons . The primary emphasis of the main

body of the report is on the experimental phases of the program effort. This

includes descriptions of preliminary material characteri zation , prototype

device fabrication, and the results of dev ice characterization analyses . The

main body of the report will also Include a series of concise suninarles of

study findings on specific new device applications.

I.C. Project Organization and Management

The study was conducted as a cooperative interd iscipl i nary effort be-

tween staff members of the Georgia Institute of Technology. The study was

coordinated by Dr. John W. Goodrum, who served as principal investigator and

had overall supervisory and administrati ve responsibility for the program.

The study team to support Dr. Goodrum included personnel with backgrounds in

solid state physics, ceramics , electr ical engi neer ing, metallurgy , and other

are?s.
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11. Cold Cathode Devices Based on Field Emission from Composite Materials

II.A. Introduction

The current and projected needs for improved cathodes for microwave tubes

and other applications has led to a renewed Interest in field emission , and also

thermal field emission. Much of the renewed interest is due to the development

of eutectic composite materials containing arrays of al igned needle-like struc-

tures which are efficient electron emitters. These materials are still in the

process of development; however, extensive testing of diode structures has been

conducted by several groups including Chapman et al. at Georgia Tech.
An additional application involves exploitation of the small beam size

and high intensity of a field emission electron beam. There is a projected

need for small (O.5~), intense (10 5 A/cm2) beams for electron lithography In

the fabrication of high speed (VHSI) and large scale (VLSI) integrated circuits.

Currently, circuit dimensions on the order of 5 microns are attained, but it

would be desirable to obtain 0.5 micron dimensions. Considine et ai. (1) have

shown that lanthanum hexaboride and other field emission materials are capable

of at least (iO~) A/cm2 in a beam focused to 0.5 micron dia. spot.

For many years the idea of employing field emitters as cathodes for
microwave tubes has been an attractive one. The obvious advantages of elimin-

ating the heater, instant warmup, emission densities in excess of those achiev-

able from thermionic cathodes, long life, and high reliability have appealed to

both tube and systems designers. Unfortunately, progress in developing field

emitters has been disappointing. Erratic and unpredictable performance has,
until recently, relegated the field emitter to the role of a laboratory curios-
ity, as opposed to a useful tool for the microwave tube designer.

Recently, efforts have been initiated at the Naval Research Laboratory,

Air Force Avionics Lab, and several academic laboratories to further pursue the
development of field emission microwave cathodes. It Is felt that the above

7
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projects, making use of the results of this and other studies, w ill lead to

development of a reliable high performance cold cathode for tubes.

If one considers the current status of solid state microwave devices,

and also the expected progress In sol id state development, the con tinue d future

need for cathodes for high power, high frequency ow tubes is apparent. Note In

Table I that power output at higher frequencies is a fraction of a watt. The

field emission cathode, wi th its unique potential for simplicity, instant

switch-on, and high beam intensity, appears to be an exciting area for develop-

mental cathode studies . The continuing improvement in composite emitters , in-

cluding the low vol tage configurations, is a key element in the viability of

field emission as a basis for improved cathodes.

II.B. Background

In recent years the School s of Ceramic and Elec trical Engineering at

Georgia Tech have been studying the use of mel t—grown oxide-metal composites

for high field-effect electron emitters. This work has progressed to the ex-

tent that emitting arrays consisting of W fibers aligned in a U02 matrix,

possessing the geometry shown in Figure 1, have produced emiss ion current dens-

ities of up to 1 A/cm2 for several hundred hours. Thus these emitters have

current densities and operating lifetimes that are attractive for a variety of

electronic and related applications.

At the time this study was conducted the W-U02 represented the best

availabl e eutectic for testing purposes (see Figure 1). In theory, there are

many potential in—situ composites which could provide the array of emitting

pins needed for a cold-cathode. The needle phase might be a refractory boride

(i.e., Lanthanum hexaboride (7) 
~~, 

carbide or nitride compound , as well as

refractory elements such as tungsten or molydenum. In particular, if the

needle component has a low work function potential, then an applied field may

be able to more efficiently extract an electron beam at lower voltages. It is
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Figure 1. Scanning Electron Micrograph of U02-W
Composite Containing ApproxImately 1.5
w/o W Displaying Widely Spaced Fibers.
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hoped that future efforts will be directed toward development of such new

in-situ composites. An example of the known eutectics of the metal/metal

oxide type is given in Table II.

Recently, Dr. Jules Levine of RCA experimented with different cathode-

anode geometries using the Georgia Tech U02-W field emitter, and has achieved

much higher current densities. The highest currents achieved were on the

order of 1000 A/cm2. He also ran one li fe test to 1200 hours with a sample

operating at 1000 A/cm2. The life test was accidentally terminated at that

point. Best results at RCA were achieved with a macroscopically pointed field

emi tter, operating in a tapered cylindrical anode.
The U02-W composite is produced by a modified floating zone process to

form single crystals. The net result is 10 million uniformly spaced continuous

0.3 micron diameter tungsten fibers per square centimeter imbedded in a U02

matrix. Reproducible samples 2 cm long x 2.5 cm diameter are produced. Etching

removes the U02 more rapidly than the tungsten, so the tungsten fibers extend

above the U02 after etching, and the fibers are also sharp (<0.1 micron spherl-

cal radius).

II.B.1. Advantages and Geometry of Low Voltage Field Emitters

A technique has been developed to fabricate a low voltage field emitter

(LVFE ) based on U02-W composites. The geometry of the cathode consists of an
array of free standing tungsten fibers with each fiber centered in individual

conical holes in a thin film insulator layer and a metal extractor layer. Fab-
rication of the structure was made possible by the discovery that when inunobile

materials are vapor deposited by line of site deposition parallel to the axes

of exposed fibers, the film on the fiber tip grows laterally as the thickness

increases producing a deposit shaped like an ice cream cone. The lateral

growth of the cone provides a mask to shadow the area surrounding the fibers

which resulted in free standing fibers centered in cones in the deposited film

11
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1’H TABLE II. KNOWN METAL/INSULATOR EUTECTICS**

Ill-Defined
Well-Defined Eutectics Doubtful Eutectics

Metal MetalOxide Phase Phase Ref. Oxide Phase Phase Ref.
(Al ,Cr)203 Cr 3 Ce02(Zr02) W *
(Al ,Cr)203 Mo 1 La203 Mo 2
(Al ,Cr)203 W 1 La 203 W 2CeO2 Mo *,2 Nd203 Mo 2CeO2 W *,~~ Nd203 W 2
Cr203 Cr 4 1102 Cr 9
Cr203 Mo 5 1102 Mo *

Cr203 Nb 9 Ti02 Nb 9
Cr203 Re 5 1102 Ta 9
Cr203 Ta 9 U02 Mo 7
Cr203 V 9 Y203(Ce02) Ta *Cr203 W 5 Y202 Mo *Er203 CeO2) Mo 2 Zr02 W *Gd203 CeO2) Mo 5
~~203 CeO2) W 5
Ge02 Ge 4
Hf02(Ce02) W 6
Hf02(Y 203) 14 6
Ho203(Ce02) Mo 2
La203(Ce02) Mo 2
1a203(Ce02) W 2
MgO 14 5
Nd 203(Ce02) Mo 2
Nd 203(Ce02) W 2

W *
5sn203(Ce02) W *

U02 Nb 7
• U02 Ta 7

U02 14 8
r203 Ta *
Y203(Ce02) Mo *,2
Y203(Ce02) W 2
Zr02 Ta 9

* This study.
~~ Adapted from reference 76 B J

Brlggs, ~3., and P.E. Hart, “Refractory Oxide-Metal Eutectics,”Journal of the American Ceramic Society-Discussions and Notes
Vol. 59, No. 11-12, p. 530, 1976.

*** References listed at end of Section II.
12
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on the substrate. (See Figures 2 and 3.)

The technique provides for independent variation of the dimensions of

each feature of the structure. Cathode array density variations are provided

by U02-W unidirectionally solidified eutectic composites which are available

in fiber packing densities of 1 to 50 x 106/ cm2. Variation of W cathode (fiber)

height and shape is accomplished by time variation of chemical etches to pro-

vide cylindrical tipped or conical tipped fibers of desired height. In addi-

tion, the shape of the fiber tip may be varied from a right circular cylinder,

to a hemisphere, to a pointed tip in that order by argon milling for increasing

periods of time.

The thickness of the Insulator and extractor layer may be varied to any
desired thickness to match the length of the W fiber cathode. Thus the tip of

the fiber can be placed above, at the level of, or below the metal extractor
grid. The diameter of the holes in the extractor grid is dependent on the in-

sulator layer thickness for a single deposition but by removal of cathode cones

and mu l tiple insulator deposition, the extractor grid hole diameter can be

varied independently of the insulator layer thickness. As a result, any de-

sired dimensions of the emitter structure can be produced by this technique.

Low voltage emission testing has demonstrated that 60-80 volts will

initiate field emission and at 180 volts macroscopic current densities of 14.0

A/cm2 has been obtained under pulsed conditions.
Cathodes of this type offer several advantages compared to the exposed

parallel fiber arrays tested in this work. First, the grid structure of the

LVFE provides an identical field for each fiber and thereby provides uniform

emission across the array. This elimi nates edge effects and should allow much

higher current densities than even that already demonstrated. Secondly, the

low operating voltages should reduce pin failure and increase lifetime . At

the low voltages, ionization is decreased significantly and any Ions that are
13
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created have low energy due to the low vol tage. Thus, erosion caused by ion

bombardment is minimi zed. In addition, the LVFE has all the advantages of the

conventional field emi tter , i.e. , instant on, high brightness, cold operation,

etc.
II.C. Development of Cold Cathode Devices for Microwave and Other

Applications

Based on the study objective to evaluate eutectic materials and based on

the need for improved cathodes for Air Force microwave tubes , a project to ex-

amine a eutectic material as tube cathode element was conducted. The objective

• was to demonstrate technical feasibility by operation of a prototype device

generally compatible with the requirements of a microwave tube. This prototype

development work was regarded as a step toward the ultimate goal of producing

-an electron source suitable for one or more microwave tubes.

II.C.1. Conceptual and Engineering Designs

The development of conceptual and engineering designs invol ved (1) ad-

dressing several general problems associated with field emission devices, and

(2) integrating the known properties of composite emitters into realistic pro-

totype designs.

A primary problem addressed In the des ign concepts was obtaining large,

stable currents. Existi ng thermonic cathodes provide electron beams of 50 mA

or more in operational microwave tubes. Total currents of this magnitude have

been difficult to extract from field emission devices. Single pins , for ex-

ample, normally are capable of no more than 100-200 bAA currents. Composite

emitters wi th arrays of pins have produced total currents of a few milliamps .

A further and cri tical design concept area lay in the identification of

microwave bean geometrics which are compatibl e wi th the electrode configuration

required for field emitters. Also included in this area are the needs to rec-

oncile the conditions of field , etc. for field emission with the dimensions and

16
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electric and magnetic fields often present in a microwave tube. One problem

area is beam transmission through an anode aperture. It is assumed that the

electron beam must be transmi tted from the cathode device into other tube

elements for modulation , etc. For example , In a klystron or 0-type TWT, it

is necessary to have a dense, usually cylindrical (solid or hollow), constant

r velocity electron beam , interact wi th cavities or a slow wave circuit. This

is usually accomplished by having an aperture in the anode. The aperture may

be lightly gri dded if power density is sufficiently low. If a field emitter

were used in a conventional gun design , the edge effect problem would have to

be overcome so that the cathode-anode spacing could be large compared to the

aperture size. Otherwise , the aperture would reduce the electric field at the

cathode and limit emission . An anode grid would severely limi t beam power

density . Alternately, a control grid could be employed to provide the high

cathode field. If a conventional control gri d which intercepts electrons on

a strictly geometrical basis were used, electron beam power woul d be severely

limited. On the other hand , a shadow grid would circumvent this problem , but

an innovative design would be required to overcome the reduction of field at

the cathode surface caused by the grid holes. The low voltage field emitter

being Investigated by Dr. J.K. Cochran at Georgia Tech would be a solution to

this problem .

Another general problem area is consideration of space charge effects

on a field emission device. All conventional electron guns are space charge

limited. Therefore , the electric field at the cathode surface is zero. Clearly,

a field emitter could not be operated space charge limited because with zero

field at the cathode surface , there could be no emission. There will be suf—

ficient space charge to cause a significant field reduction, however, and de-

sign procedures must take space charge into account. The procedure for doing

this is straightforward, but needs to be carried out.
17 
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It has been demonstrated by Chapman , Feeney, and their students that the

exposed-pin composite wil l emi t reliably at current densities in the neighbor-

hood of 1 A/cm2. This work was done primarily wi th planar geometry , and no

effort was made to get electrons pas t the anode.~
2’3~ Levine, at RCA, achieved

much higher current densities from a stylus—shaped cathode, and also succeeded

in getting a fair percentage of the current through an anode aperture.~ ~

Efforts to increase the cathode area to increase total current were generally

unsuccessful because the enhanced field at the edge of the cathode caused only

the edge pins to emit. This problem had pushed most of the work in the exposed-

pin emitter area toward geometries like the RCA stylus, resulting in much higher

current densities , but less total current. Both Chapman and Lev ine had operated

high voltage devices for long periods of time at high current densities and

total currents of a few mA. These stud ies left many unanswered questions as to
the suitability of the composite field emitter as a cathode element in vacuum

tubes. We therefore decided that a series of engineering feasibility experi-

ments seemed the most promising approach to further evaluate the potential use

of this material.

Al ternatively, we could have opted for more basic studies of the field

emission process. Surface films, number and distribution of emitting pins in

an array, local electric field effects , and other properties were of scientific

interest and might have assisted in engineering development of these cathodes.

However, such an approach would have taken much time and effort. It was there-

fore decided that the objectives of the composite study would best be served by

development and testing of a prototype cathode. Problem areas Identified in

this way can be solved by appropriate basic studies.

In the early stages of field emission electron gun development, it was

expected that noise (i.e., current instabilities) would be present to some ex-

tent. Therefore, in the formulation of cathode designs, various noise-tolerant
18
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applications were reviewed. It should be noted that control of noise, whic h i s

currently less than 1%, is considered a realistic goal at this time through

electronic means or by further refinement of techniques for preparing emi ss ion

surfaces.
Assum ing a modest noise level of ‘

~
- 1%, there would be several tube

types in which the cold cathode could be successfully operated. Magnetron and

“ECM” tubes should operate at high efficiency with the field emitter cathode.

-: Tha t is , magnetrons employed in radar transmi tters and traveling wave “ECM”

tubes (used in barrage noise systems) should not be affected by low level noise

in eutectic field emission cathodes.

It appears feasible also to “design around” low level noise In the case
of klystrons used as microwave oscillators. This would be done by using a

“balanced mi xer” circuit which tends to cancel out noise effects in a klystron

oscillator. Al so, for example , if the noise of the composite cathode is pri-

marily A.M. in character, such current variations would not affect the circuit

performance of a klystron tube used in an F.M. type system (e.g., pulsed doppler

system) .
Several linear beam cathode designs were considered. These included (1)

the solid beam magnetron injection gun , (2) the annular hollow beam and (3) the

annular solid beam.

The success of the RCA experiments with the U02-W field emitter suggested

a geometry similar to the pointed emitter In a tunnel which they employed. The

magnetron injection gun investigated extensively in the early 1960’s by Kino,

and others~
5’6

~ has a similar geometry. Figure 4 shows such a magnetron injec-

tion gun . Electrons initially travel almost radially toward the anode. As they

gain velocity , the magnetic field forces them into helical trajectories and they

proceed through the anode aperture. Since the magnetic field is very st rong,

electrons never reach the anode. Because of the close cathode-anode spacing ,
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high electric field at the cathode surface is maintained.

A considerable part of the magnetron injection gun study would have been

in the area of fabricating the cone-shaped composite. It appeared unlikely

that methods could be devised to achieve the ideal condi tion of perpendicularity

between tungsten fibers and cone surface. However, it was felt that sufficient

field enhancement could be realized wi th tips parallel to the cone axis. Optimum

tip sharpness and spacing for this geometry were other areas requiri ng investiga-

tion. The use of control grids with this concept were also considered.

A supplementary study could have Investigated shadow grid techniques to

see if a shadow grid design could be devised which would still provide high

electric field at the emitter surface.

Annular Hollow Beam Cathode Concept. Analysis of a literature base re-

lating to cold cathode devices, and consul tat ion with personnel experienced in

field emission research led to the development of an annular , hollow beam cath—

ode design concept. Since edge effects produce higher electric fields near the

edge of a field emitter, it was tempting to treat this as an advantage rather

than a problem and design the electron gun to produce a hollow electron beam.

Such a design would have a number 0f applications since many microwave tubes

utilize hollow beams, particularly low frequency (below 2-3 GH2) 1141’ ampl ifiers

and most backward wave oscillators. More recently, hollow beams have been em-

ployed in millimeter wave gyrotrons.

Figure 5 shows schematically the hollow cathode design. This design was

based on general microwave tube concepts combined with known properties of

eutectic emission surfaces.

A solid beam cold cathode concept was considered. Edge effects become

the dominant emission mode with large arrays of field emitters. That is, if a

planar array of emitters has a planar mode of comparable dimensions, essentially

all the electrons are emitted at the edges of the array. This is presumably due
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to the enhanced field effects at the edges; the equipotential electro magnetic

lines are closer to the edges. In general , one approach to obtaining uniform

solid emission over the enti re array of emitters would be to place secondary

fields so that these would modify the anode potential lines . Instead of a

A “distorted” field at the array edges, a uniform field would be applied across

..~ the entire array of emitters. If serious engineering problems were not en-

countered these secondary fields should lead to a uniform solid beam. This

concept would require (1) computer simulation to identify the necessary geoin-

etry of the secondary fields and (2) design of structures to generate such

fields.

II.C.2. Prelimi nary Experiments Study: Annular Hollow Beam

After consideration of the three concepts—magnetron injection gun ,

annular hol low beam , and annular solid beam—it was decided to conduct some

preliminary experiments to assess the technical feasibility of the annular

hollow beam. This decision was based primarily on the projected experimental

di fficulty in developing a working prototype cathode based on each of the con-

cepts. Also considered was the fact that “edge effects”, upon which the hol-

low beam concept was based, were a demonstrated experimental fact, whereas

the magnetron gun concept and the field deflection concept (solid beam) lacked

experimental results to support them.

Much of the initial engineering design for the hollow beam cathode was

based on the experimental studies of Chapman, Feeny, et al.,(2) Lev ine,~~
and others who conducted diode-type emission studies with eutectic composite

materials. The studies by Chapman and Levine had established that the W-U02

composite developed at Georgia Institute of Technology was capable of long

emission life at high current densities; however, this work was conducted with

diode tubes which were designed for total currents of a few milliamps . Much

greater total current—at least 50 to 100 milliamps—ere desired for microwave

23
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tubes. Therefore, these early experiments were undertaken to ( 1) es tabli sh
the technical feasibility of operating a field emission cathode whose electron

beam geometry is suitable for a microwave tube, and (2) identify variables

whi ch wil l increase emiss ion current to minimal levels for operation of a
microwave tube.

The W-U02 eutectic material was selected for experimental studies after

review of available alternate in-situ composite materials. Of the known systems

(see Figure list) the W-tJ02 material contains the most refractory metal emis-

sion surfaces (14 pins), and this material has been produced with large surface

areas unab le for emiss ion experiments. Further, in experiments conducted by
Chapman et al ,~ 

2 ) the above material showed greater promise as a field emit-
ter than other composites tested (see Table II). Other potential eutectics were

not yet characterized as to field emission properties.

Fabrication of the emitter (cathode element) required the development of

several techniques . It was necessary to form an electrically conducti ve bond

between the composite element and the metal cathode support. Various grinding

steps were required to form the desired composite geometry. The W-U02 eutectic

behaves mechanica lly much li ke a bri ttle ceramic, so that grinding could not
unduly shock the material . Moreover, tolerances on the order of ±1 nil (see

Figures 6 and 7) were needed, which further increased the difficulties of emit-

ter fabrication. Many processing techniques were surveyed so that the experi-

ence gained in this effort would permit the staff to prepare much superior

cathode elements for use in subsequent studies of this composite material.

Results of Pre l iminary St~~y 
- •

Cathode elements were fabricated and tested in a vacuum system. The

results are primarily qualitative , but some useful quantitati ve data was col-

lected. The results include emission current measurements, visual behavior,

and current/voltage relationships.
24
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This initial experimental study was concerned wi th first, demonstrating

that the hollow cathode geometry would be compatible wi th the conditions needed

for field emission , and secondly to demonstrate that an electron beam of sig-

nificant magnitude could be generated.

It was of great interest to observe empirically whether field emission

would tend to be concentrated at a few narrow gaps, rather than emitting uni-

formly over the cathode surface. The experiments to date have produced what

visually appears to be a remarkably uniform emission pattern over the surface

intended for emission , i.e., over most of the “end v iew” surface shown i n

Figure 5 (also see Figure 6). The project staff was pleased to see such be-

havior in view of the rather large fabrication tolerances which were unavoid-

able on the fi rst cathode elements.

Since the W-U02 composite must be “aged” before maximum field emission

is obtained , a series of current vs. voltage relationships could be measured

during the aging process. The exponential form of the current/voltage curves

provided further evidence that the cathode was operating In a field emission

mode.
After completion of the aging sequence, currents of five mi lliamps were

recorded. Total current levels were stable over periods of several hours;

meter readi ngs of emission current were essentially constant. Thus , the pre-

limi nary emitter tests showed that gross instability or noise effects were not

present. In future tests, It would be of great interest to analyse the current

stability in some depth to determine frequency and amplitude variations.

These prelimi nary experiments indicated that future work should continue

to be directed toward the development of a h igh curren t, rel ia~ble cold cathode

with minimal beam noise. This should i nvolve design refinement based on equi—

potential lines of electric field models. Thereafter, precision machining

techniques should be developed as necessary to fabricate concentric cathode

27
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assembl ies to small tolerances .

In the preliminary experimental study , engineering design tests were

conducted on the hollow beam concept. Composite elements were machined , and

a series of tests were conducted in vacuum chamber. These showed first order

current-voltage dependences for the hollow beam geometry. Various extractor

electrode spacings were tried and corresponding tendencies to arcing were

noted. This body of information and experience formed the foundation for the

following prototype program.

II.C.3. Prototype Cathode Study

On the basis of the very promising results from the preliminary experi-

ments, a project to fabricate and test a prototype cold cathode was initiated.

The hollow beam concept was retained and both the engineering design and fab—

rication techniques were extensively modified in view of the previous study

results .

As an alternative approach to the exposed-pin configuration , work at

Georgia Tech and elsewhere on low-voltage emitters holds great promise for a

material which would serve as both a cathode and a non-intercepting control

grid. However, at the time this work was initiated , the low voltage device

was not yet ready for testing in a prototype cathode. A description of this

emitter design was given earlier in this section.

As in the preliminary study, this work was Initiated to determine if the

exposed-pin material holds promise for applications as linear beam cathodes. It

was deemed necessary to demonstrate not only that it would produce high current

density, but also that it would deliver high total current—on the order of

tens to hundreds of milliamperes . The goals for this project Included demon-

stration of a uniform, high density beam with total current adequate for use

in a microwave tube. Al so the effect of electrical circuits for control and

protective purposes was to be examined. As far as practical , magnetically-
28
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compatible materials were to be used in device fabrication.

The first version of the thin annular ring emitter was designed to

operate at a cathode-anode vol tage less than 1 Ky. The cathode surface was

inserted into the anode .0015” and the radial clearance was .003” for both

inner and outer anodes. The geometry is shown in Figure 8. This design in-

corporated the observation of previous Georgia Tech experimenters that close

spacing of the electrodes generally leads to longer lifetimes. The lower

operating voltages are believed to reduce damage from arcing and ion bombard-

ment. Tests showed that larger tolerances permi tted higher performar,ce. Pro-

tective electronic circuitry also contributed to higher device performance.

Prototype Cathode Design and Fabrication

Figure 8 shows schematically the conceptual design for the hollow

cathode. It can be seen that the anode is made in inner and outer sections.

The anode is spaced a few mils from the emit te r , while the water-cooled col-

lector is perhaps 3/8 inch from the anode. The device is shown in Figure 9.

High density alumina was used for electrical stand—offs ; other components

were fabricated from austenitic stainless. The spacing of emitter/anode!

collector was readily adjustable. Vari ous tools were made to assist in

assembly of the prototype to tolerances on the order of one m u .  The tools

also served a protecti ve function ; the emitter and anode mounting structures

were exactly aligned with these tools before the composite was installed.

This procedure reduced the chances of touching or otherwise contacting the

emission-ready composite , since the 1 micron diameter pins were very suscept-

ible to mechanical damage.

Composite Element

Rings of W—U02 composite were cut from wafers of as-grown material.

After cleaning and bonding this ring to a stainless pedestal , the emission

surface was lathe ground to the desired geometry : a beveled ring approximately
• 29 
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0.25 inch diameter with a flat emissIon edge of about 0.003 inch. A silver

epoxy was selected for bonding the composite to the stainless base. Various

brazes were tried, but these severely cracked the W-U02 disc. The conductiv-

ity and strength of the epoxy seemed adequate for these prototype studies.

• However, later experimental tests showed that in vacuum and exposed to several

kilovolts , this material is severely degraded and field emission is affected.

The best technique which was devised for grinding the composite utilized

a tool wi th a circular •cutting groove (see Figure 10). The emitter element was

mounted in a 4—jaw lathe chuck and the j aws were adjusted until the total in-

dicated runout of the 0.0. was less than .0001”. (A lathe was used which had

a tailstock which was concentric with the headstock within a few microns.) The

tool was mounted In the tailstock and brought near the composite. A slurry of

600 gri t alumina powden was dripped on the tool as it was brought into contact

wi th the composite. The inside and outside bevels were ground simultaneously

on the composite unti l the flat was reduced to .001” wide. The cathode was

removed from the lathe and inserted in a polishing block. The face was then

ground on a diamond polishing wheel unti l the flat was 0.003” wide.

Experiments

As discussed earlier, the emitter/anode spacing was initially made as

small as prac ticab le In order to reduce operating vol tage and increase life-
time. In tests, the device current was slowly increased with a large resist-

ance in the c i rcuit to suppress sudden current changes. This “aging ” procedure

for new emitters was based upon the successful practice of Chapman , et al. at

Georgia Tech (see Figure 11). The first tests with wi th a .001” gap resulted

in rather small currents and very frequent shorts between emitter/anode.

At currents on the order of 0.4 mA, a blue glow became visible over the
emitter surface, and occasional white or reddish sparks were seen. This first

series of experiments yielded maximum currents (CW) on the order of 0.5 mA at
32
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700 V (see Table III). However , the current-limiting factor was the onset of

the presence of shorts and arcs; subsequent disassembly showed damage to the

tungsten pi ns (see Figure 12). damaged areas of exposed silver epoxy , and some

damage to anode surfaces.

It was concluded after several experiments that the problem of assembly

tolerances , which was known to be serious, was too severe to continue with this

geometry for sever al reason s, including eutectic quality (small cracks) and

difficulty in grinding composi tes and aligning components to less than 1 mil

tolerances. It should be borne in mind that with these spacings, tolerances

of the order of ±.0002” were required for concentricity and parallelism. This ,

• 
coupled wi th our i nability to touch the emi tter surface, caused major di ffi-

culties.

In any event, the problems encountered with the close tolerances re—

quired for the closely-spaced emitter led us to reoesign the test vehicle to

provi de approximately .010 inch radial spacing. Larger tolerances provided

better alignment precision . If one assumes that an error of ±1 mU is unavoid-

able under the existing working conditions , then larger tolerances lead to

smaller fractional variations in field strength over the emission surface. This

greater uniformi ty implies more uniform electron emission over the array.

Considerably more success was encountered with the more widely spaced

device. Some of the success was doubtless due to material wi th fewer cracks,

improved grinding techniques , and improved assembly techniques.

Wi th the radial tolerance of 10 mils , currents of 5 mA were obtained.

Electrical noise was reduced and shorts were much less frequent. However, the

maximum current continued to be limi ted by arcing. At this point a current-

limiting power supply was installed , and stability of operation was greatly

improved. Total currents of 15 mA were now measured.

The fraction of emitted current which reached the collector , rather than

35 
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TABLE III . PERFORMANCE OF DEVICE MODIFICATIONS

Dens i t~* % Trans .** Composite- Exp .
Exp. max (mA/cm ) (max) Anode Gap Duration

11 0.4 mA 14. 0. 0.001” 120 hours

21 5. mA 173 45. 0.010” 240 hours

32 15. mA 520 30. 0.010” 96 hours

* Emiss ion averaged over compos ite surface.
** (I collector)/(I cathode).

I-

36

L 

- 

~11± 
_ _ _ _  _ _

I—I- ~~~~~~~~ - 
-• - 

~~~~~~~~~~~~~~~~~ - -

- - --- - -_— - _ _ _ -  —-- - — - --—---—- - ~~~~~~ —_ -__ — -• • ----_—- -_ — _— -



~

~~~~~~~ 
~~~~~~~~~~~~~ -- -

• 

__  _

___ 
~~ ‘~~

•.. v ~~~~~~~~~~~~~ ~~~~~~~~~~~
F • •

~
. - - 

-
,
~ ~~~~~~~~~~ 

_ 
•k1I L~~ “

? 
•,1 • •~~~~~~~~~~~~~~~~IL~P~~~ ~ •

*?~ ~~
‘ 

~

~, ~~ •
* • •

~~~~~~~ A ~~~~
_ _  

I

Figure 12. Pins Da,vaqed by Arcing

37

_

~

i

~

_•  _ —  — -_- _ ~—



- •-

the anode, was determined by comparing total emitter current to anode current.

This “% beam transmission ” factor represents the usable beam in a vacuum tube

application. In early experiments, the transmitted beam was negligible. How-

ever , with the 10 mll tolerances, transmission approached 50%. The beam which

goes through the anode appears to be sensiti ve to anode al ignment as we ll as
to anode/collector bias voltage. Experiments where emitter and anode elements

were less concen tri c or parallel  had v isib ly less un i form emission an d corres-

ponding beam transmission was negligible. Anode/collector bias voltage tended

to saturate at about 500 V. For example , at emitter/anode potential of 3000 V ,

transmission increased from 0 to 45 percent as bias voltage was increased from

0 to 500 V.

In Table III , the general characteristics of the devices tested (CW) are

given . Early versions we re affected by poor fabri cation methods and unrealis-

ticall y small tolerances.

In addition to the CS(DC) tests, a series of experiments were conducted

with A.C. power supply (60 Hz). Currents of approximately S mA at 1500 VAC

wi th very little reversal current were observed (see Figure 13). There was an

unexplained relationship between the small reversal currents and arcs in the

device. The reverse current would slowly increase unti l one or more arcs

appeared , afte r which the current would fall to a very small value. Notice

also in Figure 13 the expected exponential curve shape from a sine-wave input.

In order to distinguish field-emission behavior from leakage or arcing

within the apparatus, current-voltage data were frequently plotted to show the

l inear Fowler—Nordheim relationship. Linear relationships were normally ob—

served as current varied over three orders of magnitude. (See Figure 14.)

Based on observations during this study , it is suggested that fast—

response constant-current power supplies may both reduce the damage of spurious

arcs and contribute to noise reduction in practical field-emission cathodes. In
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arrays of thousands of pins , some will tend to conduct more than others and

local overheating may lead quickly to an arc , then pin destruction . However,

a Constant current power supply reduced pin destruction at sites from fifty or

more pins to one or two pins. The “noise” due to small arcs was proportion-

ately reduced by use of the circuit.

The decomposition of silver epoxy bonding agent complicated efforts to

identify variables which control the current, stability , and lifetime of the

W—U02 emitter. In vacuum and in high electric fields , the epoxy seems to de-

compose and is transported from cathode to anode. In the future it seems ad-

visable to avoid use of this type bondi ng agent. Preliminary tests indicate

that 1-C (thermal compression) bonding would be effective for bonding . A gold

bonding film , for example, showed good bonding when tested to fracture. Bond-

ing between composite and stainless steel occurred at 10,000 psi and 300°C.

Suggestions for Future Work

This prototype study has shown that much additional work is needed in

the areas of improved composites , understanding of emission from large arrays,

and development of device fabrication technology. For example, there is a

need for lar ger , better quality eutectic specimens. Also , a search should be

made for new eutectic composites wi th lower work functions , low vapor pressures ,

and resistance to ion bombardment damage. As pointed out earlier in this sec-

tion , there are many potential in-situ composites wh ich could provide the array

of emitting pins needed for a cold cathode. The needle phase might be a re-

fractory boride (Lanthanum hexaboride , for example), carbide or nitride com-

pound, as well as refractory elements such as tungsten or molydenum. In par-

ticular , if the needle component has a low work function potential , then an

applied field may be able to more efficiently extract an electron beam at lower

voltages . It is hoped that future efforts will be directed toward development

of such new in-situ composites. Surface studies of arrays could answer such
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questions as these: Are the pins which are emitting oxide—coated? Could the

emission be enhanced by removing the oxide, or would this have adverse effects

on stability? What is happening during the long , slow “activation ” process?

Al so, future studies should consider new design concepts such as grid type

anodes and solid beams using electromagnetic fields to control emission uni-

formi ty.

II.D. Suninary

This study has shown that a hollow type field emission cathode design

can be operated CW for periods of days.

Currents on the order of 15 mA and current densities (approx. 500 mA/

~~~~~2)  comparable to operational microwave cathodes have been demonstrated.

The device was operated with low frequency (60 Hz) at 5 mA currents.

Uniform average emission over the relatively large array of pins (ca.

0.03 cm2) was observed; emission uniformity also was implied by the distribu-

tion of rounded pin tips after experiments.

Use of constant-current power supply markedly reduced the amplitude of

current transient and assoc iated damage to composite emitters .

The performance obtained in this work suggests that, with additional

devel opment, the composite—based field emitter could form the basis for a high
performance cathode or high intensity “cold” electron beam.
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III. New or Improved Devices Uti lizing In-Situ Grown Composites

In this section we present a series of articles , each dealing wi th a

single device concept. The intent of the articles is to describe in a very

concise format the potential unique or superior characteristics , as wel l as

limitations , of each concept.

The search activity for new devices was mainly conducted during the

first phase of this project. After the first phase, in which a number of con—

cepts were evaluated , the search consisted of a supplementary effort based on

a continuing review of new literature and based on observations during experi-

mental activity .

The descriptions emphasize the potential of the devices for meeting the

needs of the Air Force and for advancing the state of the art in electro-optics

devices. The present quality of availab le eutectic composite materials has not

been regarded as inherently limiting the potential of a given device concept.

This position was taken in light of the fact that relatively little effort has

been expended on perfecting the growth processes for “device quality ” eutectic

composites. To date , many known composites have been “evaluated” only as part

of a broad survey of many compositions, with no effort given to findi ng optima l

conditions for aligned eutectic growth.

Also included in each article are (1) the current status of the eutectic-

based device, (2) theory basic to the function of the device (and general mater-

ial properties required), and (3) suggested specific materials for use in proto-

type devices. References by article are listed at the end of Section III.

The need for new or pacing technology has been pointed out in some cases.

It was thought useful to indica te areas where technical breakthroughs woul d per-
mit the fabrication of specific eutectic composite devices. For example, a com-

posite with gt’aphite fibers In an insulating matrix could make a significant re-

duction in the electronic complexity of a proposed plasma display device.
44
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i :L_fh9~2oJtaic Devices: ~Jetecto rs ana S~~c i a l i z e d  Soicr Cel 1 s

Severa l device concepts have been formulated Elnd reviewed. These in-

clude I.R. filters , detectors , and novel solar cells for Air Force applications.

The unique geometry of eutectic composite materials provides a basis for pro-

• jected improvements in sensitivity , radiation resistance, reduced internal

resistance and greater conversion efficiency.

The photovoltaic response of a material may form the basis for either an

IR/visible radiation detector or a solar cell for power generation. A concep-

tua l device would be developed for one of the above uses by choice of suitable

-; component materials. An I.R. detector , for example , might require a semicon-

ductor component which strongly absorbs 10.61j radiation.

Sola’- cells of tne silicon p-n junction type received much attention in

the space program while other materia 1 s and types are now being investi gated.

The power requirements for military , weather , comunications and navigation

satellites can be met with solar cell arrays. The efficiency , temperature be-

havior , radiation tolerance and reliability are some of the critical factors

that are considered for space applications. Additional factors , such as cost

and availability of materials , are critical for terrestrial applications.

In this section , examples are given of different photovo ltaic concepts

based upon idealized composite geometries . These are a vertica l multi-hetero-

junction solar cell/detector , a vertical mul ti—Schottk y barrier device , and a

multiple Schottky barrier polycrystalline semiconductor film solar cell.

III .A.1. Vertical Multi-Heterojunction Photovoltaic Device

This concept would incorporate several types of photovoltaic devices in

order to attain the desirable characteristics of radiat ion damage tolerance and

high power output for a given exposed collector surface. The reduced perform-

ance of a solar cell under incident pa rticle radiatio n is an Important consider-

ation for satellite space station and space vehicle power sources. When
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radiative particles enter the solar cell , they cause a considerable amount of

lattice damage (vacancies and interstitials , vacancy—impurity complexes , defect

clusters , etc.). The defects produced usually act as recombination centers

which lower the lifetime and diffusion lengths of mi nority carriers in the

cells.

Shay, Wagner , Bachmann and Buehler (1) have recently reported on high

efficiency (12.5 - 14~) heterojunction solar cells prepared by the epitax ial

growth of an n—type CdS layer on a p-type sing le-crystal substrate of InP. The

* . . .advantages of this device result from the material properties of the two semi-

conductors. The CdS has a large band gap (2.42 eV) and , therefore, most of

the solar radiation impinging on the cel l is transmitted through the CdS layer.

InP has a direct band gap (1.34 eV) close to the optimum for solar power con-

version and the absorption length is short. The requirements for mi nori ty-

carrier diffusion lengths are not critical. Thus reduction of lifetime and

diffusion length by exposure to particle radiation is not so degrading for

these cells as it would be for p-n junction solar cells where it is necessary
• for minority carriers generated by light to diffuse to the junction . Vertical

multi-heterojunctions of these materials in parallel , possibly made from a

eutectic composite, would have the further advantages of increased junction

area and the trapped-radiation geometry of the narrow CdS “window” as wel l as
the tolerance to particle radiation. The energy band diagram of a typical

heterojunction between two single crystal materials is shown below:
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Figure 1. Schematic of Vertical Multi-Heteroj unctjon Solar Cell
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The proposed concept for a vertical multi-heterojunction device is shown

in Figure 1. A lamellar eutectic composite made of two semiconductor material s

is required for the device . Also, semi conductor materials mu~~t have markedly

different optical/JR absorption properties.

Light of energy less than Eg1 but greater than Eg2 will pass through the

fi rst material (whi ch acts as a “window”) and become absorbed by the second

material. Light of energy greater than Eg1 will be absorbed in material 1, and

carriers generated within a diffusion length of the junction edge will be col-

lected. In the first case (where the first material acts as a window) strictly

parallel light (i.e., parallel to the junction) will be transmitted through the

material ; however, reflections or scattering will cause some of the light to be

absorbed by material 2. In the second case the absorotion constants will de-

te~niine the useful depth of the composite structure.

/ /

Nearly parallel radiation Non-parallel radiation
wi th material 1 as window , with material 1 as window .

Figure 2. Radiation wi thin Composite Material

The advantage that the heterojunction can have over most normal p-n

junctions (planar— type) is In the short wavelength response; if Eg1 is large ,
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high energy photons will be absorbed inside the depletion region of material 2

where the carrier collection should be very efficient. A composite structure

as envisioned should also have enhanced collection efficiency for uv radiation.

The following list of semiconductor pairs have either lattice match,

electron affinity, or expected high efficiency when used in a vertical multi-

heterojunction solar cell:

* GaP-Si , ~l/P 
V

GaP-InP , N/P
GaP-GaAs, N/P
GaAs—InP , N/P

* GaP-Si , P/N
GaP-InP , P/N
GaP-GaAs, P/N
GaAs-InP , P/N

* ZnSe-GaAs, N/P
* Ga 1_xAlxAs-GaAs
* ZnS-Si

PbTe—Ge , P/N
* Most promising heterojunction pairs from the lattice match,
electron affinity , and expected efficiency points of view.

III.A.2. Vertical Multi-Schottky Barrier Photovol taic Device

The desired composite consists of metal platelets or rods In a semicon-

ductor matrix. Light incident on the front surface of the cel l is transmitted

through the anti reflection coating and transparent thin film conductor into the

semiconductor. Electron-hole pairs are created in a depth determined by the

absorption coefficient. Minority carriers then diffuse to the potential barrier

at the metal-semiconductor junction where they are collected and give rise to a

photocurrent. The vert ical arrangement has an advantage over a conventional
planar junction cell in terms of collection efficiency when longer wavelength

photons are created deep in the material. (See Figure 3.) In this cell , as in
the vertical multl-pn junction cell, the minority carriers need only to diffuse
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to the nearby junction rather than to the distant planar junction of a conven-

tional cell. The materials requirements would involve the barrier heights be-

tween different metal-semiconductor pairs. s~J2) lists measured barrier heights

for a large number of materials combinations. The indirect band gap semicon-

• ductors are more likely to have a large absorption depth than are the di rect

band gap materials.

antireflective coating

ri— deposited thin metal film

I ~E— composite of metal plate-
deposited - - J.. - - I - - i - J lets or fibers in semi-

semiconductor conductor matrix

back surface contact

Figure 3. Schematic of the Vertical Multi—Schottky Barrier Solar Cell

The vertical multi-Schottky barrier solar cel l is based upon the follow-

ing physical phenomena and effects:

E 

=
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The limi ted value of the barrier height (neg lecting Schottky lowering)

is simply the difference between the metal work function and the electron

affinity of the semiconductor in the absence of surface states.

In the presence of a sufficient number of surface states , the barrier

height is determined by semiconductor surface properties and is independent of

the metal work function. The absorption coefficient determines the penetration

• of the radiation.

io’:

lOt 
~~~~~~~ •i_. •

1.0 1.8 2.6 3.4 4.2 5.0
Photon Encrqy. cV

Figure 4. IntrInsic Coefficients of Si, Ge, and GaAs
(from Hovel, 3)
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Figure 6. Experimental Barrier Heights for Metal-Semiconductor
Systems (from Sze, 5)
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III .A.3. Multiple Schottky (or Metal Oxlde)—Polycrystalline Semi-
Conductor Film Concept

The unique feature of this photovoltaic detector or solar cell would be

the potential for using a polycrystalline semiconductor while obtaining effi-

ciency comparable to single crystal semiconductor material. As is pointed out

on FIgure 7, one would require a ratio of semiconductor grain size to pin
spacing which would produce maximum device output. In the worst cases where

c-rntacts touched every grain boundary, the response would be at least as good

as current polycrystalline devices. As contact area is confined more within

grains, the response should markedly improve.

III.B. Superconductors

III.B.1. Multi-Josephson Junction Array

Electron tunneiiing(1) between two metals which may or may not be

separated by a thin insulating film is the basis for device concepts involving

arrays of point contacts. The metals may be normal metals (N-N), a normal

metal and a superconductor (N-S), or both may be superconductors (S-S). Joseph-

son tunnelling , predicted by Josephson in 1962(2) is the tunnelling of electron

pairs (Cooper pairs~~~) between two metals that are superconducting. At finite

voltages there is a regular DC current but also an AC supercurrent; this condi-

tion is described as due to the transfer of electron pairs across the barri er

with photon emission. At zero voltages a DC supercurrent exists up to a maxi-

mum value ; this condition occurs when there is electron pair transfer wi thout

photon emiss ion.
Following Josephson ’s predictions and their Imediate confirmation by

Anderson and Rowell~~ in a ser ies of carefully designed experiments , a number

of experimenta j(5~
12) and theoretical~13_23) studies were then published. Some

of the devices subsequently developed using the Josephson effects are volt-

meters,(24~
25) magnetometers,(26_29) memory elements(30) and infrared
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a. Design reduces recombination at grain boundaries

b. Semiconductor film may be deposited on composite substrate

c. Device can be used wi th concentrators , such as Winsto ndesign

Figure 7. MultIple Schottky (or Metal-Oxide) —-Polycrystalline
Semiconductor Film Photovoltalc Device
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detectors (31) Extending these concepts to arrays fabricated from eutectic

composites one would conclude that similar devices wi th high lateral spatial

resolution may have interesting appl ications.

III.B .2. Far-Infrared Radiation Source

Clar k~
32
~ reported on experiments which suggest that large numbers of

point contact junctions can be coupled together to form a coherent source of

far infrared radiation. Close—packed planar arrays of superconducting balls

(m iii dia., Sn) were combined such that point contact between the balls provided

the tunnel junctions. Electrical contacts were made to the ends of the arrays

(lx i cm2) by means of silver-plated electrodes. The array was then placed

centrally in a “cavity” comprising two parallel metal mirrors. Analog computer

studies by Werthamer and Shapiro~
3
~ indicate that Josephson junction-cavity

systems oscillate oredominantly near the resonant frequency of the cavity when—

ever signifi cant power is drawn from the junction into the cavity.

The array of sphere may form a simple model of granular superconductors ,

that is, thin films in which it is assumed that there are Josephson junctions

between the individual grains. To use the eutectic composite material it would

be necessary to consi der an array consisting of a large niunber of point contacts

in parallel.
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Leopold, Gregory and Bostock ,~~~ In 1969, predIcted the occurrence of

stimulated radiative emission at the energy-gap frequency in properly formed
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normal-superconductor contacts. Gregory. Leopold and ~~~~~~~ reported on

observations that are consistent with that theory. The basic experiment in-

vol ved passing an alternating current through Ta-Al point contacts and phase-

sensitive detection of the radiation which traveled through free space from

the point contact to a bolometer a few centimeters away. The stimulated radi- H
ative emission at point contacts is analogous to the emission from a seinicon—

ductor injection laser. The sample geometry is as shown below.

Al

(1500 A)

It should be possible to use superconducting materials wi th larger

criti cal temperatures , and therefore larger energy gaps, to obtain intense,

tunable, narrow band radiation at submillimeter and far infrared wavelengths.

The array of point contacts obtained by using a eutectic composite should pro-

vide increased radiation intensity particularly if there is a proper phase

relationship between the individual point radiators.

The fabrica tion procedures di scusse d In the recent ~iterature(36_38) for

two-dimensional arrays Involve a complex combination of thin film evaporation

and selective etching. The eutectic composites may have an advantage here

since they would only require etching of the matrix to expose mu l tipl e rods

which then could contact a uniform sheet of metal.

Materials requirements for superconductor-superconductor junctions would
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probably be a composite comprising superconducting rods in an oxide matrix.

• For example, rods of niobium in some oxide matrix would make contact wi th an-

other superconductor in the form of a uniform sheet, in the following combina-

tions :

Nb - Nb
Nb - NbOx - Nb
Nb - NbOx - Pb
Nb - NbOx - Sn

A rather large listing of other materials combinations is included in Solymar.~~~
A number of reviews related to the Josephson effect are also listed in

Solymar~~~ including popular reviews and reviews on point-contact junction de-

vices, on magnetrometers, on infrared detectors and on devices in general .

III.C. Thermal Fatigue Monitor

The envi ronments seen by milita ry equipment are strongly determined by

tactical situations. Tactical missile systems are constructed and then expected

to remain dormant for many years unless an emergency or testing requirement

• leads to their fi ring. This dormant period could be as high as fifteen years,

depending upon further technical developments. The electronic guidance system

must remain reliable regardless of the imposed environments .

Because of the rapid developments in electronic technology, there does

not exist a meaningful backlog of failure rate data on systems currently being

deployed which would permit long-term life predictions of electronic systems

which are dormant most of their lives . It is therefore important that character-

istics of the materials used to construct these devices be well understood so

that estimates can be made of how specific environmental conditions will affect
V the potential dormant failure processes devices . Two most important envi ronment-

- . V V - 
al conditions identified for military systems are temperature cycling and mois-

ture. Temperature cycling leads to mechanical fatigue damage in microcircuit
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materials just as it does for structura l materials. Moisture is particularly

critical in tha t its presence can cause either a direct chemical attack or

electrocheniical corrosion within the very thin device members . The synergistic

effect of temperature cycling and moisture leads to device degradation at rates

much greater than either environment alone. It is therefore important that the

cumulative damage introduced by each of these environments be somehow monitored

for future prediction of service failures in electronic Systems. Di rect temper-

ature measurements over the lives ’ of large number of individual systems would be

entirely outside the area of practicality . However, the thermal fatigue monitor

V described herein could well provide the needed therma l cycling damage parameter.

Temperature cycling of military equipment may introduce mechanica l de-

gradation processes in electronic systems as well as structura l materials. Tem-

perature changes and moisture are two of the major factors determining the life

of many items of military equipment. The life cost of complex systems which

may even be electrically dormant is closely related to these factors. Tactical

systems are exposed to a wi de range of environments due either to operational or

storage conditions. For example , measured temperatures above 160°F have been

recorded within the guidance module of missiles exposed to solar radiation in

the American desert. Diurnal temperature cycling over a long time period may

result in mechanical fatigue at critical points due to differences in thermal

expansion coefficients of component materials. For example , wi re bond failure

has been shown to be an important wear-out reliability factor in microcircuits

after several thousand temperature cycles. Larger electronic assemblies which

include solder joints are still more susceptible to mechanical damage from tern-

perature cycling. Structura l materials are also known to have problems. Corn-

posites planned for certain high performance aircraft are suspected to deterlor-

ate under the combined environment of atmospheric moisture and temperature

cycling . An effective monitor of the thermal cycling history should therefore

•~~~~~~~~~~~~~~~~~~~~ . 
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be of great value to accessing service or storage damage to components in

military svstenls .

V The amount of materials research and development effort devoted to

fati gue gauges is actually very small in relation to the potential usefulness.

Only a few metal systems and configurations have been examined. The current

thin wire and film gauges have both structural and sensitivity limitations.

The previous efforts to develop useful fatigue monitors have involved

only a few candida te materials. Current devices are limited by low sensitivity ,

low f a t i g u e  strength of the device material itself and too much dependence on

environmental factors such as temperature . Directionally solidified composite

materials offer potential advantages in meeting each of these problems .

The concept of a thermal cycling monitor has been formulated which takes

advantage of the special characteristics of directionally solidified composite

m aterials. As currently conceived (see Figure 8), the monitor could serve

equally well to record either thermal or mechanical fatigue. Mechanical cycling

may cause fatigue damage to the conducting rods which alters the net electrical

resistance of the thin section . Mechanical fatigue damage processes are known

to include such mechanisms as rod fracture , matrix delamination at the rods and

slip processes leading to ‘od surface damage (see Figure 9). The thermal cy-

cling monitor may either invo~ve a composite material where the two phases have

wioely different thermal expansion coefficients or else it may be mechanicall y

stressed by a second material to which it is bonded having a large thermal ex-

pansion coefficient. Such devices night be passive in that they would not be

V continuously connected to monitoring equipment hut rather checked on a periodic

basis to plot the accumulation of fatigue damage.

It has been established that potentially useful materials for such a

monitor do exist. For example , the aligned eutectic CrSi 2-Si consists of CrSi2

high conductivity rods in a much l ower conductivity silicon matrix. This
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material has a resistance measured perpendicular to the rods which is approxi-

mately 1000 times greater than that measured parallel to the rods. Therefore

a thin section of this material having its long axis parallel to these rods

might exhibit a large resistance change as a function of number of mechanical

cycles. The fact that both the rods and the matrix are semiconductors is ad-

vantageous in that the resistance is high enough to facilitate measurements.

Fractures in rods would not present a dead open electrical path but should

simply increase the resistance as the current must bridge the fracture through

the neighboring matrix material. Multiple fractures would therefore steadily

increase the resistance of the sensor.

Unfortunately there apparently has been no previous motivation for

measurements of resistance of composites as a function of the number of fatigue

cycles or mechanical damage. The development of a thermal cycling monitor as

wel l as a mechanica l fatigue monitor will therefore require initial investiga-

tions of resistivity in relation to microstructure, faults and damage mechanisms.

It should be possible to develop a practical sensor material in which the mechan-

ical damage of the thin section is reliably revealed through resistance change.

It is expected that the extensive literature on the fatigue behavior of eutectic

composite gas turbine blades will provide a great deal of guidance and insight

in a program to develop a thermal fatigue moni tor.

III.D. Pumping Device for Gas (C02) Laser

III.D. 1. Introduction

Field effect electron emitters based on eutectic alloys have been develop-

• ed which have potential advantages over present technology for several device

applications including electron tubes of various types and high voltage rectifi-

cation. Wi th current densities near one ampere/cm2 in oxide—metal composites,

applicat ions to laser technology are also of great interest.

Current technology permits controlling emitter tip shape which allows the
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current density at a given field strength to be predetermined. As the emission

is quenched effectively below an electri c field value determined by the emitter

tip shape, current flow is stopped when the laser energy source is discharged

below some design level . In this manner the characteristics of the emi tter

lend themselves to a simpler and more efficient energy supply.

Typical geometry for an exposed pin emitter will employ a thin foil ad-

justed to a potential that allows emitted electrons to pass through the foil

and ionize the gas in the laser cavi ty. Through careful design , all acceler-

ated electrons will have sufficient energy to penetrate the foil leaving no

low energy electrons to heat and damage the foil.

Other potential advantages for these emitters are an exceptionally long

life, uniform excitation over the gas volume, and suitability for use with a

lighter , sma ll er, and cheaper power supply.

III.D.2. Su~~ested Device Configurations

A program leading to a low cost demonstration of this technology is the

• recomended approach. This means construction of a very small CO2 laser. In
addition to serving as a working model showing technical feasibility and the

potential for muc h larger systems, a small CO2 laser has many applications.

Some of these are (1) use as a local oscillator (La) in 10.6 urn heterodyne re-

ceivers an d ra di ometers , (2) as a pump for a LO at much longer wavelengths, (3)

as a small compact source suitable for use in an active seeker or simi lar sys-
tem, or (4) as a base for a phase and frequency locked standard for field use.

Several possible configurations coul d be cons idered for dev i ce construc-

tion . The use of a thin foil anode has already been described. As an alterna-

tive, it may be feasible to el iminate the foil and accelerate the electrons

directly into the gas. This means the cathode could draw positive ion current.

The effect of this current on cathode characteristics and life should be con-

s idered. -
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Gases contained in the laser tube would consist approximately of 14% N2,

7O~ He, 14% CO2. and a small amount of Xe at a pressure near 1 Torr. The gases
should be compatible with a long cathode life. The initial systems would use a

flowing gas stream to avoid any buildup of CO2 by-products. Later systems could

use sealed gases to search for possible degradation effects. The existence and

magnitude of possible contami nation and ion current effects on laser perfo rmance

and cathode life should be carefully examined.

Other possible configurations may be useful using the buried emitter

geometry. Wi th this emitter the metal pins are recessed below a surface anode.

Very close spacing is achievable permitting large field gradients at potentials

V between 10 volts and 100 vol ts. A small waveguide configuration may be useful

here. The laser could be pulsed by switching the low voltage (i.e., 20 volts)

accelerating source potential , leaving the high voltage across the body of the

laser unchanged. This arrangement may be particularly useful where a small com-

pact pulsed CO2 laser is requi red.

Recent work on CO and CO2 lasers using a waveguide configuration has in-

dicated feasibility for the device concept discussed here. The thickness of the

waveguide would be one or two nm typically, and the length from five to twenty

• cm. Excitation potentials near two kV and gas pressures between ten and one

hundred Torr should be used initially.

The use of field emitters in small waveguide lasers as suggested here

would demonstrate the laser appl icati on wi th a simple and low cost examp le.

Moreover , a small efficient waveguide laser with a compact power supply would

be a useful step toward availability of very small lasers for use in receivers

or as pump sources for compac t long wavelength systems.
III.E. New Magnetic Recorder Pickup Sensors

• Recent attempts to advance the technology of tape recorder pickups have

Involved the use of thin film magneto—resistive elements. The magnetic field
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induced change in electrical conduction is used to sense the loca l magnetic

field in a tape or disc. The use of thin film elements of such materials as

permalloy makes possible high dimensional resolution . A thin film “write”

element inductively megnetizes the recording medium for storage of information.

Most significant is the fact that magneto—resistive pickup heads sense local

field independent of tape speeds.

Because of the quoted 20:1 magneto-resistive sensitivity advantage of

certain composites over conventional magnetic alloy s the in—situ composite

materials should be carefully considered for recorder pickup applications.

Although the dimensions of composite materials are likely to be larger than a

thin film device, the signal levels produced using small composites should be

much greater. In addition , the directional effects associated with the strong

anisotropy occurring wi th magneto resistivity in the composites offers advan-

tages in discriminating against other recorded signals , i.e., it may be pos-

sible to vectorially read two independent channel s on the same section of mater-

ial , in analogy to stereo record techniques. One could superimpose two magnetic

‘tracks ” , instead of using the current side-by-side track geometry. This would

permit a two-fold increase in information density on magnetic tape of a given

• size, leading to more compact airborne equipment.

The potential increased sensitivity of a eutectic magneto—resistive mag-
V 

netic tape unit could permit precision magnetic storage elements which would

perform accurately in spite of disturbances such as mechanica l shock or electric

power transients which an airborne electronic system might experience.

To date , prototype thin film sensors have been fabricated and tested;(1~2)

the reported performance is sufficient to suggest that the characteristics of a

eutectic magneti c recorder pi ckup sensor should be gi ven a prel iminary evalua-
V 

tion .

Materials consisting of a semiconducting matrix with aligned conducting
65
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fi laments exhibit the large magneto-resistive effect needed here. The effect

is directional because it essentially results from a shorting of the induced

Hall emf wi thin the semiconductor matrix.

The InSb-NISb eutectic exhibits an 18-fold resistance change with the

application of large fields . The ultimate sensitivity for recorder pickup

applications must be evaluated. This material is understood to be commercially

available because of its current application to power control .
• III.F . Plasma Display Device

Device: High contrast , high resolution miniature plasma display.

System appl ication for device: Ai rcraft instrument and other display

systems.

Basic physical phenomena: Visible radiation from electrical discharge

V in noble gases.

Material property required (e.g., photo-voltaic): Insulated pins of

electrically conductive material.

• Superior or unique composite characteristics : Uniformly spaced conductor

pins at micron dimensions; matrix which may be selectively etched away. Compos-

ite makes possible thin , rugged display concept. Uranium atoms prime the plasma .

Candidate materials and property values: Mo-Gd203 and W-U02.

Coninents: It appears that the plasma display could exploit unique prop-

erties of a eutectic material. The concept for this device is shown in Figure

10. A plasma is confined to small apertures etched Into the composite surface.

The size of the apertures may be so small as to include only one metal pin at

the bottom. By confining the plasma to small finite areas, the luminence
V 

(“contrast”) is higher.~~ Combined with the generally high brightness of

plasma displays, one obtains a sharp contrast between adjacent bright photo

elements. The. general concept of contrast enhancement by use of apertures has

long been used in commercial plasma displays (large numerical); however, it Is
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here proposed to integrate this aperture approach with a composite electrode

surface on a very small scale.

A most interesting benefit of using a U-containing material would be

the ‘ inherent’ priming of the plasma by radioactive decay products. Beta-

emissions very efficiently prime a noble gas so that the required starting

voltage for a display is reduced by a factor of two or more.

It seems likely that the conceptual device described here woul d operate

at significantly lower voltages than current state-of-the-art plasma displays ,

since the starting voltage depends on plasma cell dimensions , and on the

priming mechanism used in the cell. Existing plasma cells require 100 volts

or more for starting; this level is high for convenient use wi th integrated

circuitry . A drastic lowering of starting voltages could make plasma cells

much more competitive with LED and liquid crystal displays, especially in terms

V 
of cost and complexity for small , high element density displays .

Parameters to be investigated include the effect of extremely small cell

dimensions of display operation , the effectiveness of U02 as a priming agent

for plasma cells, and the effects of electri cal leakage through the matrix from

adjacent conductor pins. The latter effect has been calculated to be important

only for pins spaced closer than the 10 micron spacing of W-U02 eutectics.

New materials needed: Graphite fibers in an insulating matrix. Used in

the above display concept, the electrical ballast effect of carbon electrodes

would eliminate the need for external electrical ballast elements.

III.G. Photocathode Device

Device: Semiconductor field emission photocathode.

System appl ication for device: Night vision devices, i.e., IR image

detector.

Basic physical phenomena: Photocathode incorporating field emission.
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Materials property required : Photosensitive p-type semiconductor rods

responsive to electric field gradients.

Superior or unique composite characteristics: An array of small pins

• potentially all crystallographically aligned in a direction which maximi zes

field—aided photoemisslon.

Candidate materials and property values : Si and Ge have been shown to

have a good photo-response when needle-like structures are placed in an

V electric field.U)2)

+ *I V 4~~~~~ t 4 * * .  • #  • • , , s e *
Cl Z

(

£I,ctro,n

Figure. 11. Model of the Field Emitter

Coments : It is suggested that (1) either a composite with photosensi-

tive rods of a semiconductor such as GaAs or Si be operated as shown in Figure
11, or (2) a field of metallic pins extending from a con~osite surface be

“coated” with a film of a photosensitive semiconductor. The resolution poten-

tial is good in this concept, as It is in the optical display concept.

III.H. I.R. and X—Ray Detectors

Device: Image-sensor arrays for I.R. and x-ray detectors with good 
V

resolution and.high sensitivity.
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System application for device: “T .V. camera ” to generate Images from

x-ray and I.R. radiation patterns.

Basic physical phenomena: Photoconduction in semiconductors.

Materials property required: Photoconduction in presence of I.R. or

x-rays.

Superior or unique composite characteristics: An array of parallel

plates or pins may be fabricated to dimensions of a few microns in one opera-
tion . Reduced cross-talk if matrix addressing or readout is used.

Candidate materials and property values: Si would be suitable; other

materials should be satisfactory due to inherent materials flexibility of the

devi ce concept.

Comments: Detectors based on an array of parallel (p) and (n) semicon-

ductor plates or rods have the potential for using length (or depth) to over-

come the lack of absorption for a given wavelength and a given material. Greater

depth, especially compared to thin-film based devices , means that more absorp-

tion (. better sensitivity) occurs. Since the diode elements extend through

the depth of the composite sli ce, the absorbed radiation is always near a p-n
• junction and directly under the surface where radiation entered. Therefore,

resolution will be good. In addition, cross-talk is reduced as wi th other

composite-based concepts which put the matrix-addressing electrode on opposite

sides of the device , rather than on the same side.

III . !. Summary

The preceding brief summaries represent the more promising concepts

which were identified and given a preliminary technical evaluation during this

research effort. Other concepts were suggested, but effort was not ava i lable
for a preliminary evaluation . Examples of such concepts are (1) composites

containing thermally conductive graphite fibers for directional heat transfer,

and (2) piezoelectric/”light valve” for use as page composer for storing data
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in a laser hologram memory system. Others include use of suitable eutectics

as photocatalytic materials for the photoreduction of water to hydrogen fuel .

V Layered semiconductor structures have demonstrated such a catalytic effect.

Complementary uses of in-situ materials involve either extracting the

rod structures for separate use or extracting the matri x as a porous plate for
V separate app lications , e.g., it has been suggested that the geometry of Mg or

V Al fibers would be ideal for use in a liquid phase shifter device for phase-

shifted microwave systems. The composite matrix with pins removed would serve

as a precision filter or a “container ” for liquids or powders. A liquid might

be uniquely subjected to a magnetic field while confined to the channels of

• the matrix material .

A further suggestion has been made to the effect that aircraft might be
F 

made “invisible ” to microwave detection by coating with suitable materials.

Due to the capability for generation of unique and enhanced properties, it is

• suggested that a material wi th microwave absorbing or other properties could

be developed making use of the in-situ composite approach.

• In the future, unti l eutectic materials are better characterized, It

may be useful to select a high er performance level for a dev ice or material and
then seek an appropriate composite material for use. By proceeding from well-

defined performance criteria , it may be possible to exploit the unique proper-

ties and flexibility of this class of materials.

71

V - 

V 

V

-• ~V _~~~ ~~~~ V - V - V~~~~~ V- V~~~~~~ V V - V - V V~~~-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



~~~~_~~Vy 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 
V

Section III Composite Device References

III.A. Photovoltaic Devices
1. J.L. Shay, S. Wagner , K.J. Bachmann and E. Buehler , “Preparation and

Properties of InP/CdS Solar Cells ,” J. Applied Physics, 47, 614 (1976).
2. S.M. Sze, Physics of Semiconductor Devices , John Wiley , New York (1969),

p397.
3. H.J. Hovel , Semiconductor and Semimetals: Vol . 11 , Solar Cells , Academic

Press , New York (1975) , p10.
4. S.M. Sze, Physics of Semiconductor Devices, John Wiley , New York (1975),

p10.
5. S.M. Sze, ibid , p377.

111.8. Sqperconductors
1. L. Solymar, Superconductive Tunnelling and Application s, Chapman and Hall

V Ltd., London (1972).
2. B.D. Josephson , Phys. Letts., 1, 251 (1962).
3. L.N. Cooper, PP~ys. Rev., 104, 1189 (1956).4. P.W. Anderson and J.M. Rowell , Phys. Rev. Letts., 10, 230 (1963).
5. J.M. Rowell , Phys. Rev. Letts., 11, 200 (1963).
6. S. Shapiro , ~ ys. Rev. Letts., 11, 80 (1963).
7. M.D. Fiske, Rev. Mod. Phys., 36, 221 (1964).
8. R.C. Jakievic, J. Lambe, A.H. Silver and J.E. Mercereau, Phys. Rev. Letts.,

12, 274 (1964).
9. 1.~~ Yanson , V.M. Svistunov and I.M. Dmitrenko , JETP , 21, 650 (1965).
10. S. Shapiro , J. Appl. Phys., 38, 1979 (1967).
11. C.C. Grimes and S. Shapiro, Phys. Rev., 169, 397 (1968).
12. D.N. Langenberg , W.H . Parker and B.N. Taylor, P~iys. Rev.,, 150, 186 (1966).13. P.W. Anderson , in Lectures on the Many-Body Problem , Academic Press, New

York (E.R. Caraneflo, ed.) 1964, p113.
14. R.A. Ferrel and R.E. Prange, Pt~ys. Rev . Letts., 10, 479 (1963) .
15. P.G. de Gennes , Phys. Letts., 5, 22 (1963).
16. V. Asnbegaokar and A. Bäratoff , Phys . Rev. Letts., 10, 486 (1963); ibid . 11,

104 ( 1963).
17. E. Riedel , Z. Naturforsch , 19a, 1634 (1964).
18. N.R. Werthamer, Phys. Rev., 147, 255 (1966).
19. C.S. Owen and 0.J. Scalapino Phys. Rev., 164, 538 (1967).
20. P. Lebwohl and M.J. Stephen, Phys. Rev., i~ 7 376 (1967).
21. D.E. McCumber , J. Appl. Phys., 39, 3113 (1968).
22. W .C. Stewart , ~ppi . Phys. Letts . , 12, 277 ( 1968) .
23. W.C. Scott, Appi. Phys. Letts., 17, 166 (1970).
24. 3. Clarke, Phil. Mag., 13, 115 (U66).

• 25. J.E. Zimmerman and A .H. Silver , 3. App). Phys., 39, 2679 (1968).
26. J. Clarke, in Proceedings of the 10th International Conference on Low

Temperature Physics , (M. P. Malkov , ed.) Viniti , Moskva ( 1967), p211.
27. J.E . Zimmerman and A. H. Si lver , Phys. Rev., 141, 367 (1966).
28. J.E. Mercereau , Proceedings of the Symposium on the Physics of Superconduct-

ing Dev ices , April 28—29, 1967, University of Vi rginia , Charlottesville.
29. M. Nisenoff, Rev. Phys. Appi., 5, 21 (1970).
30. J. Matisoo, Appl. Phys. Letts., 9, 167 (1966).
31. C.C . Grimes , P.1. Rlchardo and S. Shapiro , Phys. Rev. Letts., 17, 431 (1966).
32. 1.0. Clark , Phys . Letts., 27A , 585 ( 1968) .

V 

72 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

4



33. N.R. Werthamer and S. Shapiro , Phys. Rev., 164, 523 (1967).
V 

34. L. Leopold, W.D. Gregory and 3. Bostock , Can. 3. Phys., 47, 1167 (1969).
35. W.D. Gregory, L. Leopold and D. Repici , Can. J. Phys., 47, 1171 (1969).
36. P.K. Hansma and J.R. Kirtley , 3. Appi. Phys., 45, 4016 V(1974).

37. P. Rissman and T. Palholmen , Solid State Elect., 17. 611 (1974).
38. L.S. Hoel , W.H. Keller , J.E. Nordman and A .C. Scott, Solid State Elect.,

15, 1167 (1972).
39. L. Solymar, Superconductive Tunnelling and Applications, Chapman and Hall

Ltd., London (1972), p335.F 40. L. Solymar , lbid , p344.

II1.E. New Magnetic Recorder Pickup Sensors
1. C.H. Bajorek, S. Krongelb , L.T. Romankin and D.A. Thampson , “An Integrated

V Magnetoresistive Read , Inductive Write High Density Recording Head ,” AlP
Conference Proceedings , No. 24, 1974, p548.

2. Electronics , June 1976, p31.

III .F. Plasma Display Devices
1. Sobel , A. Gas Discharge Displays : The State of the Art, IEEE Transactions

on Electron Devices, ED-24 (1977), 835, p836 and 849.
2. Jackson, R.N. and K.E. Johnson, Gas Discharge Displays: A Critical Review,

Van Nostrand , N.Y., 1972, p198-9.
3. Hori , H. et al , Conf. Proc., 1910 IEEE Conf. Display Devices, p140.

III.G. Photocathode Devices
1. Schroder, D.K . et al , The Semiconductor Field-emission Photocathode, IEEE

Transactions on Electron Devices , ED—21 (1974) , p785.
2. Thomas , R.N. and H.C. Nathanso n,~~hoto-sensitive Field Emission from Point

Arrays, Appl. Phys. Letts., 21 (1972), p384.

III.H. I.R. and X-Ray Detectors
1. Anthony , T.R. and H.E. Cline, Deep Diode Arrays, J. Appi. Phys., 47 (1976),

p2550.
2. Sadasiv , G. et al , Image-Sensor Arrays , IEEE Trans. on Electron Devices,

ED-15 (1968), p215.

73

~ 

V V VV~~~~~~~• •



IV . Display Devices Based on In-Situ Compos i tes

IV.A. Introduction

The Air Force has a need for higher performance display systems that

surpass the current state-of-the-art with respect to display legibility , com-

pactness , and ability to wi thstand severe environmental conditions . Reliable,

graphic presentation of large quantities of information is vital for effective

functioning of military command and contro l systems.

Many military display systems still rely on cathode ray tubes (CRT).

Various forms of CRT have been devised , but all suffer from the fundamental

limitations of vacuum tube devices—fragility , warm-up del ay, heater burn-out,

etc. The need for improved display capability for Air Force needs is apparent

if one reviews the extensive past and current research activity aimed at im-

proving the CRT , a device wi th limi ted resolution and contrast capability .

Two promising concepts of a display device—based on a eutectic compos-

i te—have been given a preliminary evaluation by the project staff. These

solid state devices have the potential for resolution , ruggedness and lifetime

much greater than current CRT capability . These concepts are referred to as

diode displays (Figure 1). Their primary virtues would be high resolu-

tion in a flat , solid state device. Such a device could improve the perform-

ance of extremely small “head up ” type display systems. Since eutectic con-

posites are known to have at least a million contacts per cm2, these materials 
V

may be capable of more directly transferring information to airborne personnel V

via a “contact lens ” or other miniature device.

The latter phase of display effort of this project had the goal of

demonstrating technical feasibility of conceptual and/or engineering designs

for eutectic-based devices . Miniature high resolution displays offer potential

~~rVr Improved or new capabilities for current and projected Air Force comand

and con~roi activities. Therefore, after developing conceptual designs ,
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R~ITL\~ AItAS
A, COciTT~1. GR1[~ OF 25d1 (1000 LINES PER INCH) AJ~ CUR~NTLY

DER6ITED ON CIRCUITS,
• B, SuO IS VtRY ~K)RKABLE: TRANSMISSION IS 95L

C, CIRCUIT SWITCHII~3 (PJ~1ALOGY TO CRT) FOR RASTER PINE) SIEJ~L4L CIRCUIT~
IV1JLTJPLEX CIRCUITS ON AI)JACENT CHIP: 500 TO 1000 COt’ffACT STRIPS .

UN~~~ A~~S
A, II1~~JRITIES IN F~)DS (SEJ’IICON[)UCTOR GRADE NEEDED).
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C, DIFFEI~NT G~ iP1 RATES AF~JUND PERI~UER OF ~)D,

Figure 1. Diode Display Device
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fabrication techniques were reviewed only for miniature displays . This deci-

sion seemed realistic since the then-available composites had a maximum diameter

of 1-2 inches. However , one can visualize larger displays made up of a mosaic

of small display modules , so that technology developed for minia ture devices

could have a wider application. As larger composite surfaces are developed

us i ng the directional solidification technique, it seems reasonable to project

that monolithic display surfaces of, for examp le , four inches in diameter could

be fabricated.

In the early stages of this study , the project staff presented display

concepts utilizing the micron -dimension fibers of eutectic composites. It was

tentati vely concluded that several display devices could be formed by a union

of existing display technology wi th a eutectic substrate. LED , liquid crystal ,

plasma , and thin -film luminescent display modes were considered. In order to

evaluate these concepts in greater depth , a study/experimentation effort was

conducted by the project staff at Georgia Tech.

After an initial study period , device feasibility evaluation was concen-

• trated on LED and liquid crystal device concepts, both using eutectic compos-

i tes containing insulated metal pins . Device options included (a) composites

containing pins of an appropriate semiconductor material (for LED device), and

(b) composites containing insulated metal pins (diodes or l uminescent sites

would be formed on the tip of the pin by various techniques). The choice of a

specific design for feasibility evaluation was determined by the availability

of specific eutectic materials and other engineering considerations . For ex- V

ample , thick film lumi nescent-type displays were less attractive due to the

rather complex and unpredictable optica l processes involved. Composites con-

tam ing pins of a LED-compatible semiconductor were not available. (See Table

I for list of known materials.) This phase of the work i nvolved study of

engineering designs , identification of areas requiri ng experimental data , and
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conduct of key experiments to assess feasibility .

In Table II a list of general milestones in the development of a pro-

totype display device is given . The design philosophy was based upon use of

mature display technology combined with available composite substrates. The

intent was to confine the effort primarily to study of interfacing of proven

display modes (LED junctions for example) with the surface of well—character-

ized eutectic rnateri~ils.

IV.B. Display Device Concepts

IV.B.I. Diodes Based on Composite with Semiconductor Pins (e.g.,GaAIAs )

Diode junctions would be formed at the tips of the fiber phase by epi- 
V

taxial deposition of a second semiconductor material . In order to fabricate

such a displ ay , several potential problem areas must be experimentally reviewed.

-: For efficient diodes , the composites must contain rods wi th low levels of im-

purity. The mutual solubility of composite phases must be determined; possibly

compensating dopants, etc., may be required for some eutectic materials. The

ability to grow quality epitaxial material and thereby obtain functional diode

junctions must be experimentally developed. Al so, the natural growth directions

of junction material must be examined. It would be most desirabl e, for example ,

If junctions could be induced to grow syninetrically around the tip of the semi-

conductor rod. It Is believed that one or more junctions currently used for

light-emitting diodes (LEO ’s) may be suitabl e for a diode display device. For

example, GaAs Is known to form rod-like eutectics with several metals. If an

Insula ting matrix can be found (possibly a non-metal element), then a composite

V containing rods of GaAs would be epitaxially layered with GaA1As to form a field

of red-emitting diodes. If possible, a matrix should be selected which can act

as dopant for the semiconductor rods; in this way, limited mutual solubility of

phases would be a positive factor In the operation of the diodes.

Composites with a suitable combination of semiconductor fibers and
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Table II

Mi l estones in LED Display Evaluation Effort

1. Develop conceptual design for LED deposited on metal /insul. composite
(a) Identify composite material required
(b) Identi fy design elements which must be evaluated experimentally

2. Initiate experimental evaluati on of key design elements
(a) Show feasibility of depositing ‘ semi conductor-grade ” films on a

specific eutectic composite , using  GaAs as a model
(b) Show feasibility of depositing “semiconductor-grade ’ LED com-

ponent (GaP or GaAsP) on a specific composite
(c) Demonstrate formation of P-~4 junction suitabl e for LED purposes
(d) Show that functional electrical contacts can be made to the

diodes
(e) Demonstrate technique for electrical isolation of diodes on the

monolithic display face

3. On the basis of (2), develop engineering designs for LED display pro-
totype (or alternative displays based upon a semiconductor/semicon-
ductor composite or a “plasma tube ” concept which would use a compos-

• ite as a low voltage electron emi tter).

4. Prototype LED display fabri cation
(a) Develop capability to deposit “device grade” semiconductor films

on composite substrate

(b) Fabrication of one or more functional LED’s on the surface of
the eutectic composite

(c) Fabrication of one or more functional LED ’s wi th acceptable
emission intensity , and dimensions suitably small for a minia-
ture disp lay

5. Al ternative displays
(a) If LED display problems appear to be Insurmountable , initiate

design effort on alternative displays and phase out LED disp lay
effort.
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insulating matrix were not available during this study . When materials are

developed , it will be of great interest to examine their potential for use in

diode displays.

IV.B.2. Diode Display with Diodes on Tips of Conductive Pins (Insulating
Mat ri x~

In th is concept, both layers of the LED junction would be epitaxially

deposited on a conductive fiber tip of the composite. The micron -dimension

“dot-size” and physical separation of “dots” , permitting high resolution and

contrast , are known to exist in composites with metal (conductive) fibers and

• in systems wi th semiconductor fibers.

The key to the function of the diode display lies in the array of

addressable diode junctions (see Figure 2), formed at the ends of low electr ical

resistivity fibers. The fibers are distributed in an insulating matrix. To

form a complete device , the eutectic with diode junctions would be connected to

multiplexing i.c. chips (see Figure 3). Conventional masking/vapor deocsition

techniques would permit use of sufficient control grids to give ‘~lOOO lines per

inch in resolution.

In order to achieve hi~ resolution using existing thin—film technology,

it was concluded that a monolithic design with matrix addressing should be used

(references 28 to 37). Of the several LED junctions reported in the litera-

ture , GaP or GaAsP were selected by the staff as most promising candidates for

use with a composite substrate ; the technology for making both these junctions

is in widespread cotmnercial use. (Note also Figure ~.) In order to demon-

strate concept feasibility , only a small number of diodes needed to be fabri-

cated and tested——a matrix of perhaps 5x5 diodes would have been sufficien t to

verify the potential for high density of optical elements.

Two concepts have been formulated by staff members. In both of these,

a photodlode is deposited at the tip of conductive eutectic fibers. These con-

cepts meet the general criteria of (1) makIng greatest use of thin film
87
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technology while (2) exploiting the unique advantages of eutectic composites.

They differ primarily in their reliance on use of thin— film techniques .

Conceptual Design I would i nvolve the followi ng general steps for fab-

rication:

1. Deposit (GaP)* film on substrate , and possibly clean substrate

in—s itu by ion milling.

2. Ion implant the layer of (GaP) to form a junction.

doped GaP (via ion implant)
Fi lm —~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Junction region
W/U02 undoped GaP

3. Isolate photodiode elements by proton bombardment~
4
~ which

creates high resistance zones. (Figure is view of display face.)

__________

E

~~~~

. .

~~~~~~~~~~

Photo_d4ode 

bands

~~~~~~~~ 

. 

pins In composite

*Elther GaP or other 2-component (III-V) semiconductor for LED base material.
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4. Deposit Sn02 contact gri d on top surface (note that a smooth

surface, conducive to good deposition , is left after step (3) ).

5. Deposit metal contact grid on bottom surface of composite.

Conceptual Design II would be fabricated by the following procedure

(see Figure 5). This design would not require the use of ion implantation.

1. Deposit a film of insulating Si02 onto composite surface.

2. Mask and etch out holes in Si02 film .

3. Deposite film of GaAs , then GaAsP in same step (turn on ‘P’

oven in MBE apparatus). Note that semiconductor material on

the Si02 would be polycrystalline and relatively high resis-

tance , so that each hole in the Si02 film would contain

electrically isolated semiconductor material.

4. Form junction in GaAsP material , either by zinc diffusion or

during the growth process with a controlled dopant oven.

5. Deposit transparent Sn02 (or ITO) film in a strip pattern

over the surface.

6. Deposit metal strip pattern on back surface of composite

substrate. (See references 38 to 41.)

Both concepts require that ‘ device grade~ semi conductor films be grown

either directly or indirectly on the metal contact array of the eutectic sub-

strate. Therefore, it is essential to determine how or if such films may be

prepared.

IV.B.3. Plasma Tube Display

Another conceptual device is the plasma tube display which uses a low

voltage emitter (of composite material) as the switching element. (See Figure

6). Currently, the plasma tube type display Is being developed for a variety

of Air Force uses, m c i Jing several relatively small area devices such as
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instrument displays . Working voltages for plasma displays now in use are

around 300V. Experimental devices have recently been operated at approxi-

mately 100V. (See references 42 and 43.)

It would be desirable to reduce the required voltage so that the plasma

display is more compatible with integrated control circuitry . This migh t be

accomplished by using the low voltage (composite) cathode shown in Section II.

This element has been shown to operate at less than 100 volts , and this figure

is expected to be lower as the fabrication technology for these cathodes pro-

gresses.

IV.B.4. Liquid Crystal Display

A limi ted effort was conducted to evaluate the feasibility of basing a

liquid crystal display on a composite substrate. The liquid crysta l system

offered a relatively short-term route to a demonstration of the unique proper-

ties of in-situ composites.

As wi th the LED-based display , a conceptual design was developed . This

was based in part on the works of reference (44 ) and (45). The known general

characteristics of the W-U02 composite suggested that widely-used liquid crys-

tal media could be activated by this material to form a high resolution , high

contrast display. (See references 46 and 47.)

IV.C. Experimental Evaluation of Key Displa.y Design Elements

In order to fabricate a prototype device from the above described con-

cepts, several potential problem areas must be experimentally resolved. There-

fore, experiments were conducted to evaluate, on a very limi ted basis, several

design elements of LED and liquid crystal display designs.

IV.C. 1. Diode Deposition via MBE (Molecular Beam Epitaxy) on LW-U02)

After revi ew of available literature on LED device function and fabrica-

tion , It was found that some preliminary experiments had to be conducted if a

realistic evaluation of the proposed display device was to be made. Therefore,
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it was decided to proceed through the sequence in Table I, conducting experi-

ments when necessary in order to obtain properties or characteristics not in

the literature .

The feasibility of fabricating a display device using an array of LED’s

formed in the neighborhood of the rods of a W-U02 composite was examined. The

technique that seems most promising for forming the LED ’s is the epitax ial

growth of semiconductor films onto the exposed rods of the composite. Molecular

beam epitaxy (MBE) is being used in the initial stages to explore the grcwth

features of GaAs on tungsten.

Several other eutectic material have been synthesized , but many of their

characteristics were unknown or specimens could not be obtained for study .

W-U02 contains one micron pins , up to 200 microns long and approximately 10

microns apart with resistivity of approximately 200-500 ohm-cm , perpendicular

to pin axis. CrSI2-Si (Levinson at General Electric) contains 10 micron CrSi2

pins , spaced 30 microns apart. Pins are 50 microns long. Electrical resis-

tivity of the Cr/Si material is comparable to that of W-U-O; the lattice size

of Cr/Si would be expected to match closely that of 111-V semiconductors. How-

ever, specimens of Cr/Si could not be obtained , and tests with it were postponed

until a source could be located. Mo-Cr203 and Cr-Cr203 also meet the general

material cri teria of metal/insulator matrix; littl e information was available

on the properties of these eutectic materials.

The epitaxial growth of a semiconductor from the vapor onto a substrate

of the same semiconductor theoretically would be easier than the case where the

substrate differs from the epitaxial film. Factors such as crystallographic

orientation, contamination, lattice match, substrate temperature and arr ival

rate of deposited atoms Influence the growth process. Gallium arsenide has

been used to provide efficient Infrared-emitting diodes; to obtain a diode that

emits In the visible a band gap of 1.8eV or greater Is needed. This is
95



accomplished in the ternary compounds such as GaxA1 1_~As, Ga~In i_~P and

GaAs~Pj..~. The consideration is then the lattice parameter match between the

constituent binary compounds. In the GaAs-AlAs system the lattice parameters

are 5.65A and 5.62A, respectively; in GaP-InP they are 5.45A and 5.87A; and in

GaAs-GaP they are 5.65A and 5.45A. For GaAsxPi..x , therefore, there is a re-

qui rement to minimi ze lattice distortion , for a graded region where the P con-

centration is increased from zero to slightly less than 0.45, where the direct-

to-indirect band-gap transition occurs . A practical composition profile for

GaAsxPi x  diodes is given in Gooch~
29)

The feasibility experiments are designed to compare the epitaxial growth

of GaAs onto the micron-size tungsten rods wi th the more common growth of GaAs

on larger area GaAs substrates. The deposition technique that is being used is

molecular beam epitaxy (MBE). MBE employs molecular beams to supply the main

constituents and doping impurities to the growing surface. The process is

carried out in an UHV system and has the advantage of low growth temperatures,

good thickness control , junction formation by varying the dopant concentration ,

cleanliness and adaptability to characterization techniques such as electron

diffraction and AES wh i ch can be employed at various stages during growth .

While much of the MBE work has been concerned wi th the growth of GaAs and other

Ill-V compounds or mixed compounds on GaAs , there is evidence that epitaxial

growth of GaAs on other substrates, especially W and Mo, is possible.

Specifically, the feasibility of depositing “semiconductor-grade” films

on a W—U0~ composite surface wi th exposed W rods was examined , using GaAs as

the epitaxial film. Evaluation of the films by SEM and other analytica l tech-

niques was done before a decision was made to proceed to the growth of “semi-

conductor-grade” LED component fil ms (GaP or GaAsP).

The UHV/MBE system had a quadrupole mass spectrometer for monitoring

residual gases and the spectrum of arsenic vapor during deposition. Ion pumps.
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titanium sublimation pump feedthru and heating mantl e are on the lower half of

the system. An arrangement of flanges includes an ionization guage, liquid N2

feedthrus , thermocouples for measuring the Ga and As oven temperatures and

power leads for these ovens . The chamber includes two ports, one equipped with

a sputter ion gun for substrate cleaning and the other containing a rotary

motion feedthru and thermocouple and power leads .

The substrate holder was attached to the rotary motion feedthru enabling

it to be rotated to a shutter position wi th substrate facing up, to a cleaning

position wi th the substrate facing the ion gun , and to a deposition position

with the substrate facing the ovens . The substrate , (100) GaAs or the W-U02

composite , is held onto a beryllia plate by liquid gallium or indium. Heating

is accomplished by passing a current through a Ta film sputtered onto the back

side of the beryllia.

The configuration of the ovens surrounded by a liquid nitrogen trap is

shown in Figure 7. The Ga oven in the center is maintained at approxima tely

900°C during deposition and the As oven at about 300°C. Provision is made for

an additional phosphorus oven to grow GaP or GaAsP.

Initial deposition runs to verify the conditions for depositing epi taxial

GaAs substrates were made and compared with results obtained with a large MBE

system that has been operated successfully for over one year. GaAs substrates

were chemically cleaned; the oxide which was present after such cleaning was

removed by heating in the system to about 530°C and any residual carbon was

removed by Argon Ion sputtering . Confirmation of this cleaning procedure would

have been possible later on in the program since it was planned to install a

device for Auger analysis of the substrate surface.

Preparation of the W-U02 surface proceeded in parallel wi th the UHV/MBE

system develcipment. Mechanically polishing the composite specimen and cleaning

with trichioroethylene followed by methanol in an ultrasonic bath left a poly-
97 
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crystal line layer of U02 over the entire specimen as indicated by reflection

electron diffraction patterns .

Etching for 30 seconds removes U02 and exposes the tunsten pins; a spot

pattern is obtained by RHEED (reflection high energy electron diffraction) in-

dicating the single crystal nature and orientation of the tungsten pins. Fig-

ure 8 shows an SEN micrograph (magnification 10,000X) of the etched composite

surface. Measurements on the pins indicate a pin diameter of approximately

0.5 micron and a height of about 0.33 micron. Scratches on the U02 matrix are

a result of the final mechanical polish step. It is expected that refinements

in the polishing procedure will improve the smoothness of the U02 surface . Con-

trolling the etch time would enable us to obtain pin heights greater or less

than that shown. It would be possible with Auger techniques to determine the

extent of contaminati on on the tungsten surface ana its removal by ion sputter—

ing.

A series of experiments were conducted at two GaAs deposition temperatures

after the MBE equipment was tested using a GaAs substrate. The MBE set—up was

shown to be performing well for depositi ng GaAs on a GaAs substrate. Smooth

surfaces (at SEN magnifications of 5-6000X) wi th small etch pits were seen when

GaAs was deposited on GaAs substrate at 575°C. As a starting point , a W—U02

substrate was next substituted in the MBE apparatus and films deposited again

at 575°C. Growth rate in all experiments was about one micron per hour. SEM

views of the resulting surface are shown in Figure 9. The films appeared to

attach to both phases of the composite; however, the growth surface was very

irregular and of poor quality . Now the substrate temperature was increased to

650°C. The resulting growth may be seen in Figure 10. Films formed at this

temperature seemed not to adhere to the tungsten (pin) phase of the composite ,

while growth on the matrix appears to be of better quality (surface of film

appears smoother, grains appear to be larger). Microprobe analysis showed the
99
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Figure 10. High Temperature Growth of GaAs on W-U02 (~20 ,O00x)
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presence of U in the GaAs films .

From the limited effort expended , it appears that growth of quality

semiconductor film s on this particular composite should follow one of two ex-

perimental paths. First, a series of runs at intermediate temperatures should

be made on carefully cleaned substrates to locate conaitions where “smooth ’

growth is obtained , yet temperatures are low enough to avoid reaction between

matrix and film. The other experimental route would invo l ve etching back the

matri x 10—20 mi crons , depositi ng an intermediate fflm of perhaps A1203, etch-

ing A 1 203 off the pins , and fi natly depositing the semiconductor filsm . This

latter approach would have the advantage of reducing any electrica l leakage

through the matrix.

IV. C. 2. Li quid Crysta l Experimental Activity

In the previous section (IV.B.4.), the rationale for liquid crystal

experiments is given. At the outset of these experiments , no reliable figure

for matrix conductivity of UO~ in W—U 02 was available , it was assumed that U02

behaved as a reasonably good electrical insulator. However, simp le liquid

crystal cell tests and subsequent resistivity measurements showed that the

matrix U02 conducted enough current to activate the entire liquid crysta l coat-

ing on the composite surface. It was not possible to selectively excite small

areas of the LC film.

For the tests, a li quid crystal test cell was constructed and shown to

be operational using conventional (coated glass) substrates for electrode sur—

faces. The test cel l exhibited good swi tching response and good resolution at

electrode boundaries.

At this point , W-U0 2 surfaces (circa 1 in2 area) were prepared by polish-

ing and vapor deposition of meta l contact patterns. The substrate was installed

in the test cell (see Schematic , Figure 11), and liquid crystal film (MBBA) used

as wi th the glass substrates above. It was shown that the composite will conduct
103
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an applied low voltage and acti vate the light-scattering effect of the liquid

crysta l ma terial (MBBA). However , in all cases the entire cell surface area

was either “on” or “off ” ; we were not able to activate specified areas of the

cell. We conducted experiments to determine whether (a) the composite matrix

(U02) had too little electrical resistivity or (b) if electrical “shorts” ex-

isted elsewhere in the test cell.

Further testing , including measurement of the resistivity (circa 500 ohm,’

cm) of W-U02 in a di rection perpendicular to the W pins, has led to the conclu-

sion that the W—U02 material is not suitable for use wi th available (low con-

ductivity ) liquid crystal materials. Liquid crystal cells are extremely low

current devices. There is apparently enough electrical “leakage ” through the

bulk of the eutectic to activate the liquid crystal over the entire display

face. Other display types, such as thin-film luminescents ,whjch are high cur-

rent, non-linear devices should be studied until a high resistivity composite

becomes available.

IV.D. Sumary

A number of display concepts have been described by the project staff.

These include diode (LED) arrays, thin-film luminescent devices, plasma devices ,

and liquid crystal devices. At least two very promising characteristics seem

inherent in such devices : extremely high resolution and sharp contrast. Also ,

potential for solid state compactness and ruggedness seem likely in designs

other than the plasma display .

Preliminary engineering experiments were conducted to assess feasibility

of constructing prototype LED and li quid crystal dev ices . The LED concepts
appear still viable in view of the characteristics of several semiconductor

f i lms depos ited on compos ite surface s . However , at this point the project staff
recomends that study be first made of the thin-film luminescent display . It

appears likely that much less development effort would be required to obtain a
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prototype device. Liquid crystal tests showe d that the matrix electrical con-

ductivity of availabl e insulator/conductor eutectics is too great for use with

liquid crystal media.
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V. Conclusions and Recommendations

V.A. General Trends_Toward Utilization of In-Situ Composites in
Dev i ces

As mentioned briefly in the introduction, eutectic composites hold

great promise as a new class of materials with potential for application in

a broad range of current and future etectro-optic devices. The project

s ta f f , in the course of evaluating eutectic :naterials , has pointed out three

general areas in which these cojilOosites have uni que an d desirable features .

These are : (a) the potential for engineering a material which may satisfy

the several property requirements of a specific device, (b) synergistic or

unique combinations of properties may be obtained which are not available in

any s i ngle  phase mate ri al , and (c) directional eutectic solidif ication pre-

sents a s imp le econom ical means of preparing complex and precision composite

structures .

This class of materials offers the opport~.m ity to engineer , by combin-

ing many classes of materials , compos ite structures for the specific demands

of va rious de’,ices. This includes devices with electron ic, magnetic , opt i cal ,

thermal conduct ivity and other functions which require anistropic material

properties . P~lso , the magnitude of the electri cal conductivity or other

property may be varied by suitable choice of eutectic components . Thus , the

specifi c set of properties required by a new or more effective device may he

suppl ied by an appropriate composite .

Further reason for interest in the eutectic composites includes the

potential for synthesis of unique combinations of materiil properties. It

has been experimentally observed that by combining a component wi th property

A-B (for example , magnetoel ectric) wi th another component wi th property B-C

(for example , electro-optic), then one may obtain a “new” composite material

with property A-C (for example , magneto..optic). There is efficient transfer
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of energy during these interactions due to the interface quality and crystal-

lographic orientation of the eutectic components. Efficient energy transfer

may provide a means of amplif ying relatively weak properties of some materials

to usable levels, i.e. , if the optical effect of an electro-optic material

were weak , combinin q with a magneto -electric material could yield a composite

with a strong optic effect via magnetic energy input.

Di rectional solidification enables one to synthesize complex structures

conta ining micron-sized elements which are uniformly dispersed in and crystal-

logra phica lly aligned with the matrix material. It is doubtful if any bonding

process or deposition process could compete on an economical basis wi th the

relatively simple technology of single-step composite fabrication by means of

directional solidification.

There apparently are a large number of eutectics which would be poten-

tially useful composites. This class of materials has received only limi ted

study , but early research efforts have shown that the number of suitable

eutectics number in the hundreds. As a body of information regarding the

range of mater ials becomes ava i lab le , trends in eutectic properties as a

funct ion of composition , etc., and other general data are systematically

developed , it is likely that additional device applications will be suggested

to researchers in this field. Also , a ddi tional data , etc ., will speed the

evaluat ion and development of device concepts based on in-situ composites.

At th is point only one of the many types of these materials has been

carefully evaluated at the experimental level . That work has been essentially

confined to the mechanical properties of high temperature gas turbine alloys.

Therefore, the eutectic composites appear to be an attractive area in which

to search for useful new materials.

In the search to identi fy device appl i cations, an extensive information

base has been establ ished . This includes a current device—oriented literature
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A Survey of Known Semiconductor-Containing Eutectics

EUTECTIC COMPOSITION MICROSTRUCTURE REFERENCE

Ag-Bi 97 vol % Bi Broken Lamellae Ag 67HDTJ

Ag-Ge 22 vol % Ge Abnormal 65DVL

Al-Ge 34 vol % Ge Abnormal 7OFVA

A l— S i 12 vol % Si Abnormal , Rods Si 7O FVA

Au—Ge 31 vol % Ge Abnorma l , i nte rco nnecte d 7O FVA
flakes

Au—S i 18 at % Si ? 7OFVA

Be-S i (62 at % Be) ? 74TCC

Bi-Pb.)B i 73 vol % Pb B i Abno rmal , pyramid L/S 67GFSB2 in terface
Bi-Bi 2Tl 37 wt % B i 2Tl Abnormal 7OGJE

Co-Co3Si (23 at % Si) Lamellar 73JRE

CrP-InP ~i .6 mole % CrP Rods CrP 74SBW

Ga-Ge (90 at % Ge) ? 74TCC

Ga-Si (90 at % Si) 1 74TCC

Ge-HfGe2 (96 wt I Ge) Irregular 71HNJ

Ge—I n 70 at I In) ? 74TCC

Ge-MoGe2 (95-98 wt I Ge) Irregular 71HNJ

Ge-PrGe2 (92 wt I Ge) Degenerate Lame llar 71HNJ

Ge-Sb ? Lamellar 7OFVA

Ge-Sn (30 at % Ge) 74TCC

Ge-Th 0Ge2 (85 wt I Ge) Poorly Aligned Rods 71HNJ
0.~ Th Ge

Ge-Ti (30 at I Ge) ? 0.9 2 74TCC

NOTE : Reference Code : year , author ’s last initial , authors ’ 1st and 2nd
init ial.

Figure 2. Example of Tabulated Eutectic Composites
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coll ection , tabular device descri pti on s for use in evaluatio n processes

(see Figure 1), tables of eutect ks with ~~eful properties (see Appendix 1),

and tdbles of specific classes of eutectic composites (e.g. , eutectics with

semiconductor components, see Figure 2).

V .A.1. Status of In -Sit u Compos 4 tes

There are many unanswered questions regarding the development ~f

eu tectic systems for use as composite materials. For example , what is the

role of directional soi idi~ icat ion Darameters in controlling the ultimate

spacing precision of fibers in a eutectic? Can eutectics be prepared with

fiber spacing more precise than currently observed variations of about 1O~?

In thi s case , an affirmative answer would open the door to use of these

materi als in a variety of interference -grating type systems and applications

based on optical/JR birefrengence. As further work is done on a variety of

types of systems—metals, ionics , covale nts and mixtures—a clearer picture

may be formed of the experimental as well as theoretical iin iitatior i s of the

various types of eutectic composites.

As an example of some of the l imited information available concerning

the in—situ composites , the follow ing generalizations may be made about fiber

(rod) and lamel lar (plate ) type structures. One key factor by which some

prediction can be made as to whether a fiber or l amellar type structure will

occur for a particular composite is the volume fraction of the minor phase.

For fractions greater than 35% the structures will almost certainly be l amel-

lar , while less than 10% will almost invariabl y yield fibers . Either of the

structures may occur for volume fractions between these extremes , with f ibers

prevailing for fractions less than 25% and plates (lamellar) prevailing for

fract ions greater than 30%.

Fibers are known to have a number of different cross sections, some of

which are l isted below:
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1) circular 5) hexagonal
2) square 6) octagoral
3) rectangular 7) arrow-feather
4) triangular

The separation distance ( .\)  is a function of the rate of growth (R)

of the sol id arid obeys quite closely the relation

X = AR~~ where A is a consta nt .

Rod diameters tend to range from a minimum of .I~ to a maximu m of dround 5ii .

It has been shown for some systems that an increase in the rate of growth by

two orders of magnitude results in a decrease in rod diameter by one order

of magnitude . However, rod structures w i l l  i n general deter iorate i f th i s

is done. This may indicate that smaller rods are possible for the systems

whose rod diameters fall in the typical range f rom 1 to 2.5 microns.

There seem to be only a few distinct variations on 1amella r growth.

The ones mentioned in the literature are :

1) parallel plates
2) spira l
3) Chinese script

The separation distance for l amellar growth ranges from 5 to lOu for metall ic

systems and may reach maximums of 2Op in ionic systems and even higher for

organic materials. Since the minor phase volume fraction ranges from 30 to

50%, it follows tha t the range on plate thickness w i ll be from 1.5 to 2.5p .

It would be most useful if sufficient information were available to extend

this type of generalizat ion to many other properties of eutectic composites.

Previous research efforts suggest that many useful methods remain to

be discovered in the technology of directional eutectic solidification. For

example, Guinier (73GA ) reported that Sn precipitates in the Pb I aiealiae of

a Pb—Sn eutectic could be removed by a suitab le anneal of the material. The

precipitates apparently diffuse to a thermodynamicafly more stable area .

which In this case results in a more desirable eutectic microstructure. Al so
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in the above study , it was found that a ribbon-like ingot geometry for

di rectional solidification yielded much more regular l arnellar microstructures

than did cylindrical ingots. This suggests novel ingot geometries may be re-

qu i red for some eutectic systems in order to prepare high quality composites.

Other promising avenues for improvement or contro l of eutectic quality in-

clude seeding of the directional growth and also the use of heat pipes to

maintain close control of thermal gradients during in—situ composite growth .

V.B. Cold Cathode Devices Based on Field Emission from Composite
Materials

Field emission cathodes for microwave tubes offer the advantages of

instant harm-up, high current (power) density and long life. Initially the

protDtype tubes would be developed for applications such as magnetron trans-

mitters where cathode noise would not affect tube operation.

Preliminary experiments were performed to determine whether the favor-

able geometry afforded by an annular cathode would lead to total current from

a composite field emission cathode which would satisfy the needs of a medium

or high power traveling wave tube. The results obtained strongly indicated

that further study of this component might well lead to the development of a

successful cold cathode for use in microwave tubes. At currents greater than

0.5 mA , a visible glow appeared to emanate from most of the cathode circum-

ference. The project staff tentatively concluded that they achieved a reason-

ably uniform hollow field emission beam wi th an intensity of at least 4-5 mA.

It Is considered significant that this first device did , in fact, operate

even though fabrication and assembly techniques were not wel l developed.

The second experimental phase of this study was concerned with demon-

stration of relatIvely large stable emission currents. To this end , a series

of experiments was conducted to Identify key variables which limi t total

current output and also to identify variables which contribute to stable

currents. It was shown that a hollow type field emission cathode design can
115
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he operate d CW for peri ods of days at cu rren ts on the o rder of 15 mA and

current densities (aporoximately 500 mA/cm2) comparable to operatIonal micro-

wave cathodes. The device was operated wi th low frequency (60 Hz) at 5 mA

currents. Uniform average emission over the relatively large array of pins

~approx imate ly 0.03 cm
2) was observed ; emission uniformity also was implied

by the distribution of rounded p in tips after experime nts. Use of a constan t—

cu rren t power su pp ly markedl y reduced the amplitude of current transients and

assoc iated damage to comoos 4te emitters .

The performance obtained in this work suggests that , wi th addition al

develo pment , the composite-based field emitter could form the basis for a

high performance cathode or high intensity cold electron beam. There is

particularly a need for better quality materials and for studies of the be-

hav ior of arrays of pins emitting electrons simultaneousl y.

V .C. Comt act, High Resolution Display Devices

In order to address the continu ing Air Force need for irnproved—greater

resol ut i on , greater contrast , more compact , more reHable—~ei ices , several

promising eutectic-based display concepts were analysed in some depth. These

concepts included diode arrays , plasma tubes , l iquid crystal , and thin-film

l uminescent display types. In general, the effort was focused toward combin-

ing developed display technology (e.g. , LED technology ) with the microstruc-

ture of eutectic composites .

Detailed designs for composite-based display devices were developed

and experiments were conducted in the areas of light emitting diode (LED)

technology and liquid crysta l displays. In the coarse of this work , the staff

identified two very promising designs for an LED type display , and constructed

an excellent research tool , a molecular beam epitaxy unit , for eva l uating

appropriate thin -film LED technology . Experiments were conducted that suggest

good quality films may be grown on a two-phase composite surface. If good

-- 
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films can be grown on this substrate , then the re i s a goo d p robab i l i ty of

fabricating a successfu l LED type display on the eutectic composite .

In the LED designs there are common key design elements which must be

evaluate d experimentally since data is net otherwise available. This work

must be done before a realistic attempt to fabricate a device can be made.

The critical experiment facing the staff was one to examine the quality of

semiconductor films deposited on the available W-U02 substrate. An advanced

MBE (molecular beam epitaxy) deposition device was constructed , since MBE

promised to give rapid , best chance ’ depos ition on the relatively unchar—

acteri zed composite surface.

These experiments suggest that one could successfully deposit good

quality films on a two-phase surface. However , clean ing one or both of the

exposed materials for epitaxy , and temperature selection to obtain best film

quality both may call for unique approaches or for a careful compromise of

conditions.

The liquid crysta l experiments were conducted as a supplementary effort

which might provide a quick demonstration of the useful properties—t~igh

resolution , high contrast effects-—obtainable from a eutectic—based display.

A test cell was constructed and the available W-U02 composite electrode

surface was found to efficiently activate a MBBA liquid crystal mixture. The

display was easily switched on and off at normal ‘l ow L.C. operating voltages .

However , it was not possible to activate specified areas of the display , due

to the relatively low resistivity of the U02 matrix. This experienct~ led to

the conclusion that, until other eutectic materials are available , develo pment

of electrical display devices should be di rected toward LED , plasma , or other

display modes which respond non-linearly to relatively large currents and low

vo ltages . In suc h cases , the electrlc?l resistance of the composite matrix

is much less critical and the potent1a~ contrast and resolution of a composite

Ui
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display device may be realized.

V .D. Other New or Improved Devices Utilizing In-Situ Comppsites

In the course of this study, a number of device concepts have been

suggested by members of the project staff in addition to the cold cathode

an d display concepts (see Sections II ~ III ) . These concepts have been r~viewed

by the staff from the point of view of several academic ar~ engineering

disciplines , i.e., Phys i cs , ~eta llu rgy , Electro nics, Mate ri al Sc i ence , etc.

Listed below are concepts which appea r particularly interesting; these con-

cepts have been sub jected to prel im i na ry techn i cal /econo mi c a nal ys i s and

deserve further study.

(a) Photovolta ic devices for application as either radiation detector

(e.g., lase r radiation) or as solar cells for powe r generation.

The vertical muitiheterojunction device would combine two semi-

conduc tor materials in a coiiposite structure to form photovolt aic

junct ions wh i ch are inherentl y tolerant of c amag,nq radi~tjon and

are capable of high power output for a giver surface area exposed

to radiant energy . The vertical multi-Scnottky Barrier would be

based on a composite of semiconductor matrix containing metal

fibers . This device should have increased detector sensitivity

(or increased solar cell output) due to the presence of closely-

spaced metal conductors which collect the photoelectrons before

recombination can occur. Polycrystal line film/multiple Scho~~~y

device. The unique feature of this detector or solar cell would

be the potential for using a polycrystai line semiconductor mater-

ial while retaining efficiency comparable to single crystal semi-

conductors.

(b) Eutectics contain ing superconductor phases. It appears possible

to develop broad-band visibleLl R detectors by forming an array of

~ILi T
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Josephson junctions at the surface of a con’posite containing

superconducting fibers . Also , a sim ilar array of contacts appears

capable of generating ~ar infrared wavelengths. Current sources

for these wavele ngths have severe limi tations.

(c) Thermal Fatigue_Morito .~ This device is visualized as a ‘mi leage

meter” to indicate at any time the ac:unìulated CyCliC Stress—--

due to thermal cycling in ser~ice—---that an electronic aevice has

undergone. The fatigue monitor would be based upon composite

materials which have predictable microstr uctural changes when

thermally cycled .

Cd) Field Emission Exitation for Stable CO2 !asers would offer a means

of pump ing an extremely coraoact laser system . The small low vol t-

age power supplies required and reliable efficient pumping source

would facilitate the development of a modular laser unit useful ,

for example , in secure multi -laser air-to-air communication sys-

tems .

(e) Magnetic Recorder Sensors. ~~~~~~~~ recorder pi ck~p based on a

composite magneto-resistive material potentially would be capable

of vectoria lly reading super-imposed independent channels whicri—

in analogy to stereo record technique—would be recorded on the

same section of material . The insensitivity to tape speed would

permit precision recorder operation in spite of mechanical or

electrical disturbances which an aircraft might encounter.

Other concepts were suggested , but effort was not available for a pre-

lim inary evaluation. Examples of such concepts are (1) composites containing

ther~nally conducti ve graphite fibers for directional heat transfer, and (2)

plezoelectrlc/”light valve ” for use as page composer for storing data -in a

laser hologram memory system. Others include use of suitable eutectics as
119
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photocatalytic materials for the photored uction of water to I~ydroaeri fuel.

Layered semiconductor structures have demon~tratad such a catalyt~c effect .

Complementary uses of in—situ materials in’iolve either extracting the

rod structures for separate use or extracting the rods leaving a porous

plate for separate applications. For example , it has beer) suggested that

the geometry of Mg or Al fibers would be ideal for use in a Unuid phase

shifter device for phase-shifted microwave systern~. It is understood t~~t

some prel iminary work is now underway. The composite matrix with p~is re-

moved would serve as a precision fi l ter or a “container ” for liq ui ds

powders. A liquid might , for example, be uniquely subjected to a magre tic

field while confined to the channels of the matrix mater ia l.

A further suggestion has beer made to the effect that airc ra ft mig ht

be made “inv isible ” to microwav e detection by coating with suitable ~aterials .

Due to the capab ility for generation of unique and enhanced properties , it is

suggested that a material wi th microwa ve absorbing or other properties could

be developed making use of the in-situ composite approach .

In the future , until eutectic materials are better characterized , it

may be useful to select a higher performance level for a device or material

and then seek an appropriate composite material for use. By proceeding from

well-def ined performance criteria , it may be possible to exp~cit . the unique

properties and flex ibility 0f this class of materials.
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App ’r’d i• x I. M i c u o s t r u c t u r i - , (‘ r y c t a i ) o~ r~.p 1iy imd
Fun cij ona ] .  Pi c ’ , t 1(5 01 U n i d i r e c t i o n i )  l~
Soiiditied Eul ’ctici~

A — Binary Eutoctic Alloys

I II III lv V
System (1)Numb er a+~ vol%a Mic i-os truc ture Rcfcrc ;~ces Prop erti es

Ag—Si — 3  Brokcn IameIl~eo fA g  H W .k~~~~ - . iw (
C ,~ i~ , I  (ni. ., - C I  ~ .I If l OI1  N
~~ I , I C . ~~r 1 7 i

I - - I~ , hdlcr .,rJ
k . 9. ~,:,i h . J . ( i i  C i,, ii, . 3.
4. ( ‘~~ ‘ V . 1

I) .
I t ’II II ( h i  I

67HT3 semiconductor
69DTC galvanothermomagjietj c

71DTG electrical analog
72UC thermomagnetic

2 Ag—Cu —74 Lamellarand rod I. C. L(Iv.o~)J .ind K . C) ~~~~ -
in.;,. t i - . , -  7( . t~ 11(94 9 )

1- . I). I .d ~I N •~ L~i)s.United A,,cr. , Ii K,, I .h~ - Last
Ilaitfor l. ( c,fll~ .• L I I l j ’ I I l ’ ,~~IlCJ

H. E. CC_ n ,, ;,nd I). F. Stc ,n .
Trcn,x . Ai31!~. 24S. lii I ((91,9).

75FGA elect, conductivity
75FCB thermoelectric

3 Ag—Cc — 78 Abnormal V. dcL Davi,,s.J. i,,.~i 3-feint, . 93,
( 1 9 6 4 —65) .  JO .

4 Ag—Pb — IS. Broken lamelluc H. ~V. Kerr and \V . C. W ine~ard.
Cm,. ,tlei. Qi’a,i.. 6 .67 (1 967 ).

Rods and broken A. Moo re and R. E(l ,ot. J. last.
larncll ac. abnormal at Mciui!s . 96.62 ( 1 96$h
hig hk 66LsA superconductor

67LJD,67GFSB superconductor

S Ag—Si —90 Abnormal M G .  Day and A. Ifelt,weII .
i’c , c - . Roy. Soc..Scr. A .305. 473
(1968) .

(*) This append ix is partially derived from the work of Hogan (71 IiLM) .

(1) Reference Code : year , author ’s las t ini t ial , author ’s first and second inftial s .
(See Bibliography)
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Appendix I (co nt ’d)

A — Binary E u t e ct ic  Alloys
II lv

System
Number a+B voiZa Nicro struc ture Reference s Fr~ pert iet~

A l—A g~AI, -
~ 40 Larn,d)ar I). C. LIIwc’od and K. C). i t  : - - j.

J. fail. A i , -,a I, - 76 . (~t I ‘,, ‘) I .

K. W. Knit, . I . H. e n ..cy. 1) I..
AIbiinIit. and I - 0. (.~c;’
Un~kd - a rc ,  if) R,,s. Lab-, . K1.
A - I  lf ii) C_9.~ , 1962.

~ Cc ’o ks ey , 0. M, ;n- .~. . M .
l~. WcIk ,,,son ,,r.d A - I I~ I),,~i elI .
i ’ / ~- ,i 5 I , ,~ . 10. 745 1(96 4 ) .

7 Al— A l~Ca 69 L:,rnellae and rods ofCaAl , K N Sn-~~i . C. I St . Ji lt .1
( . I i - u , , , . J . ~~~ - “ 7, - ; , ’ ! .  ~~ ~.$l I

$ .AI — A 1,Cc t~t) l. ari,,,IIar ,,,rd ,,‘,J
A l— , ’~I,( 0, ‘ 9 $  l.ani,,)t,t, ,,i .‘cL ,(O .  I .  I) I rn,Lcr - \\ , 1i~~ i l.)

F. I); , II,,’(,,m,,n - ,inri,bl ’.I,ccl.

0 A 1 C i iAI a ,4 I a,i,nII; ,, ‘ cld - 1) 1’ ‘ / iis i . 1. I ils .

‘It . 1(1 1 I’)! -I - 6~~ V

K. W. k i t  and I). I - .-~Iln ,)fll
li- i s  - i / I l L  2 2 1 . 1 )5 1  19(’II.

IC W. k,.Ii. I ,aa; - I l  I / I .  2 ’
7114 II 91, 1
K W K, ,,ft . 1,-wi.’ - .411, 224
I c  1 1 5 2 ) .
I .  C ) . 1),;,,,. and .\ I l;ll.,.’ d l

/1,,!. .I/,,t.’. I’) . I 210 (‘16’) I.

I - M. I Ia~’a,r.j. .4~,.,i. /,,,~ 5/ , - /
In. 7)t i I ’ ) I ,51 .

73GG rherreal. cyclthg
75BBN thermc~ transport

\ l— A l ,Fe 97 AI,n,’,mn) K W . k ,., I,. I l). 1 1 . if l .C \  -
I . . ‘,Ihiid’ I lid I I) ~~~~~~~ -

L’ n,icd A ,,c,.,Il Rc~ I , i h . . lCe ,’ I.
A l  I,,l)( 9. n . l’l(,7

12 i\l— Ge 66 .\I i,o , n,,,l A. I I,,llaaell . I ,,,,,~ .11.1(1..
23’I. l(14’ l I

74TCC elect. resistivity
superconductor

75JWL superconductor

13 A l—Al ~N4i It’I Ilcs,in,,iial ,‘sI’ intl ,~~~ ji I. I). I tfl,k~ i - K. t.V . I1~~I,.
l.,,neIt,e cii -UN, l’cu . u,,,l .1. A . I ,ircl. , ,,,,,, .-~í 

,,
23.1. 334I  i’u,~ ,.
W K . l ice. w K. I
I). I.Cfl iki.) ii, ~‘i i/li I ,- ,,

~
,

I 1’’Ll l.
’’l’l I/i t,,//,,,-,,,,~i,,, 7 ,,

~~~~~ ~~~ \I S Ii’ 4 .10 23 ’ )
I 196$, . 

~ I

69MRG therma l. conductivity
70 BMB electrical conductiv ity
73KYP ther~ial stab ility
73GG therma l cycling
745R resistiv ity
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A~.pe ndix I (cont ’d)

A — Binary  E ,,I . e c t i c  A l l o y s

I II III lv V
System

Nuniber u-F13 vol%u Mi cro~~t r - u c t u r i R efe ren ces  ~r ’pert ins

4 -CI \ !~I’d V I ~~~~~~ 
I I) I ~~‘,~ !, - ;  I ~ - ,- - I C,-
(C c ’  I _ 4- ~ ~~~~~~~

0 .\ I  - 5 Ali,,.,i,,.,I C d c l . .  fl ,. , r ~ -. .1 1- ,’, ~I

‘l~i (II I ’(- I (-~

C I ,,.~‘i It I - -1- .- ii..- . \t c

C c’,lic II,, \ l  ,au~.. C s’r(’ci I .
I i.~~l’.

If’ CI  5, ~~ ,Ch,,.~,,,; 4 ,, I,I I,’d, ~~~~ 
S 5~ r . ~w c~~’ i -  i lhiI Ii,. ,) /
I. . ,  I I,, ii 5 1, I’ l

IC C \ t -  - - .~~ - I C . N i t

Kr . I ‘I’ F, - -
~~ II

I . \ I F— id CC 1. CC

r.,i d / I - s i  I ! ,  li ti ll

,(-)i,4 - I’S

‘.i ~~~ 
). ‘ t int C I I~ - I l .i~ cii

/ ) . , ,  C, - , 5, - , -\ V% -1

I I  ‘) V , ls I

74CC elect. resistivity!

super Conductor

7SJW L superconductor

75KJ e lec t,  r e s i s t iv i t y

— 7 Al—c,, I I _ i i i i _ l b ~~ unit , i , I  Ii i - ~ i V u i - i l I ii,’ - I

— 

I _ ,~— _ I ii 51 i  S!

-‘ ‘5 1 , - . - . . ini F I ii,,,ti - C ’ ,,,’
Ci I I

Ii, ,\ i- - -\1,11’ S~ i i _ I i.i,ris _ II - si  I~ I I ,, ;i ni.,r. - ! l )  I C\

i - r i  If. , 1 I -~ I i~V~

9 Ci - A I,’~ 
li-I I ,meii.iu .,‘; i : , s , I  K N Si, ,, 1 1 I 5 1 .~I,,,

(‘  i , I l~ I ( i i . ’  !i.,.-!~ ’I~

2(1 A l— /n 211_4I I snwiial 
I) J ~ I .‘- - i s  I) \ l r ,pr ’ , , n  CI
I’ C C s f t , n a , _,, ’ ,I C I i , ) )  .~‘ _ I i

j I , l C I . - - In “-)~ ( I  ‘ I _ _ I

I) I) i5 - ,
~ - - ’ I’ I 1 5 1 st’

C I F II. -- - ’ 4 1 ii sar i  

i fs  2 I’ll I ‘ . 1 . ’

20.1 Au—Co Rod s Co 7OGFS fer romagnetic
7OLJD magnetic

I l  An -Ge V u  ,‘\i~ii,’,n, S ~~5 s ,  1,1155,5 IC CC i~ u~ - ’ -  I I) I n i 1  - I) I
li sten ,\ii,i,iii’I i - i  I I) • 

\ s s l . - I ’ i~~_ — I .sI’’
-C I 1151. ’) 5 ‘‘u- ’

21.1 Au~-PbTe 23 Rods Au 751311 thermo_elect.pOt~~r/
Hall coeff./
elect. resistIv i~ Y

21.2 Be—Si 74TCC magnetiC ,clect .
r C si  S t vi  t V /
supercond uctor

75JW L superconduc tor
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Appendix I (cont ’d)

A — Binary Eutectic Alloys

II III IV V
System

)~uniber ~~~ voiZu Microstructure References Properties

22 IIi—A n1IIi - ‘ 7$ Broken Ia,n~IIar K . S. I idler J A. SplIlk. SI K
1a~ b r  and K. W. Smith. ‘~~‘i~Iifi.
cat ion ni Metals ISI. 1 1(1968).

23 - Hi—Ct ) ~7 I.;,n,cIL ,r ~,ncb/o r abno rm;,l 91. Slr;,unianis and N. Kr,ik cs . /.
wilh pyramid 1..S inlerface Plu s . Clues,,. SMUt. 140 t 19371

V .,J e I . . Davies. J. I,,.us. AI,-goI.s 91.
127 1967 I.
V . dcl ,. D,,s jes.J. l,,q. .11, gal-, 9.1.
1 (111964— 651
F. I’ . ~VhcI,,n and C. 91. Ha,soflh.
J. .-I,,ul. i,,si. .~tei,,l, 12. 77

S. Mus ik ;,nI. Ph.D. The’s ’.. l e h igh
Univ .. 1961.

67FRE superconductor
7OGFS thermoelectricity

23.1 Bi—Cu Rods Cu 75WWG elect, resistivity

24 I)j —P,I,,II1 91, K~i,j’. of SlnhI j ~V . M. V im a,~d F.. J. StoIko.
J. Appi. l’hrs . .18. 52 1111 967  I.

7OGFS ,72GCD ,73BJC magnetic
76GCD ferromagnetic

25 ‘Hi—I’b ,Il i 77 Abnorm al, pyramid 1.1.5 J. D. HnnI. I’jsD. Th~cjs . Cam.
interlace bridge l’nis .. Cambridge.

England. (19611.
H.W. Kcrrand W .C . CViñega rd .
Ca,,. Al,’,. Q,wrt . 6.6 7(1 967 ) .
F. P. W helan ,,ntl C. W. Ilacs ø,-th.
I. ~l~ssI. l~ici. ,%leg ~ Is 12 .77 11967).- s C. %V. Haworlh and Kii,g Smith.
Univ . of Shefl ie ld. Shefl ield.
England. unpubl ished.

65DJL ,67RDT.J semiconductor
67LJD superconductor
66LSA superconductor
67GFSB,68GDE - superconductor
MF72SCA supercond./

elect. ,thermal

25.1 Bi—Sb 72UC ther momagnetic
26 Ri—Sn 40 Abn ormal, pyramid 1./S J. I). Hunt. Ph.D. ihecis . Cam.

interface bridge Univ .. Cambridge. England .
(196 3).
H. W. ~cn and 91. C. Winegard.
(~uusu Air,. Quart. 6.6711967).
E. P. Whelan and C. W . I Iaw,,rth.
J. Ansi. lnui. Ah ’i. 12. 77119671.

67LJD ,7OGP S superconductor
66LSA superconductor
67CFSB, 68GDE superconductor
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Appendix I (cont’d)

A — Binary  Eu t ec t ic  Alloys

II IV V
System

Nuniber 
~~~~~~ volZa Micros tructure References Propertie s

‘7 II 11 , 11 Ahui ~’ i ,, i.tI II. W . I’~c,~.&ind~u\ .  ( -
( ii,,. 11,,. (lliasu -m - 1,. ( ‘7 11 9(’7).

1)1 II, — / ii ‘K, lI,,,te,i i.’rr,,.- iI,,e .,uid , isIs of I - 
- I’ . ~VIicIan •,, id C Vi . II.,’s u ’ im

/n .1 ~l,,si. l,,.st 1!, m ,Th 12. 7 7 1 1 9 6 7 )
S. Sliinik;,mi i. I’h .t) . 1 lien,-.. l.cl,irl,
I ‘ u r n  - 1967 .

29 ( d I 9 ~ I’S I ,,,,mt-ii.,r .1. I) I l,s ’,l ,r,,I .1 I’ C I,ili,’n. 4.
In,, .1!, ii,!, 91 . 11$ I i’’ (-~ — V.3 ’ .
C .-~s .  (l, ,ds’ iii , J h u t .  lit i,,I,
‘ II. 2 ’ SS i l ’ f l,2~6t i
( ‘ IC ( It,u,I,u ci. - .1 - / ,~~i. C 1.-i,,!,
‘52 . 11( 1 ‘US—i, - )~

67LJD , 7OGFS superconductor
5(’LSA , 7OCJE superconductor
67FSB superconductor

30 . ( ,j—CsIS h $1 Ah,,orm,,I K. CV K,,,II. I - I). I e s s sk c ,  - I). I
AII’,ud,i rd I- - 1 .  I ;siu’ igc. (.I,,i!c,I
A,iCr,,fl Ken . I rubs. Kepi. .C I
5 . 1962.

3) ‘ (.5—Sn 2~ l.amcli. ,r J . I). I Il’,iI aid .1 l’ ( luillo n . I.
1,,,i. Chu m 1, ‘ S U . 3 3 8 ( I ’161—1 ,3I
.1 . F. ( n,zIcnL i ai,d CV C. CVinc-
gai d . .1. l,,.~,. .11,-ar!, 96. 701( 191’S I
CV . Si rauii,,,,,,,-. u,,,I N Ilr,,ksn. I.
I’his . (6,-,,,. .1811. 14 111191 7 1.
J. F. (,rtu,IesLj utm d If . W Kr.,ft .
lum lie pu blished.

67LJD,7OGFS superconductor
66LSA superconductor
67CFSB superconductor
7ODL RF surface permea-

bility

12 Cd—/n 83 I.anreII ,,r CV . Stiau,m;,njs ,,msI N. I(rat’.s. /
I / i s u Ci,,- rum . .9111. 1 1 7 1  I93~ ).

J. 1). I IuInI rind 4 . I’. ( l,j lluun. J.
I,, ., t. it (u Sa!, 91 . 338 (191 ,2—6 1).
13 3. Sliaw . A m ,,, ,tl,-,. IS. 1169
(1967).

3.1 Co—CoAl 65 l.amc llac and rndsøfCn (C) II. F. Clinc. iron,. AISIE2S9 .
1906(19671.

3-I ( p — ColIc 77 J.anmclla r S. Sbap ir,.an d I . I) .  I . r rnke ~ .
Unj Ied Aircrr,fl Ken . I abs .. I~r,nl
IIr,rtlord. ( o,,n.. ,uuipu,blisticd.
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Appendi x I (cont ’d)

A — Bina ry Eu tect ic  Alloys

I II III  IV V
System

)‘~urnbe r u+8 volZci Mi crostruct u r e Ref ercnce ~ Propertie s

34.1 Co—Mo 67HJ per mamagne t ic

1% ( . i— ( p .Nl, (ml U.;,,ncH.,r I - I). I cntL ~y. 11n,lcd Au,e,,mf i
Kr ’. . U .~,hs - - I - .tsl I Iauif ,’rd. Conn - .
uiupuhlis)u,.’ui.

7OCFS ,7OKRC,71CJ3A magnetic
74A11L magneti c

16 (“ - CoSh 58 Famcll ar i - s. ~~~Ia’.~~ . I. ,‘f AIm” (9. I l .
June11 967).

7OCFS,67GFSB ferromagnetic

36.1  Co—Co Si 77at% Lamellar 73JRE magnetic
74LJ D,MF74LJD

~‘ I ti - I n, la  tm,c I.a nuc llar an mj rod S. Sha pir o .J. Fi ’u51 run ,) F. l.cunkc ).
U,,,led -5,, e m i t )~es . j ,ns . Fast
II un lord. ( nnn - ,,npul’liclued.

18 1 •‘ - ( ,s Vi 5 77 Lr.ntcllar F. I). 1.cnti.cs- .und 1: k1h umrnp-
Son. United Alt craft Rt’s . I abs ..
Fad l-Iarm ford .Conn. . unpub lish ed.

67HJ perinamagnetic

39 Co-Co,, Y, 19 Rods olCo F S. Galacso.J. ojA le t .  19. 6. 17
(191,7).

67FSB ,7OGFS ferromagnetic

40 C r—( r1,C, 39 Rods of Cr 3. WC’.IhTOp~, J. P.tei,ul,. 9. 1277
(1957).
I. I). l.emkcy m i A. Ford.
United Airc rafl Re’.. I .,I’s - East
IIar ll~urd. Conn.. u npu bli s hed.41 Cr—Cr/) , — 19 Rod c. t~. lia Ise. United Ai rc raft Ret .
I ribs . . Fast HarIlord - Cuuuun..
t,nput’lichcd.

41.1 CrP— I nP 1.6mole% 74SBW semiconductor
(Cr doped ImP )
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Appendix I (cont ’d)

A — Binary Eulectic Alloys

H IV V
Sym . tern

~umbcr ~~~~~~ voiZa Microstructure References PropeLCic~

4 2 ( ‘u t - (  r 98 l(~md’. plC, K CC Ilcrliherg runt ) K CC k u . , / i

/ , ,u ,uu -t I III 227 ~~~ )‘Ifm i(

5). .1 . Sd L um ’d I I) I cus , l es
i ~~~, e,s i ,~e - t i i , , (u -n I ,- , I,

- Vi, Ies .  /‘ -. s  is C ,mtl . 1 969 .
( Im. up l u

43 C,t - ( s o  ‘11) Kp, ln ,’f ( s o  F Vu - I ,sln,’t ’d- I m u m i m  .11111
I I I .  I l / I l  (‘ 114)
I) N W , Iu ,_,,,, - . I \~u I~t uI ’ c r u- . - r d
K. 7 lalle C- 1/, , liii. 1(18 1 l9(~i I i

44 I c I c l i  SC Sq uu .,rc or) A K. 1. d~SiIs;, rn, 1 (I . A C lu.~d
s’. is-k - C ~~~ ( ;,nrhu u s/n -s - I .ini
hr urI i~c. I u,s,I., ir sl. I’(~,8

44.1 Fe—P eBe
2 Rods Fe 7OCPS ferromagnetic

45 l e I c C ’ 4 ) l.ammicllsi r r iud rod SI . I’ . Wulk iant ,n and ,C I l c ( .uac l l
I!,,: (~~i~ i bu,s ,i Is’,’ -I ‘ r u t  J.. I I  -

4 3 9 u  963) .
Fsl I li!I~nl an’) 13 Sici uth ituser.
S ri, ~ ci. I rJc,,m(t ’ f,’,, mu ,Iu r uu,/ u -,

1 4 4 . 5 0  13601.
46 (-c—C 92 Ahn,’,nct) I) I tkel .rnd I(( Ill..) j. 12

1, 1-I l 90r 4 1
K..) IC, inh tu r, (, K I’’r ,dv rumud 7
Si Kimlssuld s . C ,au l it  ()uauul...1.

— 2 ‘,‘)1I96-l l
K J Itrit~I,,,nm. u.s K. Purd~ ,t mm,l .1
Si l~ mrls .u Id~ - ( m r  ‘ is ,! (~ 5 , ’ ’,  i/i

I’~’ r sz .u nsm , u Nc,, ‘I ,s ;L.  l’ 167. ;m
161 .
I SI ,m ik ,uff ‘ S um I,u l : t ss s i,,,,, pf

1%! .  1~ I I  I ’ua~.u
.47 Fe - —F e~O II) Ru mS II I )I.,s I~ n I u i , - )  .\ , r s m a li ken

I tnt I I,, l,m,,). ( p u n .
i s su ~s sb l u ’ I uc t !

410 F e - - I - e S ‘) S  Rod s umfI  s - r Isr - s s ’ - - s s s . s l s  I) I .C ) I - ’ u~ l mu .iiurl K CV

l’,~ ill I,,,,,, ,lI.%!I 2.16. 99’)

Si C? ‘ s s ~ ls (, Brunn,’mi. I -I,,,,-,- ,, Ii, r I ’  1.1. Ii ’ . t ’ ’ / 681

67CFSB , 7OBMB ,7OGFS ferromagnetic
?].WH electromagnetic

4’) Fe FeES), III I I r , u _- , s s s . l ‘s i n ,,l I c - ~
‘ ( .‘ ) .i’’ ti~ - I I - I)s ’ ,ug lr, ’ ,

CV 1) 1w mn ’ ’ j .  A B it .) . .4(’~m!
I !uuc 38. 1 2 4 )  41 96 ’/ I

67GFSB , ?OBMB, 7OGFS ferromagnetic
7OGJK magnetic

~~~ 11W~ electromagnetic
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Appendix I (cont ’d)

A — Binary Eutectic Alloys

I II III IV V
System

Number ~~~ voiZa Mi crostruc t ure References P r ep~ v t ics

49.1 Fe—Fe 2Ti Rods Fe 7OGFS fer r omagnetic
74TK inagti€t ie

49.2 Fe—Fe 2Zr Rods Fe 7OGFS Iferremagne ti c

49 .3  Ga—Ge (?) 74TCC super Lvndl:ctor
Ga—Si (?) 74TCC elec~~. , nagaetic

r esi stivity
49.4 Ge—In (?) 74TCC e1e~ t . , mcgn et 1i~:

resi3tivity
Ge—HGe 2 (96wt%Ge)Irregu lar 71HNJ supi r conduc tor

75JWL

49.5 Ge—SB Lainellar

49.6 Ge—Sn 74TCC sup 9t conml uctor /
elect . ,magneti e.
resistivity

49.7 Ge—Ge 2Ti 93.2 Rods TiGe2 71HNJ superconductor

49.8 Ge—Ti 74TCC super ccnd uctor /
elect. ,ntagnetic
re sistivity

75JWL sup erc onductor

49.9 Hg—Ti 7Owt% 7OGJE super conductor

~0 In— K iln , - SI) I.,intcllar S. A. le ss - . C .  I)• Kini iii) R . CC -
Kra ft. J . 

~I’pi Plum- s 37. 3699
(1966).

66LSA,7OGJE superconductor
67GFSB , 68GDE superconductor
75FJJ superconductor

50.1 In—Si 753WL superconductor

SI I L I M S n — y .  — 29 U.arnell rt ra,,d rod K. CV . KrriIt . r. 0. I e’mm ke~ . I) 1
SnIn Alh ri5hI rind I . I). (icorLe . ~I i,i t,’ -

A irc rr,t1 Res. U .ahs . Ke pt. A f l - ’369
5. 1962.
S. A. l.es ’~’ . C’ . K. Ki m and R. W .
Krm ,f l . J. ,fpi~I. PI. ’.~. 17 . 3659
(1966).

66LSA supercond uctor
67GFSB ,68GDE supercond uctor
75FJJ sup erconductor
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Appendix I (cont ’d)

Is — Bin .iry Eu t ec t ic A 1]oys

I II ~ii IV V
Sy st e t n

Nuotber c~-~-~ voiZu Micro~ t ru ct ur e  I~efcrence~ Proper t ies

‘2 
- St~ — C) ~~,Al ,, C~ rnnelI.ic -5.5 C i s : -  l s s s s i s  .1111!  124

(i / i l  /

7OGFS thermoelectrical

$1 M~- Si-lg,(i i  1,11 ) ssm,, -~/ , i  I I). I i u , r k s s  - t nsrc , l  - \ uuc , s / I
Ru.’’. I ii ,.. - I s m  I l.s u 1,’,,). I ,u:u u ,

u s s i i’uu imlis lr s-s t
K 1,4.,’,, S),,. Cl Si I 55 w.

I C!ust _’lt ( ‘ sm - I ‘1(m~’

~4 \ lg  ‘.Is ~,’~ i 77 U .ime )i.,r a,,,l m,ud I I) I sinCe, . t 4 , , m~_ 5 I - Cim s . - i . s f r
I tb. l as t I3 ;u rulrs id.  (Tr muu ,,

tI us~m r s t ’ !snlsr ’d
I! 1,4 s i, n k u. Cl. S . I l,csss .
1 , 1 ,- h ( m,ss . . I’/ s s

‘~ 51g. .mss3g, Siu ‘)(s I, F :su .eletl i,’sI’. ‘
~ Si C i,, I , , .) s~- , ’ I . I’.s lsi \ / i s s

I It .. I’ i?s, -Su m ,’ . ( dm1 _ lu
su ,I’Iinliesl

cii S1u.’—Sl g , S us 71’ I ,isuu u li ,u, ( h,,is . sc S~u rjmi  It CC ki.i f i . i u s s n r i .- I F l / /  -

227. C 9 C I !’)(,l)

57 Pr l , s—? ’s lsm ,( (,3 I ,,,iieIL ,. I.  F) . I c isrk r - t  - I - rs ,1 d ,\ureial l
Ro t . U i/ s n s — i  I Iii Ilsus,I .  ( , s s uu r
i immpstb l’’ is,)

58 N h — N ’ h1C 69 KccI ,mu,u.uular rod I - F) I ~~~~ s unS CI .1
Su b ‘ri d. ( ii ,,,./ ( m , ’’’ i/i . I’ r’ u C u s s -  -

N’, ,, C iii C. I ‘Ib.~. p 1 7 1
I. U) I u.-smmI. ,-~ ,u,r~i SI .1 Si.u /k , , ’ )
/ ‘? ut s - I / u t  Ru ( s s . u 5 , s u i  ( , ,m , u

/ 5 / ’ ’ . -I / I / f  / / s ’ - ’i~ - !79 . I’).”

5’) ~/ s _ j 5 10 Kr’d I) I ( line. K. S~l Ros e. ;,nrI.i
CC it liL ,1 - .4~ m~’/ . I ’ I ssm - 34 I 7

‘)u, ~)
1,/) S i s — (  91) Ahnu,iiui.uI 10 7 I’ s- es ’s . C 10. I ,u,,J t us-I

“ k s r C , u l s / s  ( 5 , -  ‘ s I  ( ‘ ‘ s - u,

l’er~~, a” s ri N ~,, C i i i ,  - I ‘~(. 7 p
I Cu I -

K I) I s C s I - s - k lb I l l  i .1 . 1 2  ‘.
4 )t ) ( , 4 ,

F) I) . L)s,i, I’k’ ui , ? ‘C I lsII,tncl l
.4, u,u Ii, u. 17 . I I  ~1 l  I’~s’s~( (

Ii. t.,,s . CC Is,im ( ,su r,I Cl u . r m .s’7Cn
/‘siuu , ~Iit -tui/ I - ‘ u  lI’lI~’ Im

6 1 Ni—Nt- A 39 I.rtnicl? r,,- S Shsupiru u ui,,) J -C I iii).

1 rum,, ’ - .411!! - 216. 9 1 5 , 1 )  ‘16(m)

62 Ns -Nul te (41—6 2 I rim u iel l ,t r I~. I). I es itku - H .1 Il.O~ C’
;,sid 5 1 . 4 S,ulkiuiuI . I m u i. u l Kept..
Cts nt isieI I) 5- I ‘I -(I’ ll - -C lsl( -

0114)4) XI F )s pr u’l Am u i u~ - 96$ .
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Appendix I (cont’d)

A — Binary Eutec t ic  Alloy s

I II III Iv V
Sys I eni

N umber a+B voiZo M i c r o s t r u c t u r e  References  Properties

It I - Q i i imu ii .  K - Vi ki tO t ufl u)
(m .C Ni - Ns 3( I, 7-I I ,ul,cII ,uu K Vu IIu.’ui,hs’ u 1~. / u , . s s , .  (,_)uuuuii .

- I ’, C I. 1u2. ~S. (I I

64 Ni— ( u 77 I ui i iel l i i  ,,r,,l ,,~,m.. ,u f ( , - K Is,)tss ib%5 — km- . ”~ ( 
- Ji,),n.

‘ui i isu .  and It . . ) - SiIi.ut~ - Ii si~~t -
.11th 245. 1 7 1 ’ )  1 ) ‘ ) l s 9 (

7 OKRA
7OKRB
7OKRD

6$ Nu-Ni ,~(,,l, 401 Ktm,I ’ . tit Ni I 1 tI,,t.n,u ui,,) SC’ . I ) , t uhv lI isI ’ .e.
(/ ,,iied A uucu. , f i  Re’ . I . ,h’. - l5 suni
I I ,  It ’ , S. ( flail.

65.1 Ni—In 74at% Lamellar 72LJr, structure

(ml, bJi—l ’ .~’ iC l~i II I_ .u,,ir -II,u, I II - I lu, m uu/ itn ts , u. It,’ , 12,/u
h/ s I n s, i t s , I -

‘ s mst j s t i , t / i -, F) es isc i  -
( , , I u u . ‘1(6

67 ~‘~i — -~’-, i 3 Si?’ .111 I t u i ie l lsuu I - ( ,.uI,isni, suii u.I ‘i’, . I )sunI ’~ l I tu In t ’ .
I/ mu l led ‘Cii, iii R~n . I s I t - . - l us t

H ums ii I ,m nmu

fill N1—Ni ,Si, I .rm,micIls ,r ,C K F - c l eSs ls a aummj ( .  iC C lustS -
s, irIs - ( umIsru ,tee U n/v - - ( s u ns-
hi u, Ige - I.n~m Issimrt. I ‘7610.

69 Ni - - Ns ,Smu 3 10 I.rumclkir I - S. (i.ulsisso . .1. uif ,C!,-t~. 19 . 17
(19611 .

67GFSB ,7OGFS ferromagnetic

70 Nj_ Njjl i 1,1 F uiiu,’ IIs ,r K. I). Slt cil lçi . R CC’ Ki ull .
Imiul K CC’ . I leuiiI’,’ r im . I mis uu s .

A/t I! . 245. 2 7 7—2 31111691

71 Nu— Ni , I h1 38 Roil runs) Iuiiiell ue m u Ni Cl .1 . S,ulkim m,I . I - F). (kourrc . I- I).
U.cn,lsc% ma ui Il _ I lO t s u.n l iii ,)
K~pl. . ( imn lr ic) ~‘~~)w (,~ -uI7In’4-,t .
l’l(i bm .

72 Ni—CV 9) Rums) F- . I) . I crnkc ~ intl I . K. ihomp.
Miii . (h i/ le d .‘Ci,ciaf l K1”.. I.tuh’, -
I r u nt l i m i t  lou ,l - ( ,mnn.
CV . Kuur ,, uiitl I). I u,’.. tm hc Nib.
lusI ,ed . Is’,’, - ,I,- .1 1,-pull.

75WH multi—needle cathode

7.1 I’b—A ,il’Im~ S2 I r, nmc I I,, K SC . Kr rutt .  U’ . I). I em k ev. I). I. .
sClbriohi and I - 

- I) ( kim, ~~~ InmIcul

-

- 
Aiic , ,fi Rot. . U rub ’s . RcpI. 15-
1111 (11, ’). . . I ‘162 -
S . A  I - C .  Il. Ki m . t u n ul K. W .
Is i III b/ u , ’ ! .  I’Im7 s - 37 . 36 5’I
4 I’flu(ul.

66LS A superconductor
67GFS B superconductor
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App endix I (cont ’d)

A . }Unary Eutectic Alloys

I II IV V
Sy or t e t n

* Nt u Iabc ’r I~+~ volZcz N i c r o st r u c t u r e  References Properties

73.1 Pb—Ge 74TCC elect.,magnetic
resistivity

7SJWL superconductor

73.2 Pb—In NF72SCA superconductor

73.3 Pb—Na ‘
~8Oat% Lamellar 

75GAD superconductor

7-I Pb Sb 105 -C b ’s,tuu s s s. sI tu_ usrusi l I /C .1 I) l I t ,u , t  1 1 , 1 ) .  I l s , - s . . . (  u i
uiu ir,l, u ,_ e l’s s / s , . (‘ t sp I _ s ms s/s, tIes - I srcl.isstl

1 )1,3.

C .deL I)su ’ . u~s .J .  lu ’,. h / , ,  93.
l u l l )  ‘)1~-I — (e ’. I.

66LSA ,67LJD ,7OGFS superconductor
67GFSB superconductor

74.1 Pb—Si 75JWL superconductor

~‘ ‘ u Pb—Si , 17 I rn,u.’) I.uE - .1 I’ ( ltiI~,s s, . sm i s l 55 . 1 CC isss r . ,?s I

— .1 Is,,r C / I  Ill . 1(2 I 91,55— 1,1,

CC .(’.C es ..s,/ ~. 5’ 1/
iIr.ull. intl II. 0. Ir : s luus5 - in .( itu r

/5 , -u s , .  2’). ~ . ‘ ( t  u 9$ II .
K. I) IIt~pkiut ’. ,mntl K Vu .

K u s u l I .  im , iui , . - I1I1i. 242 . 1627
1 1 9 ( 8 ) .

C CV . I l . ,sss ’ i i ls . prunstic
c,,,r s m , s i r m i t s s ’ i m i s u i .

66LSA ,73GA superconductor
67DL supercond . /mag

RF permeability
73YAS ,MF72SCA superconductor
7SFJJ superconductor

magnetization
75RP L superconductor

7)5 S b — A g,Sh — 210 Ahno,nmrm l n ilh I” u.irmnd .1. I) Ilt i , ml .  Pb I) . I hesk. (rim-
I_ I.C i~ Iem - Iruc ~ )‘iuj i,’e (~iij* .. I .uni l-m ujd 1mc. U~n8 Irmui,I .

I ‘)(‘3 -

C’ . dcl . .  I ) s ms j et. . J. Imisi . 101,-t. 93.
11 ) 1 I’1(,4~ )5 ’ u I.

77 Sb—C tIS b Ii ,Chuu,’u,n.,l K. CC Ki mO . I F) I cnilucy . F). I
A ll m rj izl ut rmu md I- - U). I ,‘tiu cc. I.’ mite , )

Ai,,,,,f) Ken . U rubs . Kept. Al  lOISm’)
5. I’H/2.
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Appendix I (cont ’d)

A — R in .1 t r y  E u t e ct i c  A 1]oys

I II Ill 1V V
Sys tem

Nw/lbu r ~~~ voiZu Microstructure References Propet-tie~

7$ 51 ,— h i S ? ’  - 5$ I u s .s ,s ps s l.ti itm,l- ,,sI Sb CC K I t , - l - s , s - , s i  :ir,sI I -C
51,11,-s ~ ~/‘ ! ‘ ‘ / - : , ~~ , 14 ‘s. ’i~~/ s u , ’~
Si \ t s t - .’I t iss . I I .  )m I

I ci t t / ~!m ( i t , ,

67111)’l J sernicondsi,. ’tor

67CFSB th er nsoc ’ 1t ’c t r ~~
69DN~I I R p r  i i t
75WWC elect. r~~u i r . t i ’ i t y

7’) .Sh - \l s s5l - 71 0 s,c s sl. ’, ,sssl - oml /ClnS )s CL K I,s . C n s s n K N l . : s s / ’ , s
Sn ,) 10 SC - K isdi . / .1 / / 5. ~ I i , - , -
4.1~~’ / - t t , X t

68.JNR , 7OGFS magne t ic
7OBMB ferrous agnet ic

SO SFu - - Sh.1 I, 1.’ Ahnu’ ituisul S A. I ,,~~ 
‘I II k i ir u ., tu ,l K. CV

K i.s lt. .1 A~ .;s / / ‘It , , - 37. .1 C’t
1 191s (ml.

66LSA superconductor

G7GFSB nuper c onductor

80.1 Si—CrSi 2 (?) Rods CrSi2 
72LLr4 elect. resistivity!

semiconductor

80.2 Si—NbSi 92wt% Rods NbSI 71HNJ semiconductor
2 2

80.3 Si—Sn 7SJWL superconductor

80.4 Si—TaSi2 94st% Rods TaSi2 7l1-INJ semiconductor

~O.5 Si—Ti 75JWL superconductor *

80.6 Si—VS I2 95wt% Irregular 71HNJ seusiconductor

80.7 Si—WS 1
2 

9Swt% Highly Facoted 71HNJ semiconductor

SI .Sn—A g,Sn ~ 97 Ahntmu nusi llls ,mimcllri r V . dci . U) r u ’ . j o’ .). h i d . Old . 93.
Ii) I I ‘164— It l~
A. l ’ .too rc .,mu,) K I- Ilioi I .~c ,t Ii,/i I;—
rtlTi u’ mr u l . ’,!, m,u/m - IS ) .  I . ,u iido um
19)57 .p -  167

81.1 Sn—AuSn 94at% Lameilar 75FJJ superconductor

J
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Appendix I (cont ’d)

A — Bin ~try E ute ct ic  Al loys

j  11 LV V
Systetn

1~unuber a+8 voiZu Microstructurc References Proper t ies

Ill ‘. su - ‘I~ 
i,,Si,, ‘110 .4 Rum s) (~ . .1 l) .itu,’ II- Is C m m, i t , ,’!!’

9/,,,, s , , s / u  C u , . , , - , t.,~ l..ss I s )  -

Vi ii, - ’ . Nc,s 5 1’i Is I t ums c p ( miS

$1 - S u ,—/uu 9 1 U Iu, ’ L e u u ir ,iiieIl ~tu.’ s uit S unit. SC Su , .tui t ,r sm s s s 5 , ,?  N I S , .. ’ -., /

iii Zn l u , ,  ( I,, mit .4 .511 I-t Im (I’ ll)

U ) is , l bs s~ SC/  I, -C ( li.ssI ,u is. I.

.ts iu 1~i t Ics. I - ‘ u t  - ( .u , i u/ ’ u sd g,
I u,g I.suid
J I) I I i i m u t .s, r - /  I I’ ( l s , / i , , m , ~/

l m s t u  Cl , ’ t t uhm ‘II 5 / 1 0 5  / ‘ s i .7  ( s i 5

55 . -\ lull ,- , K Cl , ,/s , - s , , - ’ , , / ,

~~~~ I / s t  , .14 l u t I  5 / - t ’ , l I

I’ .1 I .u ’ It ’, .1 )  CC k s t  i .sms , I 55 0

‘uS it, 5’ .s i s I I mitt 1/, (S , s . , s ,  I ‘ I

)t~(,4)

U ) • i t b s u . ~ s mut S 0.~ 
.5 ( l s.s,lc. is. /

I ’ I tsL h ay. Ill . S 7 3 (  I9(m$I.

7OGFS superconductor
67GFSB ,67LJD superconductor
66LSA superconductor
65L0S superconductor

114 I ; , — I.i ,C 71 !~ect ; uu ig ’ u lsmi it ’d ’. u’i I r , (  I - I). F u.’,r,hc~ r,imui Ci. .i S:ulkuntl .
r,,id I,unuellae (ml tIOl ( m  itu , - f/ u . I’cre um,mn.

Ox f o rd. 190, 7 . p. 1 7 1 .
F. I). I.cmlsey at id CI . .1 . Sr i)-

kind. b’ r, mc. i / i l ,  Ru f r au m m ’ um ( u,,, :

,‘tm.sitt ’3 II  itsA i ’s~ (ii u uit /’. —CI . CII. .
‘I R.66- 179. I t)pl, p. 11177

8$ raF~—T aFc ~ 
1_ runme llat / ruI ’s iiu ’m mm , sul K. CVCF,I S . I’/ us .i .Si,it . .5,,!. 19 .

K ? )  (1967 ) .
K. Wcltig . /‘Iir,. S l ut ,. Co t . 27 . K?
(19681.

116 Ic — Ili l e, 73 I.r,nmelhm c cml Il/ Ic ., F ( rmI;usnu * runu t CV . I)rtrlmy
IlutIne . Un/let) ,-Ci rc rs u i t Kc ’ u . [ r ibs..
I rp I Il .u,I f ,m u , I.  Conn.

67GFSB , 7OGFS therinoelect.

87 l b—Ti 75 Rod ?sI. J. Salk ind. 1 .  I). Gcum rgc . I 0.
I .cnikcy. rind 0. .1 - I)r i~ let. . F- m at
Kept.. ( ont ,.,ct NO~ Iu$-0384.d.
1966.

88 1 i— Fill - 90 AI,n,mrinri l F I). I vuuukc ~ . II ). 1151)1cc . and
CI I. Sr t lk i imul . 1 ccli. K p1. A M R A
CR 64 1151 4. I)ept iii Au um y ( (in.
l r. scI nA l’I-1t70 .AM( ’ .00454(X).
I ‘u65 .

SS r, Ti- I j~Sj , - -7 5  Kod c o i l  i-Si , A. S. S’~iC. Flrnti Conf erence.
Jul y 1 969 .

71CFW structure!
mechanical
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Iipperidi x I (cont ’d)

A — Bin~’ry Eutectie Alloys

I II IV V
System

}~uiub~ r u+~ vol~ u Mi cr ost r ucture Referen ces Properties

$9 C -  C ,Sii 75 Ktmd .,mit) l uncH., M J . S,ilk t iu) F I) O ctss  s e  I- I)
I cuuukm.’y - m u,, ) II .1. IIcm )c’.. I iu~al
kept .1. umnum. ,cl N’Ow (/$-Ib$114-d.
190th

$9 i  V— C , - 66 I .amell,ur II - I I - laker. .A nics F rib .. h is ” ,,
S1.,t~ (‘ m:ts - ,\ tre * . 1cm’.’.:,

‘!lI lu, /m.4gLim , Sim iisul  l,tmn, - Il.i, K U - I t h ru st ’  . sur . l I) I 55 t ut u 1
.4, ii, .51,, 2 11111 1 l’i~ 4h

.1 I) . I lus ni  .,nd i . I’ . I ) m il i t mn. J
him ,, .1/, I 94 . dO ’S

91 J i m — ~~~~~~~ 
- $0) l .utur u.ll, st .tt rt ) i,ud us II, . I) I-ls t r , i st ,ud J~ I’ . ( hsil, uu i J.

I’)’ .,,,tr,I I/S iui ic ,-f ,m ct’ J ’, t (  1f, r ‘14 141,11,11,61
K K Itt,is..s ui,,) Is’ CV km /I

i, isss , - 1 /W. 242 1 1 0 , 1 1 1 9 1 S t

‘1):, Zn — Zum ~Ti — ‘10* It,,im.l., ,t(iu-t ,l j In. I ‘..mnl ss n tiS II S. k ,ssI .t I l .u s ) .u
( ,m,tlm. ’u etu c e  .351) 969

‘~~‘ Al ‘u.1~ ,’ss I/Il s’.il’tm ’’t ‘‘‘ m I I II - I I tt ’ mui ps umm i . I nu t- if -Ci,s. - t . , I t
Re ’ . I_ r uI n .. I .usI I ls,iII,mm,I C

92.1 Cd3
As 2—Nj As 9imoie% Rods NIAa 69HSER electro—therno—

72UC magnetic
7OGFS semiconductor!

magne toresistan ce
‘/5 (~ .—1 Il_ C 5’u R ,m d’ - -.~u t m’ s’ )enmlhci ‘ ‘ I - t) . I cummls.e~ run,) I - K 1 horump-

s , m mm . (‘ u ri t c ,l , ‘,m r c , . uf t ICes . I
l .,ni l l . t i i l t m i t . ) . C , i ,i uu.

‘1-) Ci’ Nb( 11.5 K,’ ,) ,i,u,I I, m m im u. ’ II . , m I Imi t I.
‘ic ( o  TrmC 104 K umd s i tu m mu les,tl ue , ‘‘ Fl 11 ,1~, iI, ,s ,, u mml ( ,. ScmI’cI .

( iuumqul A i m t , !  - lu ,uj. C u ,  l’ , t ,um .
144 ) i9(s ’) ).

‘)(m (,‘— F i(. 11.1 RumS u , i,’su )e.ml hcr ’’ I - I) I em ii Lc~ simm, ) I K I Itsm, i ip-
s u mjm. I ‘m imiu. ’d -5, mis. , mit Re’ ,. I l’s ..
I .uni I l i i  l I tmu S . ( nnn.

97 Cum — VC $0 Rod UI_ s u i t.

97.1 Fe—Co 3Nb Lamellar 7OGFS ferromagnetic
71CDA magnet ic

911 Ni—IlIC 72— 115 Rod “ r u t , ’ , ’  f,’rill mc r ” Il-mid .
99 (s) i—Nh(’ 59 RumS “ r,r ,uuuc fealIm ~ t ’

~ It’suil.
100 Ni— I ,(‘ 94.5 Rus h “ ri rros ’ . feathe r” Ibid.
101 !‘u’ i Al —C r (‘6—67 Rod F. 1). I.enuke ~ int l C’s . li~~ .

(. ;ut n~ Ilrut and 4./ sited Airs ,  -all Re’ . I ii’’ - I’ risi
bc/Iru5onruI rod li nt,’, ,I. (om n.

I .  K. Sins ci. II ,II)( I DIIISII. /54 .

7 3WJL
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Appendix  I (cont t d)

A — fl~ n~iry  E u t ’ c t i c  Al loys

I’ II 1I~ IV V
Systetn

N u t ~ube r cs.+t3 voiZu ~t i cr o st i uct ur e  Referencet~ Pr o p er t i e s

1012 N, \l - \ I tm liv I I ,  ‘ . . , , - , t , , , i  ,,,,i I - I~ Ihss s s iu pst srm.t irsl \S’. I,,,-

t’ mr ule,I .‘s s ts. t. slu i(, - s I , / _s ’ .  I
I s i t  u / t m ,  ,l - ( ,‘surr
I Is ’ S~, s s , . s  II - h / I C )  !)/ ,‘ (t~I- / ’ - /

7 . \ ,ii 2 .

73WJL

103 1~u ,..C I— Ni CI’ SI, I uun ~/l , ’, I IC I lrs ’ rutp ’,u,, nun I 0.
I ,. urr ks.-~ - I ’ , , s .~s -~ 51/ (i~,~ m ( 62.
/ .151 /

1(14 Ns a,? - N, / i ,  c~ I st ni,cl ls, i  ll’is? .

105 (i :t. -Cs -(  As S~ .4 K,sd , u u s s l I . tiutellssu A. Clin Ic, . uss , I  ~l CVillsclitu. I.
- \ u m : s t i / - s s  s /  21.5 $ S S 1 190 ,0_s I.
C IS IC c/Is ntisl I - Rcssn ci - /
.‘u,’ t s / t s t f . t ,  ‘.t /s .215. C II, /111 ,0, 1

67HDTJ ,67GFSB IR polarizer!
res i s t iv i ty

105.1 GaAs—GaP Lamellar 7OBN non—linear optical
(pnret -~r iC?)

lIlt , ( i s u s 5 , s — C I u m A ’, 9 . -h Ru_ t.I s u u u u s t l,,s ‘sI .ium, ) -C \Is ,Ih, ’t usr ,l Cl 55 th ud s,,. /
)niuiudIl .mm , \ s s m s s s ( t , , u  / t . 2 I ’ s. $15 I l’t(s(,I

C - It Ks-ti ’ s, m , s I I - l(t _- ntu e m - I.
sVi ultt t/ s t t mu Is. . 2 1 % .  5.1 0, (I

67HDTJ ,67GFSB IR polarizer/
magne to reS i s t iVi tY

107 ( ; ruAc —v As 8.4 Rcclr, ngit isur rum,) runul A. C irt i /er silts1 57 WtI(tu.’Iuii . /
IrunieIl,ur s’u,tt umif,i m mu I,. - 21-S .C 5551 /0 ,6 1 .

C . Il Rem h nt ussl I - Kenne, - I.
Nu ut umr f imr.,u l m . . 2 I ,% - 54 6/ I  9661.

67HDTJ semiconductor
7OGFS magnetoresistivity/

R polarizer
lOll (Jr,Sli—C,Sb 1 3 .4  ‘(uSc cmf (, .Sh A. ~‘I,iI I~ u rsn u l Cl C ”mlluclmui . J.

/‘!,, i C / s c u m , . .C,s/sd.m . 26. 21119
(h ’ )651 .

679DT.J semiconductor
67CFSB magnetor esis t ivi ty/

IR polarizer
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Appendix I (cont ’d)

A ~- ) t i t ~~ry Eu t ct Ic Al loys

II III )_\‘ V
Sys eta

~~iulSu ~’.t:i ~~~~~~ voi7u ~~ urn:. I i m ,uCI . nrc RC.’ fC ) ’Cflu2C~~ Proper )  -ies

lIP) ( .,\ Is—C uu ( , . u , , 7 ‘1 Kuuds u i  I ‘‘~ Uht, l .

67HDTJ semiconductor
67GFSB magnetoresistivity/

IR polarizer

I III (/,mS ) ’— I el/si t ,  7 “ IC,u,ln of l-e ( .,, II’,,)

67IIDTJ , semiconductor
67GFSB magnetoresistivity!

IR polarizer

III C/stSl ’ — GstV ‘u t_s .. 4 .9 S5 1 , , , , , ,  :umssi u - s. i . s s s ~- s , s t  ro t) ’ , -C CIs s i l , -, s uus u l SI SVuII,ci,i, . .1
i s f ( t s t \  Sb ~“/ t5 m ( ‘ i t s ’ s  C u / /s 215 2 I ’ 5~ / ‘ 9s 7 1

67 HDTJ semiconductor
67CFSB magnetoresistivity/

!‘~. polarizer

III (‘,5u S I _ s —V . ( , s t -, 4 4  ‘uu s s . . u C  mrS recirtni~ut I.ti mimi1’ . C SI / i , - ,  - s5 t s ?  “ I C’t , / / - e  s . F .
o f C . ( t s t . / 1 - s  ( is, se C ’ s / s /t 211 2 1 9 1

67HDTJ seniconductor
67GFSB magnetoresistivity/

IR polarizer

I I? I , iAs-C rAs I.? Rod’. nf CrA c -‘s 4.1 ,1/ct run,l CI. CV,Ilicl ris. J.
h / s s ‘ ( /tt sss 2mtt ,’td,. 26. 1079
( 19 651

67HDTJ semiconductor
67GFSB inagnetoresistivity/

IR polarizer

I II In-Cs— Ic.a , c 10 . 5 RimS’. of l eA ’ . Il_i/ui .

67HDTJ semiconductor
67GFSB magnetoresistivity/

IR polarizer

h I ~ InSh-Cr Sh 0.6 R,md’. uif CrSh Ibid. p 7 ( i 71 .

67HDTJ semiconductor
75WH multi—needle cathode
67FSB ,7OBMB magnetoresistivity/

IR polarizer
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A pp endi x I (cont -  ‘d)

A — i)J l1 .’ lry Eutc c ’ t I c :  A l l o y r ;

I l ).V V
-
. 

~ y /s t c ln)

E i/  ~.t l’ i ’ (
~- 4 ~, vol~~s’n ~ I u )s.’ - t ri/cl I / i t ’  1~O1 e i t’l)C ( ’r  P)- o~uc 1L i uc

Il ls lss ’ut ’ I c S / s  0~7 t (s - ,/~~,tf u s/s  II-,,? I_s 7152 1.

6JDTJ semiconductor
67CFSB magnetoresistivityf

IR polarizer
64PB , 7OBNB IR polarizer
73AIflB

1 17  Its ’,? — — C l , - ‘- ml ’ . 7 7 I n, uuu cll , i , ’ oI 57 5, 5/ s - .5 Cls u/ /t ’t s s ss/ CI ‘u’s ,/ I, s _ / r n _
/ \,,1~~s ( , s , s ,  Is 2 1 .  c S S ~ 7’ l b fm t

6 7HDTJ semiconductor
67CFSB ma gne tores i s tiv i ty!

I l / i  Itt ’ ,) ’ ~, l , , ’u ’ ( 1  R,m,l’, tiI CI,, ’,?’ C \ l ,, II,~s . - , s ,l “I C\ , / ‘ , , l ’ : s  /

I L - s  ( / 5 , 5 ,5  C ,- !- !,. 2k _‘/ / ~~/ s S s t t , c /

‘* Yt l ,s ’ s s I _ , s s , /  l i t  I) I
- - I elsi lilu I - us , ,  - / ~t ( t 7

67HDTJ semiconducto r
67GFSB magnet o res i s t i v i ty /

IR pola r izer
ó4PB , 7OB.~ i JR p~~i a ri zer
7 3ANIA thermal conduc t iv i t y
73ANIB

I I  lii’uI.-Ni’u/’ 1. 11 I5,’ ,h ’ , ’ t  ~~~‘u~’ I I  SC ~s~ -. :,i,tl Cl . \ C s I ’ ,c 5 s,s  /~
/ ‘ /, ‘ 5 , !  17(t / 5 5  / / 5)1 ,55

C \ l,~7s. 5 ,,uss.I CI CC t/ / , s.-h, sm~ /
.5 , 5 , ,,, / - ‘ ‘ s s  /s - 19 714 /
A Cl s / I s - s  :,nd Cl - C’iuhh ,e l usr  - /
\,,~ ,,,1,s , , ,  I, - 22- C . 264 5

6711DT3 semiconductor
64PB ,68PB IR polarizer
67 GFSB , 71WH ,

7 1WH , 7OGFS
7OBMB magnetoresistivity/

IR polarizer
75WR inultineedle cathode!

IR polarizer
69AYA magnetoresistance
68EAGR ,MFGBEAGR ,

MF7OMH microwave emission
72UC electro—therno—

magnetic
7 3AW
7 3AN13
73VEV galvanomagnet ic
76VVS

119.1 Mn0 6Ga 0 4Sb 76A1’lI elect./ferro magn et ic
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Appendix I (cont ’d)

A — )3niary 1~t I t C C t i c Alloy s

II III IV V
SysU’m

)~uI,;ber ~s.-~-g voiZa Micro~;truclure References  Prop ert  ic~

120 Ii i  — l’s’ ,sI 410 7—0,01 I . smm swl l ,u m w Cl,mu t ie . F’ Im I) . 1 lss. ’ ’ . i s .
Unr, - Cl s~ I us s ’ , , s s ‘n-fl. I i t i r ul  ISep i .
OK A )‘ r, mle , ! 1/ 11, 1 2 - I )d h m i of
N,,s (‘ u , , m / t ,ms . I  N,um ,, - 12241 - 17 1 .

I) IS-nI,,?,) smu t ul  -C I )el l .u ’ .s elI.
J~.4 u s t s s - ( m - i t rm m s S - s . .  48 57

I’ [ r u t- Is ,’. s. rui n ) A I IeI In,,s d l ,
I ’ / s i / .  7 / , ~~ I I  75/ i ) / I’)(i~ /
Cl N,clus ’ I’ . .m u , , I CC’ . I .7,1, . ’ . h..’ .S~
I’ s t t s .’m t i  I’ es ts ? im t , ’ . I/ s i u s . , ?  sCi, cus, fu
Ken . I su’l-ms.. 1965 .
.1 . (/  I ,u ’ hus t imu nunS \ I 1,- I / s _ s t  s. ’)! . J.
,-f u m i , - m (,s t ims t C,’, - 47. 1104 1 l’ls’t4 5
I).) S C utu ’ ksc ~ - I). C li ui mso n . Cl.
I’. \VtI tiu,cor:. amid ‘-C~ I )ellaa el I.
I / r i !  .5 /ti ,,’., 10. 7 4 5 1 1 9 6 4 )
I). U )siitl’ lc. I’ . i t, r , - I , s s  s. .  rind A.
I Iclla ,, i l ) . f. Cm-v .tn ~u/ ( ;rsm u’ - s I,, 2.
Il/ I 1196 8? .

J. A I ls ut i .  I - C . F)sisutilac . nm u m ,l
I- - S. C r, h ; i ’ , n ,_s . ( ‘m t ,, m ,, s , / Is,//,-u t m.
48. (22 II’)(,’)l

68BJA,7OGFS optical

17 1 NnmF —N ut( I 22—2 3. I ICecInm , m~ t ,) rur rumS .1 . W . 4. I,uore. l’Ii I) I hen/s. .
t i n /c - 4.l i,- l t ie, iu,.  Iu,I,5 I i m ,ri ) R,’rt
O R C  I’ ,, ujes. 111 .10,12 . IN’/’ u. ‘i
Nnuv ~ Cum ,s t u ret N,iu is 2. 1’ 37 /

I’ . Iuus. ’ Ium ’ .-e .ur ,s.I -C )4s. lhnt ’ .s CII
I’i,j/. S its , ’ .. I I. I ~1t’ ) I ‘10 , / I .
J. (, . I .u m ’ . ) t nm ni t , m~d A. I It ’ll ;,’ .’ c l i. .0
‘4 m s ,,- , .  ( , ‘u ius t r C, ’, - .47. 1154 1191,21.

I). .1. S.CuumIs. ’ .e~ - I). ?sIut,n-uim Cl
I’. CV i lt inn,mnm. su m ,t -C. I Icll.i’.’ elI.
I /ti !. , l bs,s. ’. III. 74 SI19 ( ,4 )

,1 A. lI s u tI . I - C . I)s itu : t . ,s . nun S
I— . S. ( .u lr ,s su m . ( u,  srsusss  itmm/ l, -i mm m
.18. (i22 i 19691.

67GFSB ,688JA
7OGFS’,73SAJ optical
75YAS far—field IR
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Appendix I (cont ’d)

A — Binary )~u l c ct i c  Allo ys

II lIT IV V
.Sy siern

~ uI ub ( sr o~-1-t3 voiZu N i c ro s t - r u c t u re  R e fer en c es  PJ’op C ’I - t  ies

Ill NsuIIr -Ns, I -  111.4 RccI , ,,,5 irl.uu ,,m, l J. SC’ . %l ,,
~,re. I’ I, . I) . I l,s.” .j n .

( ‘ u u s ~ Sins , lus t ’ .,,,. I ‘I I,’ . ) in.,l Ilepi
0)1-I A I’ t im ~,.’, - i I~~b 12 I )s.’)’ i ,m f

~~r s u /  ( uu,nl s ,ud u Nus u ss - I 2 2 4 / 4 7 1
.1, A. I I s ,u t .  I C I ) ,t rsi / . in . mu,,)

1 . 5 - C,r,lss’,v,,. C ,‘u ,umtt /s - I/tu/l,,i,i.
4)1. ( ‘ 22 ,
,1 . 1;  I u tm s lu s t umi  u s,.: , ’. I I, ?l , ,t ,, ’lI .1.

- S mut.  (, -s, t t u i .  C , ’, . 4 7 . /5 , 4~ 96 4 5

68BJA ,7OGFS optical imaging

SI C I 1 N.,C I 2~ Ru’ tI I lmsS
J ‘m~ l i sm i t  - I C I)t ’ it ~ t .,n s u mu, l

I- - S. C, ,, ? u nn s m - ( I, os ~,uu I/,,//,- rs,u .
48. 622( I9(m9 1.

67GFSB ,68BJA ,
7OGFS optical imaging

124 Lt F Cal (‘Ii I. r , , , u s.’ ) I , , m CI. t’~uctt, , tn .,m, ,l SC’ I .,./.,.i I ‘S

Ir u teni I’s.—sst5usi / ’ C ut / ed - 5 , : , . ,  u / I
Rcn . l.;uh’ ... iq I,:/ .

.1 . A. I / suI t .  I- . C . Dimtsel s ,’ .. mm,,)
I- S. (mru lsinn ,m . (‘,‘tt ttt sii - b/s i// i -thu .
410. (m22 I t 96 ’ )/ .

68BJA,7OCFS optical imaging

124.1 NaC1-PbCl
2 20 75HLA optical imaging ,

x—ray detector

llc N. ,J — 5 I c 1  , - - 20 KuitI CI. Nicliol nr unul CC’ . I. sin k mm , 1 . S
I’ nuis.o t I’ emi5u n~ . I/ nile,) A ir c rru fl
Re’.. I.; uh s ., 1963,

67GFSB optical

126 Nr ul - _ I’ IiI : 10 Rod Ibid .

67GFSB opt ical

127 t IntS —S InS 43 ,~~ I. rmn,el )r ,t .1 . 5%’ . Mu’umrmi . I’I, .l) ‘lh ecj c ,
Univ . Michi ga n- 196/ : Fium r , I
Repum u l 0 R\  Prumj ec t (1561 2 l)epi ,
of Nri ’ .’~’ (‘ onlr r,cI Non,. 1 214 147 1.

127.1 FeCo—FeCoB Rods Fe 7OGFS ferromagne tic
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Appe ndix I (cont ’d)

A ).l u I S a r y  Eu t e c I  Ic A lloy s
I II fl] IV V

Sy’;t eun
Number c-f f3 volZa Nicrostructure Referenc:cs Pro~’crties

128 F t O — I ’S 7 6 1  Rvs.In ~umg uu lrt i i&i u i l/ ’ u, I S

128.1 SnSe—SnSe2 6latZ~e Lamellar 7OAW,7OCFS P—N Reterojunction

128.2 Tl
2Se—As 2Se3 7SmolZ 74RGW optical

129 /ii , I) ,O,, - SIt I..,n,e)I,,, 
~

- 54  un u’ ,, .1. C i  s - t~~tH;,,,,, ii,.Zn I),( ) ,, 3, 674 I t  90,151 
-

129.1 ZnO—Zn 2SjO4 3Omol% Si02 Abnormal. 7 5WL

129.2 Al—N i—Cu (?) 72RND

I~~? !?,, . 12 ,. ,— 11/ i, Ais,m,m m,,ms,I I C ir, is i ’ .n,m . CV I I) s , ,  I’s- I’II.ul c .( I, C. I)ouunlsu., ar,! .1. A - I?;mul - .1.
,4 iu iu r . C em,,,,, . .Ct ~, - 

~0. 333 I I  967 1

67GFSB ferromagnetic
7OBMB , 7OGFS perunamagnetic
67FSA

131 I’I”sI,’O,— l’l-m() Rod’. of I’hC ),mO , CI - Nkhu mln nunS Vu’ l_ n,~ I,ui V ’ s
I’rm le nt I’ e mmiltu m g . l’ ,m mt e,l A/ i cra ft
Re’ .. Labs

, ,  59 6 3 .

7OPDA acoustoop tic

131.1 TiNb —Zr—Ta 75HT superconductor

131.2 Fe—Co—Ti —Ba—O 72SJ,75W}1, 74RA}1JC magneto—electric,
magnetic(BaTiO 3—CoFe2O4) 74B.T, 75BJ magneto—electric

74RISNJ G elect , resistivity

1 .12 0 arl’ mum ,i Idl u mI- mront ’ ‘.11 , 4 I.;unicllar .1. I), I- l,m nt and k . A. J r,c Ls ,m n .
idc ’he’ .r,~hIuur. 7mm ,,,, .  .4/.5/Is, 236. $ 4 3 )  19661
clh.i ,ic
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Appendix I (ccint ’d)

A — B in ary  Eu l ec t i c  Mloy:~
I II III IV V

~~)‘5 let /C
Ntu ;,~ber u’f~3 ~‘oi/~ct N i ct ost r u c tu r e  R e fer e t see s  P r op c r t i e~

133 I .u n s pluuun ..t , . s s , , , u  I. .utns. - II , tu I/ m i , ! .
5 , / u  5 /c

66HJD optical

1 3/~ 
( ,, I’,, r u /s ’ iu s I ’, ,,,’ I ru uu t s.’l I,,u

mi? ,. ‘ r u t , i. st t t ’
,,,iu s it - s  ,us,- u., ~ s t I’?,.- ’ 66HJD optical

135 A,iul ’ ,’ ui ,c it ~
. I is. e ue d/ Istct ’ic , t I bud -

he it iS

136 ( .,, I I ,, t’ )— ( , I i , Sm) I su,umm ,-II s mr I I) I ,‘,t t k m,’’.. (I’ ,~ I’ r , i t ’utt
l’s.-ttd,t u~ . 963.

137 ‘,,,11 ,~O-
1 ( 1 1  .(O.l .C ,. I I , 73 I t ui m el l rur Il - mi,).

137.1 Anthracene —P1~Ci 2 75W~i optical/
x—r a y de t ec t ion

72SJ optical

138 \ Ie _ f lu l /mm _ 3 ,m,/ ( / , u I’ ,,,,um ’ .mm I , mu m t s. ’ i l . t r  A .  S. ‘l ute n, mu , .I i. II . ( sum 1 . /s,,, , ,
-1/ lb! . 2 2 5 .  ~~ 5 1 ) 6 1

139 Sn— 32 3 I ’ l - m — I i i . C (m8. 12 ,il,/,’yf (!Itu ). r,rneII,ur - 
I I .  CV . ke tu .  A. I ’ l t i u miumcs. - , nsuit? CC

( d  tt Smu— / / I ’ l m — n , ,ml ius , I Iv  II (~~. \\ , u m c e r u u d . . / . bu,.,i. ,S I,-u,t!u II’).

~s( S (u3 I lt ) ( i4_63I .
II. CV ks ’ s ,  .1 . A l Ie/ I , ,,,,t l C’, .
CC’ i m~st st.mu, l. .1 .- i s s , r  I,,,u. -Ibu -i t s!,-
10 . 0 , 4 ( 1965 1.

140 .‘.,,, I t i l l , .  n it, , 6~ . t i / / S .  ‘‘/7 ~:n,i l u i,’ y I lm m ,l
usmt— f I ) ’ h_ y/ n 2.~ I ,t m uti ’IIs,i

141 ,C l— 03( tm — 751 5 38, 21 ,, ‘S In, nmcll stu (‘- ru’S I). .1. S . 0 umu’k’.ev s uit , ? .5. 1 ! “ t?. ,ss s’’
, ,A l_ lm (s , . C ? 5 _ ii,,.,,. M,-om/ , .95 .  1831196 7 1.
SAI. C m i \ Ig  I- . I) I cuimke ~ r u t s,1 A. l Id ? , ,

ut~~II. ()m sf u i i sl ( ‘ st /s  - Ouf,iid.
F mug lsuum tl - i u umpt i hl is l i u ’d -

.142 ( d—4i lSt i—4MIn — - 50 . m ,/ ~
- lsunm elln, r U .1 - S . ( ,m ,mk ’ .s. ’, sit,,) -C. HeIIst ’.u elI

20 J. 1mm , !. 31, 1mm!’. 95. 111 3 11 ‘Km7 I

~s Si m In (II)’ I,,n,cII,,r
I . r m mu is. ’ I lnm m p r , mu n

143 ( d— .l~ S n — 3 7 I  I IS , .42 u,/y l,m nueIInt r I(m i,I .
,.( ‘d— i ISi,—jl I Ii rod

144 in—IS3. . Sn—3 1. 1 I’l, 4. 7 ) ’  ,, III lr ,niclIz ,r Ibid.
mi/ .t i— /!Smi—c ’I’ h ~‘ ri ’S

145 ~\ I—4 ( mi—$9Zri 22. 66 ,, Ijo lnumui ~ llrir I hi,! ,
ii AI—fl /n—u( uiti i o/E Litt ie Ilnir

‘.u m b  mm trnpr um ;,IleI inlet f ruce
146 s C I. l9(’ ,,— 4 I Ag 70. 33 U/~ ass.ii ciale,I Ibid.

,,,Cl —m l ( ’ tu A l . —

147 Al— 6.4Ni- O.21c  11$, III ,,/l lamel lar I - I). I.cnikc m, . t2niIc uI A i remni f i
n f l— I/Al Nj— f (/ rim,) Re’., I.ah~ , Fa,

~ 5ln i tIf ~rd. (‘.‘flmi.
c Ni
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A — B in i i ’ y  1-~utt’ct ic Alloy s

j  H iii IV V
Sy sntem

Nu u nibe r  c-i ~ vol~~u H i c ro s l r i . uc t ur c ’  R c f e r e n c~~ Prop~2r t. ics

155 N, I’’ t I ,  2 , - ’ ,?  ~n 
~ ~ , / , st ,uc II ;,t I K I huiuim 1s n, m n .u ’ id I I).I t i , ,

s N ,  Ci / 5 Ni , C2 u~l~( , ) s~t mmeII , tm Les -1 .5 .5! I t,,,,’ (,)us ssu s  0,2. 14 11

I t \ / - ’,Ns I i  ) Il l , t19 ( ” l i

156 C sI \ .,i I 1 I s ,,uts. ’ II.,r Cl t\’ t s. Iu~m In ruuu d SC’ I ,n kum . 1 . 5

ill - 1 7 - ’ - - ’  I’ .u lt ’ t tt I ’ ,.- u , , I u s s c  I , r s i , . - t? .C u ,~ s I t

S Ken I nibs - I’) (.C .

156.1 Tb0~ 27 E3Y0~73Fe2.0 7SSHT magneto—mechanical

0.2~o~O.3 
coupling!
niagnetoresistive

152 1J0 2-W 96wt% Rods W 7OCAT opticai/
electronic

72CAT
75RCM semi conductor/OPtiCS
75FRK high—fie ld e emission
MF72CAT high field e emission

J, S . GOVERNMENT P R I N T I N G  orricu: 1979..ROn -002--u
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MISSION• of
Rome Air Development Center

RA1) c p t.ano and ezeau.teo ke~s eakch, deve2opnen.t, tte4.t and
~eLec.ted acqu.L61210F1 p~wgn.aIn6 ~.n 4uppo n~t o~ Command, Cont ’tot

• Con wtha.t~ono and I nte &gence (C 3!) a t~vW~.e4. Teck,vL~a.Land eng~Lnee.n2ng 4uppo .tt u.~ttJun a)Lea4 o~ ~techn.LcaL aompe.tenc.etL6 p.’tow ded 5to ESV Pkogn.am 0~~JJ~.QA ( P04 ) and o,t.he ’t ESV
eLements. The p i~inc.~p o2 .teaknL~aL m2~~ on a.&ea~ a.~eowmmun,- ( oJ’~4Lono, eLec.titomagne.tLc~ gwdanae and ~ori.t&ot, &wt-
ueAlLance o~ gitou.nd and ae.s’to4p ac.e obf ecL4, ~Ln.teLF..Lgenct da.to.
coUea.tLon and hand~Ung , ~n~otmo~ion 4y4~tem .technotogq,
LOnO4phe/f2c p ’top aga .t~on, 4oUd 6.ta..te 4CA..enC~e4, rn~c.kot~we
phy4.~c.4 and e&eL’tonic iteLi.ab~iJ2ty, ma2nta2nabiJ2ty and
compc.tThiJ2ty.
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