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FOREWORD

In March 1858 the First Annual Miniaturization Award, sponsored by
Miniature Precision Bearings, Inc., was presented to the Diamond Ordnance Fuze
Laboratories (DOFL) in recognition of the development and application of a photo-
lithographic trans;stor by a group of its technical personnel comprising Edith M.
Davies, Norman J. Doctor, Jay W. Lathrop, James R. Nall, and Thomas A.
Prugh.

Following that time, the requests by both military and industrial engi-
neers for information in respect to this and other developments in the general
field of microminiaturization of electronic assemblies Increased to the point
where {t appeared that an instructional-type Symposium would meet a real need.

The Chief of Ordnance approved such &« Symposium. Philip J. Frunklin,
Chief, Materials Branch, DOFI., was appointed Chairman of the Symposium and
unclassified papers were solicited from the Army, Navy, and Air Force.

The Symposeium was held at DOFL on 30 September and 1 October 1958.
The Chairman introduced Lt. Col. John A. Ulrich, Commanding Officer,
Diamond Ordnance Fuze Laboratories, who described the "Status of Micro~
minlaturization”. Col. H. mcD. Brown, Commanding Officer, U. S. Army
Signal Research and Development Laboratory, then discussed "Future Demands
on Microminiaturization in Military Electronics".

Twenty-one technical papers were presented in four sessions: Session 1 -
Techniques, moderator Thomas A. Prugh, DOFL; Session 2 - Component Parts I,
Moderator A. W. Rogers, U. 8. Army Signal Research and Development
Laboratory; Session 3 ~ Component Parts II, moderator Norman J. Doctor,
DOFL; and Session 4 - Systems and Circuits, moderator Harold M. Nordenberys,
Bureau of Ships,

A

On the evemng\of the first day of the Symposiim a dinner was heid at
The Broadmoor, following which Dr. Willlam H. Martin, Director of Research
and Development, Office of the Secretary of the Army, gave an address enti-
tled "Cutling the Lead Time". At the close of the Symposium, attendees were
conducted on a tour of the Materials, Micro-Systems and Electron Devices
Branches of DOFL..

There are included herein the twenty-one papers which were presented
at the Symposium. The introductory speeches, and the discussion from the
floor, are not included and will not be publishec. separately.

These twenty-one papers will be published in a special issue of ELECTRONIC
DESIGN and coples may be purchased from that periodical, address: Hayden
Publishing Co., Inc., 830 Third Avenue, New York 22, New York, Attention:

1.. D. Shergalis, Associate Editor,

PHILI FRANKLIN

Chairman

Symposium on Microminiaturization
of Electronic Assemblies

Diamond Ordnance Fuze Laboratories
1 October 1958
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MINIATURE INCANDESCENT INDICATOR LAMPS

Donald J. Belknap and Lloyd R. Crump
Diamond Ordnance Fuze laboratories, Washington 25, D. C.

Very small incandescent indicator lamps have bteen developed which will cperate on
the limited currents available in many miniaturized transistor circuits. Two types
have been constructed having identical filaments and operatirg characteristics:

(1) a miniature type having s glass bulb 0.200 inch long and 0.135 inch in diameter
with the leads projecting from the base, and {2) a microminiature type lLaving a
sealed glass tube 0,100 inch long and 0.035 inch in diameter with one lead projectirg
from each end. When operating at 1 volt and 35 milliamperes of current these lamps
produce & light eas visible from any point in a normally lighted room. Raising
the potential to 1-1/2 volts increases the current to about 40 milliemperes and pro-
duces a8 very bright, and a very small source of illumination. Throughout the normal
range of operation these lamp currents are well below the upper limit of about 50
milliamperes available in miniaturigzed transistor circuits currently under develop-
ment in these laboratories. Operational characteristics and construction details

are diecussed.

Introduction

With the recent trend toward microminiaturiza-
tion a need has arisen for a small indicator lamp
which will operate on the limited currents avall-
able in many miniaturized circuits. This need has
been emphasized by the recent techniques developed
within DOFL for incorporating transistors along
with printed circuit components on small ceramic
waferses Light indlcators have not been available
which ave compatible in size with these miniatur-
ized circuits and which will operate on the power
available.

Two small incandescent lamps shown in Fig. 1
have been developed to meet this need. The minia-
ture type shown at the right of the 1/2 inch
square ceramic wafer and the microminiature type
shown at the left contain identical tungsten fila-
ments and have essentially the same operating
characteristics; the main differences are in the
envelope and in the methods used in sealing.

Operational Characteristics

These lamps have been designed to operate in
the range of 1 to 1-1/2 volts and to draw cur-
rents of the order of 35 to 40 milliamperes.

Fig. 2 shows a current versus voltage plot of a
typical lamp and also gives the color temperature
in the region in which the lamp would nomally be
operated, The light from the lamp operating at 1
volt and 35 milliamperss of current is sufficient-
ly bright to be easily visible from any point in a
nomally lighted roam. For other purposes, such
as uss of the lamp for a very small source of il-
lumiration, the filament can be operated at higher
temperatures to give greatly increased light in-
tensity.

Additional information concerning operation of
this microminiature lamp as a light indicator is
given in Fig. 3. The upper trace shows potential
as a function of time for a 25 cycle/sec, l.5 volt
square-wave used to switch the lamp on and off. A
photomultiplier tube was placed close to the lamp
and the combination enclosed in a nearly light-
tight container in order to exclude room light. A
dual beam oscilloscope was used to permit dirsct
comparisen of the output of the photomiltiplier
tube with the correspording voltage across the

Figure 1, The two types of miniature indicator -
lamps compared with a 1/2 inch square ceramic wa-
fer contairing a printed circuit.

v /
1880°C
w»
g 1680°C
g30 .
« 1280°C
-
=
H
1
S 20
[}
@
[ 4
2
(2]
3
-]
-J
|
0 |
0 08 1.0 1.8 20

VOLTAGE ACRUSS LAMP

Figure 2. Current vecrsus voltage cf a typical
rminiature lamp with approximate color temperatures
giver in the ran7e of normal operation.




DONALD J. BELKNAP and LLOYD R. CRUMP

s
o<
=3,
qcw
J&
m(
IID=
OO
£s
-
g\

L E I
5g ©
[~}
>g
S
S 1860°C
s
34
Wy
s 2
-
Wz
Lok}
=a
& @ rRooM
37 Tewe
< wepROX)
'S

B OHMS

300 ' 5010 RESISTANGE

. [Luorazsos'::fnncs L__

1
160

LAMP CURRENT IN
MILLIAMPERES

L 1 1
o 40 80
TIME IN MILLISECONDS

]
120

Figure 3. Experimental data on lamp operation as
a light indicator.

lamp. The lamp brightness indicated by the photo-
multiplier tube is shown in the center trace of
the figure. The bottom trace shows the current
simltaneously flowing through the lamp.

It is evident from the center trace that the
rise time of the light output is somewhat shorter
then the decay time. The upper limit of frequency
at which the light will go completely on and com-
pletely out 3s about 100 cycles/sec. As the fre-
quency is raised to successively higher values the
1ight output continues to be modulated, but the
difference between minimum and mexdimum brightness
becomes successively smaller. The peak current
indicated in the hottom trace will not in general
be as high as the value given by the ratio of
steady-state lamp voltage to cold filament resist-
ance. This is because any electrical circuit, in
practice, contains at least a small amount of in-
ductance which prevents an applied voltags from
appearing instantaneously across the lamp.

Congtruction Details

The filements of these lamps are made of
0,00C33~irch tungsten wire wound on a 0.002-inch
mandrel. Fifteen and twenty turns have nommally
been wound, although filaments with fewur tums
and one with sixty turns have also been tested irn
experimental lamps.

The general shape of the larger lamps, which

©)

were constructed first, can be sesn from the sam-
ple lamp shown at the right in Fig. 1. Each of
these lamps has a length of about 0.200 inch and a
diamster of about 0.135 inch. In constructing a
lamp of this type, the envelope is first blown
from pyrex glass. A bead, also of pyrex glasas, is
formsd with the two kovar lead wires passing
through it. After the filament is spot welded in
position, titanium hydride 1s painted on those
surface arsas of the bead and envelope which are
to be sealed together. The assembled lamp is then ~
placed in a carbon crucible which is surrounded by
a metal container. The metal container with its
contents is placed in a bell jar and after evacua-
tion is heated by means of an rf induction coil
surrounding the bell jar. When a sufficiently
high temperature is reached, a amall piece of lead
previously placed in contact with a painted area
of the bead melts and flows along all of the
painted areas, making a solid lead bond between
the bead and base of the glass envelopes. This
procedure has produced very gond vacuum-tight
saals.

Pig, i shows schematically the construction de-
tails of the smaller lampse Half-inch lengthic <f
0.005 inch platinum wire which are to form the
lamp leads are first flattened for & short dis-
tance at one end. Glass ksads are formed on the
leads by sliding small btushings up against the
flattensd ende and heating in a small flame., The
flattened ends of the platinum leads are then bent
back to form hooks for the attachment of th: very
small filament wire. The glass sleeve, 0.035 inch
in outside diameter and 0.100 inch in length,
which 1s to be positioned over the teads to form
the major portion of the lamp envelcpe, has Lhe
edges of one end turned in very slightly by heat-
ing the end at the edge of a small flame. This
will permit thc lamp to be sealed later in a ver-
tical position with the glass sleeve hanging from
the uppsr bead. The parts of the lamp are then
assembled in & jig. With the glass sleeve slid to
one side, the ends of the filament are placed in
the hooks at the ends of the platinum leads, and
these hooks are closed by pinching. Several spot.
welding methods of ittaching the very small fila-
ment wire to the platinum Jeads were tried on ear-
1y lamps and found to be less satisfactory. After
attachment of the filament an alignment of the
parte is made including suitable spacing of the
platinum 1lsads to produce & small separation be-
tween turi:s of the filament.

FILAMENT -20 TURNS OF
0.00033° TUNGS TEN WIRE
WOUND ON 0.002° MANDREL

LEAD GLASS
BEAD AND ENVELOPE

2

Q

=]

L 0.005°DIA.

PLATINUM WIRE
- 0.100* ——————

Figure 4. Construction details of the smaller
lamp.
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Heating coils of about 0.080 inch inside dia-
meter wound fram 0,009 inch tungsten wire and hav-
ing 7 turns are positioned around each end of the
agsembled lamp. The jig contairing the lamp and
heating coils is then placed in a vertical posi-
tion in a small bell jar, which is pumped out to a
vacuur of about 5X1072 mm Hg. The voltage across
the two heating coils, which are connected in ser-
les, is controlled with a variac. 7o correct for

~differences in the rate at which the two ends of
the lamp seal, the relative heat intensity of the
two coils is controlled by using & slide wire
rheostat connected across the two coils with the
slide connected to a point between the coils. Ob-
servation of the sealirg process through a sterso-
scoplc microscope aids in controlling the heat
while the ends of lamp are being fused.

Indications are that these lamps will have very
long lifetimses, particularly when operated at the
relatively low filamenrt temperatures adequate for
satisfactory performance as light indicators. Ac-~
tual life tests under various types of operation
have not yet been irade. Over a period of about
three months, however, several lamps of both types
have been operated at frequent intervals as demon-
stration items. Iamps have also been subjecied to
voltages somewhat higher than normal during tests
to determine electrical and temperature character-
isticss The only lamp to burn out was one of the
first ones constructed which was oporated continu-
ously for two months in a repeated cycle of one
gecond on and ovne second off.

As & consequence of their small physical size,

these lamps also appear to be very rugged, al-
though again, controlled tests have not yst been
carried out. Lamps informally tested by dropping
several times onto the laboratory floor fram a
height of about six feet have suffered no notice-
able damage.

These experimental lamps satisfactorily meet
the requirements of the transistorized circuits
for which they were originally designed as light
indicators. The requirements were (1) very small
phrsical size, (2) operation on about 1.3 volts,
(3) a steady-state current drain of less than 50
milliamperes and (4) reasonably rapid on-off cy-
cling time. Ruggedness and long life wers also
desired and although tests on these qualities have
not yet been made it is expected that they will
present no great problem. By suitably changing
the size of the filament wire and the pumber of
turns, it is possible to design lamps of similar
geometry to meet different voltage and current re-
quiremonts. Undoubtedly many other applications
axist in which these lamps will also prove useful.
Acknowladgemont

The sealing of the larger lamps, omploying ti-
tanium hydride and lead, was done by Frank Brewer
of the National Bursau of Standards, who generous-
ly gave of his time and employed facilities and
techniques which he had previously developed for
making ceramic to metal seals.



THE APPLICATION OF VACUUM EVAPORATION TECHNIQUES TO MICROMINIATURIZATION

L. Harold Bullis and William E. Isler
Diamond Ordnance Fuze Latoratories, Washington 25, D. C.

Techniques of vacuum evaporation, and a general survey of the appiication of
these techniques %o the microminiaturization of components and printed circuiss,
are discussed together with some of the problems excountered in suca work. Progress
in this area at the Diamond Ordnance Fuze Lsboratories is described with emphasis
on vacuum deposited silicon monoxide capacitors. Capacitors having dielectric
thicknesses varying from 0.46 to 2.23 microns have Been prepared. Capacitance per

unit area was found to be 0.0019 to 0.0099uf

per cm®, breakdown sirength 1.1 to

3.5 kilovolts per mil, d.c. insulation resistance greater thav 10,000 megohms,
and dielectric loss less than 1%. The average dielectric constant was six. Pre-
liminary work concerning the vacuum evaporation of fused silica for capacitor di-
electrics is discussed. An indication cf some developments which may be antici-

pated in the future is also included.

INTRODUCTICN

In an sttempt to obtain maximum circuit per-
formance for minimum circuit volume, increasing
emphasis is now being placed upon the use of
electronic assemblies containing the smallest
possible compcn?n‘s supported by the thinnest
possibie wafers li. A loglical extension of this
trend invelves the reduction of components to
essertially two-dimersionsl thir films supported
by extremely thin subsiraies. Such &ssemblies,
when stacked, wouid produce units having a very
large nurber of components per unit volume.

One of the mest effective methods of produc-
ing thin films of a large variety of materials
%8s that of high vacuum evaporation. It is not
difficult to visualize the use of ihis technique
for the productlon of complete electronic cir-
cults, and the formation of such circuits is one
o7 the ultimate objectives of the vacuum evapora-
tion program of the Dlanond Ordrance Fuze Labora-
tories (DOFL). This paper is chiefly concerned
w#lth some aspectis of this program and with point-
ing out some of the ways in wnhirh vacuum evapora-
tion techniques can be of vs.u in microminiatur-
izatlon.

VACUUM EVAPORATION TECHNIQUES

Vacuum evaporation involves heating a material
in vacuum to such a temperature that a vapor
pressure of at least 102 am He is obtained.

This value of vapor pressure was found to giv?

a practical rate of vaporizatice for aluminum(2}
it is generaily taken &s a rdnirum value for the
vaporization of most materials, whether metallic
or lielectric. Table I compares the meiting
terperatures of soje materlals cf interest in
vacuunm evaporatfont3)uith the tvuperatures re-
quired %o ottain this vaive of vaper pressure for
the same materials.

A typicai arrangemeat for vacuum evaporation
is shown schematically in Figure 1. Large cur-
renta of the order cf hundreds ¢f exmperes are
passed through low-resistance bus bars, labeled
(a) ir the figure. Cornected betweer the bus
bars 18 a high-resistance f£ilarent (b) contain-
ing the naterial to be vapcrized (c), the charge.
The filament becomes extremely hot and vaporizes

which then travels in stralght atom!lc

Tatle I. Comparison of meltirg-point tempera-
tures of some materials with temperatures
req?ised for a vapor pressure of 10-2 mm
He.\8

Material Melting Vapori-
point, zation

Tgs °C point,

T °C
Group I, Tv>Tm:
Alumirum (Al) 560 996
Gold (Au) 1063 1465
Fused silica (3102) 1610 1725
Greup TI, Tvﬁva:
Cryolite (NaSAlF ) 1000 1000
Magnesium fluoride 1335 1400
(MgF,)
Pailadium (Pd) 1555 1566
Group III, T, <Ty.
Cadmium (Cd) 321 264
8iiicor monoxide (8i0) >1250 1250
Cedmium suiphide (CdS) 1730 1380

(a) See reference 3.

or rolecular rays untii it condenses upon a
suitably placed subsirate (d). A mask (e) is
used to confine the deposit tc the geometrical
pattern desired. If the charge approximates a
pcint source, vepor will travel equaily in all
directicns end depcsit a fiim of uriform thick-
ness upon & spherical subsirate () having the
source as its center.

Materlais commonly used for filaments are high-
relting-poin® metals such as tantalurm, tungsten,
and moiybdenum. The cholce of a suitable fiia-
ment material is governed primarily by the
terperature tc which the charge must be heated,
the degree to whicn the charge vets the Tilamen-

1,
and the preverticn cf chemical reacticn Uotween
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Figire .. Experimental arrangement for vacuum
evaporation.

the cherge and fllarent at the maximur tempera-
ture used. Filament assemblies vary from simple
wires and conical baskets to more elaborate con-
figurations such as ceramic crucibles encircled
by metsl bands. Since the typical substrate is
flat, rather than spherical, the largest dimen-
sion cf the substrate must be small compared to
the distance between the substrate and the source
if a film of uniform thickness is desired.

C¢ considerable importance in vacuum evapora-
tion work (8 the measurement and the contrcl of
film thickness, and several method? ?re available
for accomp.lshing toth otjectives. 4) These in-
cluie the use of: (a) special microbalences of
high seasitivity, (b) the interferernce of mono-
chromatic 1ight transmitted through or reflected
frow a thin £1im, (c) the absorpiion or polari-
zation of light by a thin £ilm, and (d) thc
change in a specific property of a thin film,
such a8 electri-zal conductivity. The control
aspect is typically more difficult than is meas~
urerent, and goyd control in general requires
the performance of a censliderable amount cf pre-
lim:nary experimental work.

STAT{US AND PROBLEMS IN VACUUM EVAPORATION

There are at leas! three different ways in
which the use of vacuum-deposited thin films
can ass!st in reducirg circust volume. Flrst,
it is pcesible to dcposit a thin-film comporent
in an area 2 a converntlional printed circuis
which might ctrerwise bte wasted. Second, the
geometry of the thin film can be used 5 advan-
tage. For exumple, the capacitance of & capaci-
tor cf given area can be increased by making the
dielectric extremely thin. Third, use cax be
made of the !nherent properties of thin films.
For exasaple the resistivity of many thin metal
fiims increases as the fiim thickness decreases.
The seveond and third items are likeliy ¢ te cf

more value ir microminiaturization than the
first iem.

Consideratle work has rlready been dore in
producing ccmponenis by vacuum evaporation.
Thus far, primary emphasis has been placed upon
the developmen: of thin-film resistors. This
work 1s extensive and no attempt wiil te made
to reyiew it here beyond citing a few refer-
ences 5:6:73 Progress has been sufficlent to
enable the commercial producticn of seyeral types
of pure-metal thin-film reeiatore.za:9 These
resistors are sma.l by comparison with wire-
wound resistors of similar resistance values and
characteristics. Their maxitum size Is about
2 inches in length by about >/4 irch in diameter.
They have low residua. noise levels, high stabll-
1ty excellent “emperature coefficients, and
excellent high-frequenc, characteristics.
Values are limited to several hundred kilchms
tecause the conductivity of pure metal fims is
re_atively high even for extremely thin tilms.
Although these eommerclal resistors are obvi-
ously too large for use in micromirialure cir-
cuits, ‘heir desirable properties can be expected
in thin-film resistors deposited directly into
such circuits.

Experimental, ‘hin-film capacitors have been
produced by seversl laboratories in the United
States using vacuum evaporation techniques.

Thus far the most promising resuits have beegn
achieved using diel?ctsics of silicon oxide\*olq)
and aluninum oxide.(12) The best quoted values§iO
no* necessarily values for a single capacitor,
show a capacitance per unil area of approximately
0.005uf/cm?, an insulation resistunce of 100 klic-
megohms, and a loss factor of less than one per-
cent. Thus far, hcwever, no procedure has been
developed for systematically producing iow-108s,
high-qualisy capacitors. The work to date, in-
cluding that described later in this paper, can
best be sald to have demonstrated the feasibility
of forming capacitors by vacuum evapcration; the
improvement and adaptation of such capacitors to
micromiriature circuits are problews which still
require solution.

In addition te resistors ard capacitors, sele-
nium rectifiers are now being made by vacuum
evaporatior ‘echniques. Thin-film inducters and
other components appear entirely feasitle. Since
contacte and wiring for interconnecting compo-
nerts ccr 0iso be deposited, it thus appears
entirely possible to depusit complete e¢lectronic
circulte in whick the wiring, contacts, and
ccpponents corsist of thin fiims. Preliminary
work in this céirectign is geing conducted at
several laboratories{11,13) as well as at DCFL.

Tne foramaticr of coxpiete circuite by vacuux
evaporation at present involves several formid-
atle difficul+ties. One such difficultiy liles irn
tre fact that crnce cirouit values have been
determired, comporente must tc aeposited in
the circutt within the toierances specified; in
gereral, rc sorting, selecting, or trimming
processes are possitle. Such depositic: re-
quires great precisicn of the evapcracicn process
and hence precise contro! throughcut the entire
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deposition period of such variables as pressure,
temperature, end rate of charge-evaporation. It
appears most feasible to assign a calculated area
within a circuit to a component and then to
obtain the exact value desired by varying the
thickness of the component. Such a procedure re-
quires the use of a precision monitoring system
to enable deposition to bte stopped when the
desired value has been reached. For example,

the resistance of a resistor might be continu~
ously monitored from outside the vacuum chamber
as the resistor formed. Similarly, the thickness
of a capacitor dielectric might te monitored by
light refiected either froz the capacitor or,
preferatly, from a dumay p.ate placed at a con-
venient point within the chamber. In the latter
case, the thickness of the capacitor dielectric
would be calibrated in termc of the thickness of
the film deposited on the dummy plate.

Another difficuity involves the successive
deposition, in a single evacuation, «f all the
varied materials required for a giver circult.
Several problems are likely to be encountered.
First, at least ore filament must be included
in the vacuum chamber for each materiai to be
evaporated. If contact of the completed circulc
with alr must be avoided, =n additional filament
may be reguired for deposition of a protective
overcoating on the circuit prior to admission
of alr to the chamber. JIdeally, each filament
must be centered below the substrate and, fail-
ing the use of & multiple cnamber, such arrange-
cent is, of course, impossible. Second, some of
the various materials ‘o be evaporated will heve
to be heated to extremely high temperatures and,
in the course of depositing successive layers of
different materials, the high sowrce-temperatures
might damage previously deposited elemeuis of
the circult, ali of which are exposed to heat
rudiated from the source. Third, multiple evap-
orations make necessary the interchanging and
moving of maske within the evacuated chamber.
The mechanjcal manipulation of such masks may be
very comp.lcated when small areas and intricate
configurations are involved.

Two other problems are worthy of mention.
First, extreme cleanliness is necessary in
vacuun evaporation work to sssure adequate ad-
herence of the deposited layers to the substrate
and to each other. Gross quantities c¢f con-
taminants are remcved from g suhstrate by
standard cleaning techniques Involving various
types of wacher and degreas.ng solutions. How-
ever, the unavoldable exposire of & substrate to
air between the final cleaniug step and the
evacuation of the vacuur chember, is sufficlent
to recontaminate it. It is ‘hus necessary to
subject substrates to the clcauing effect of a
low-pressure g.ow-dlscharge just prlor to film
depositicn. Seccnd, not cven the glow-discharge
treatmert is sufficiernt tc remove from a substrate
al> dust partic.es, some of which may produce
pinroles ir the vacuum-deposited films. Such
pirholes, depending upon their locaticn, might
ruin e particuiar componernt and force rejection
of ar entire circuit. Factors olher thar the
presence cf Aaust on a substrate may also be

responeible for pinholes. Nc explanation as yet
edvanced he.s acequately accounted for the forma-
tion of plnholes, nor has a means been devised
for their complete eilmination.

VACUUM-DEPOSITED CAPACITORS MADE AT DOFL

Initial work at these laboratories involved
the formstion and study of thin-film capacitors
having vacuum-deposited silicon monoxide a8 the
dielectric. The comparatively wide attention
this material has received is largeiy due %o
the ease with vwhich it can be evaporated and
the availabili%Y of coggiderable information
concerning 1t.(<4,15,10) guvsequently, the
work was extended to the study of silicon di~
oxide (fused sili~1) as a capacitor dielectric.

The apparatus used 1s shown in Flguwre 2. It

Figure 2. Lebcratory vacuum evaporator.
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consistls ~f a ~hamber which can be evacuated by
high-spe- nomrs, & central control panel, and
two low-voltage high-current power supplies.
Although this apparatus was bullt tc order, it
car e corslidered fairly wypical of experimental
equipment used in research laboratories. A
c.ose-up view of the baseplate of the evacua-
tiou chamber and fixture: 2s shown in Figure 3.
A filament of the type shown betweer the two
bus tars is primarily suitable for the heating
of metals, but filaments suiiatle for heatirg
dielectric materials can readily be substituted.

Baseplate ot vacuum eveporator.

Figure 3.

A. Silicon monoxide dielectric

Initially, several groups of capacitors
were made by depositing three succesrive film-
layers; the centr.. layer was sillcon monoxide,
and the outer layers consisted of a variety of
metals. No attempt was made to ciosely ccntrol
the thicknesses of these preliminary units, and
severa. were discarded after inspection for
flaws cor after testing. It was possible, how-
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ever, to obtain values cf capacitance per unlt
area, dissipation factor, direct-current in-
sulation resistance, dielectric thickness, di-
electric constant, and breakdown ctrength for
many of the cepacitors; average values arc
given in Table II. 1In addition to the six
electrode metals shown, copper wuas also used
but in all cases fiims of 1t peeied away from
the dielectric.

Measured values of capacitance per unlit area
varied from G.0013 to 0.0099uf/cme for dlelec-
tric £ilm thicknesses of from 2.23 to 0.46
microns, respectively. Calculated values of di-
electric constant varied frem 5 to 7 with an
average vaiue of 6. Minimun dissipation
iactor was U.9%, and maximum direct-current
resistance was in excess cf 10,000 megohms.
These preliminary data confirm those describved
in the section on "STATUS" indicating that it
should be possible Lo form excellent capacitors
by vacuum evaporation.

It is evident from the data for dissipaticn
factor and direci-current resistance trat the
test capacitors were those formed with electrode
films of noble metals. Gcid is to be particu-
lariy recommended for thin-film electrodes be-
cause of its high conductivity, inertness to
oxidation, arnd ease of deposition. The present
data are too limited, however, to irdicate
whether the good properties of thede capacitors
were principally derived from the use of noble-
metal electrodes or were due principally to
other factors such ae dielectric thickress.
However, as zight be expected, there dves appear
to be a tendency for insulation resistance to
increase and dissipation factor to decrease with
increasing dielectric fiim thicknesa regardless
of the electrode metal used.

A8 shown in Figure 4, voltage treakdown
strengths varied from 1.l to 3.5 kilovoits per
mii as dielectric thickness decreased from

“able II. Eiectrical properties of thin-fila vacvum-deposited silicon-monoxide-dielectric capacitors.
Electrode Nurmber of Capacitance Dissipation Direct- Melectric Dielectric Breakdown

metal saples per unit factor, current thickness, constant strength,

area, resistance, microns kv/mil
i/ cm cegchms

Ag 6 0.00:9 0.9 >10,000 2.23 5 1.2

Au 2 0.0031 1.3 >10,000 1.62 € 2.9

Mg 10 0.0060 > 5.1 -- bt X 7 -—-

Sn 9 0.0069 2.5 4,100 0.92 7 3.3

n t2 0.0098 4.3 230 0.47 5 3.5

AL 4 0.0099 3.9 40 0.4€ S .-
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about 0.09 to about 0.02 mil. Additional data
would be necessary to establish whether a maxi-
mur value of breakdown strength is being
approached at a dielectric thickness of approxi-
mately 0.02 mil.

4
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Figure 4. Apparent dielectric strength of
silicon monoxide films as a Iunction
of film thickness.

The breakdown strength discussed sbove re-
quirea further explanation since the capacitors
produced did rot consist of perfect films but
rather of films containing minute pinholes. The
pinholes in the dielectric film sometimes became
filled with metal when the counter electrode was
applied, thereby shorting the capacitors. Such
shorte are analogous,to thcese found in metalliized
paper capacitorsa. 17) They were remcved, and
hence the capacitors cieared, bty sending energy
pulses through the capacitores. This process re-
quired careful control to prevent damage to a
capacitor by a pulse of excessive energy. The
result of an optimum energy pulse is shown in
Figure 5a; the shorting materlal was removed
with virtually no disturbance of the surrocunding
areas. The result of an excessive energy puise
is shown in Pigure 5b; & crater-llke effect was
ottained 88 a resuit of the explosiveness of the
clearing action which destroyed the surrounding
avea and deposited debris over the capacitor
surface. Complete btreakdown of the capacitor is
shown in Flgure Sec.

B. Siiicon dioxide dielectric

The dielectric breakdown strength of fused
siilca given &s 15,000 volte per mil in 1/8 inch
sheets\t is among the highes® known. The use
ol this material as a capacitor dieleciric at
normal temperatures shculd, therefore, permit
excellent voltage ratings for thin-film capaci-
tors. Te stability cf Pfused esilica under
rormal cenditlions shouid result in acditional
desirabic capaciior characteristics.

a. Constructive clearing.

b. Destructive clearing.

¢. Complete breakdown.

Behavior of silicon-moroxide-dielectiric
capacitors vhen sutjiected 1o puises of
increasing energy, X33.
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The vacuul evaporation of fused sllica, how-
ever, is difficult for several reasons. First,
siiica is extremely difficult tc heat in z§cgum
because 1% absorbs little radiunt energy.{:?
Second, it must b h ated to a temperature in
exceas of 1700°C. Third, it decomposes
readily under the conditigns usually encourtered
in vacuum evaporation. Several technigues
have been suggested for circumventing these
difficulties but all have undesirable features.
Ore such technique involves the deposition of
si.icon mopoxide followed by converslon to the
d1ox1de‘22 Unforturately, such conversion, fer
films of sppreciable thickness, rfg %rea a pro-
longed high-temperature oxidetion\23) which
could icpose severe ilimitations upon any other
circult elements present. Another techrnique in-
vo.ves the slov evaporation c¢f silicorn monoxide
in pocr vacuum to obtaln conversior of the
monoxide to the dioxlde by mean? of molecuiar
collislons prior ‘o deposition. 24 Such condi-
tior , however, are known to produce porcus
fiiie and reguire excessive periods of time. A
third technique involves mixing reducin
materials or melals, such as aluminum,witn the
silica to act as a flux_ly ailding heat trans-
ference to the silica.'“®) However, this
usually results 1n reductiuin of the silica to
giiicon monoxide. It has, therefare, scemed best
to empioy a fourth technique, the direct evapora-
tion of silica, despite the heating difficulties
previcusly mentioned.

In “he direct evaporaticn work, reduction
of the silica was avoided by using a berylll
(BeO) crucible rather than a standard metal
filamert. It was then fcund possible ic melt
ard vaporize silica directly. A comparison of

s formed by the latter Lhiree of the four
abcve-described methods is giver in Table III.

Tab.e III. Comparison of several metncds of
forming silicon oxide films on fused siiica
plates.

Methed Time Thick- Deposi- Estimated

of required, ngssy tion 510,,
forma- minutes A .rate, %
tion Afsec

Flux 2.5 460 2.0 < 33

Direct 38. 1880 2.8 ag

Corversion 150. 258G 0.3 a7

I+ is e-ident that the direct evapcraticn melhcd
represe1ts 4 compromise between the desired
percentuge of Si0z in the filnm and the speeu ot
forzeticn. Vltraviolet transmittance measure-
ments were used toc cstimate the amount of -ii-
oxide present in each film, assuning the otier
tiim compenent tc be the monoxide. This proce-
Jure wes suible because the Lransmiitarce of

®

the dloxide is much greater than that of the
ronoxide in this spectral region. For example,
Figure 6 shows that at 3C0 mu, the wave.ength
used, the difference is greater than 90%. Tais

00 .
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DIRECT, 89% SiOq
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(SEE REF. 26)

eepno

Figure 6. Comparison cf the uliraviolet trans-
mi‘vance of sllicon monoxicde andé
silicon dioxide (fused silica) with

that of ceveral m!xed silicon oxides.

curve for pure silica was derived from measu:
ments on a silica plate and that for u",co“

monoxide [from a film of pure rmeterlal of thick-
ness 330A (c The ul*ra-viclet i{ransmitiance
cf the fi.ms of Table III is elsc shown In
Figure 6.

he direct evaporation of pure silica at
pveStn, represernts a compromise betwearn the
other two meihods bul, in recent work et these
laboratories, concentrations of silice up tec Y&
perceit have been vdbtained Ly <he methed. It is
possitle that wiih [lurther developmect of
techniques, fused silica mey be evern zore
successlully evapcratzed In this manner.

FUPURE POSSIBILITIES

The use ¢f vacuum evapceration techiniques in
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ricrominiaturization has scarcely begun. Many
developments can be expected in the future as
the potentialities cof the method become more
wldely eppreciated. For example, one car expect
conslderable progress ir btoth the techrniques of
vacuum evaporation and the number of materials
avallakle for use.

A conslderatle amount of effort and ingenuity
will be required 1in perfecting sultably precise
zonitoring systems, in exercising adequate
cortrol over process variables such as pressure
and temperature, irn eliminating pinholes, and
in svoldirv --ontamination of the thin-film layers.
Since there clearly is a ilimit to the area which
car be assligrned to a resistor or to a cepaciter
in a microminiature circuit, techniques wiil
rave to be devised for depositing high-resistivity
as well as high-dielectric-constant materials.
Such techniques would enatle the extension of
<he range of values possible with vacuum-deposited
resistors and capacitors to include most values
iikely to be encountered in microminiature
tranaistor circults. Many technleal difficulties
may be more readily resclved on a prodyct%on
basis than they are in the laboratory. 27 For
exampie, circuits could be formed by iransporting
the base substrates on a conveyer arrangement
located in a vacuum chamber divided into several
compartments, as 3hown in Flgure 7. This would:
(1) enabie positioning cf the circuit to best
advartage with respect to each source, (2) reduce
danger ¢ overheating the circuit, possibly by
providing cociing durlirng exposuvre to sources of
the highest ‘emperature, and (3) made possible
the use of statiorary rather than movatie masks.
ordoubtedly, printedé circult techniques, such

f v of osensit -
iist?saggg)f nasks of photose ive re

= VACUUM CHAMBER

PICK - UP

(T WIRING AND
ELECTRODES

@ RESISTORS
(® DIELECTRICS
@

WIRING AND
ELECTRODES

Pigure 7. Pcusible meircd of circud?l Tabrication
ny vacuun evaporation.

will aid in solving many difficulties.

The usefulness of presently avallable as well
as new materiais in microminiaturization work
depends upon the ease with which they can bte
obtained in a microminiature circuit in exactly
the location and configuraticr desired. 1Ir
general, nowever, sl. materials wiich are row
velng applied by coating and mclding methods of
cre kind or another car be consldered for use
n vecuun evaporation work provided only that
they can te .aporized without undesired de-
composition. In particular, vwhen sem!conductor
materials can be depcsited as single crystals,
transistors and diodes will e capab.e of being
formed "in situ" and thin-Tilm circuits and
sclid circuits will be a reality. In additior,
there 13 the intriguing possibility of forminrg
useful materials "ir situ" as & result of
chemical combination of various elements and
cempounds during deposition. For example, by
+he simultanecus evaporation of barium oxide
and titanium dioxide under contrclied condixlons
it might ©e possible to form and deposit barium
titanate from the mixed vapor. In anaiagcus
fashion, metal alloys might be dcposited after
vaporizing the individual constituents at pre-
determined rates, ard combining them in the
vapor phase. The irvestigatliorn of such vapor
prase reactions may produce remarkable results.

These and other deveiopments appear certain
+c assure increasing use of vacuum evaporation
techriques in microminiaturization.
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SQME CIRCUIT TECHNIQUES TO ELIMIMATE JARCE-VOLUME COMPONENTS: A LITERATURE SURVEY

Joyceme I, Coopsrman and Philip J. Franklin
Damond Opdnance Fuge Laboratordes, Washington 25, D. C.

The oongtruction of electronic devices of ricraminiature size requires that
the component parts ocoupy a small volume, This requirement is most cifficult to
exsoute at audlo and sub-audio frequencies where large-valusd components are
necessary, The results of a literature survey indicate that it is possihle to
eliminate large-volume component parts in amplifiors, filters, and oscillatore
by employing various circuit techniques. Positive feedback permits the eld-
nination of by=pass capacitors., Direct coupling elimdinates d.c. blocking
capacitors. Resonant resistanso~capacitance networks, either passive or active,
can be substituted for the bhulkder inductance networks normally used in filters

and oscillators in the audio and sub=sudio frequency ranges.

Of particular

intereat are the soro phase shift nmetawrork for use as an interstage coupling,
and the parellel~T network for sharply tuned amplifiers and oscillators.

INTRODUCTION

Conventional circuit designs of ampl.ifiers,
filters, and oscillators for the audio and sub-
audio frequency ranges are relatively straight-
forward. However, the execution of these designs
into practical operating devices of microminiature
slze 18 often complicated bty the large values,
large volumes, and possivly inferior performance
that certain component parts may assume when
oyperated in these ranges.

For many years, engineers have attempted to
eliminate large component parts by employing
various circult techniques. While most of these
techniques were initially developed for use with
vacuum tubes, the extcnsion of these prineiples to
transistor circuits is logical. This paper 18 a
result of a literature survey conducted to uncover
and collect in one body some of these technigues;
it will disclose their basic operating principles
and how they might be applied in the field of
microminiaturization. The presentation 13 given
in three main groups: amplifiers, simulated
reactances, and filters and oscillators.

I. Amplifiers

A, Poeitive feedback techniques

Positive feedback or regeneration results when
a portion of the amplified signal is returned to
the amplifier input in the same phase as thz orig
inal input signal. This has the effect of increas
ing the amplifier galn by a considerable amount.
If the amount of positive feedbgck 1s made great
enough to make up for attenuation in the various
coupling networks, the amplifier will ogscillate at
some frequency governed by the constants in these
coupling networks and the phase shifts through the
emplifier. When this condition prevells, no input
sigral 1a required in order to obtain an cutput
from the amplifier.

In designirg amplifiers for miniature circuits,
i1t is generally deeirable to get maximun amplifi-
cation per stage, using a miniiiz nuaber of com-
ponents, and yet have the system relatively free
from instability or oscillaticn. A conirolled a-
mount of positive feedback inco~psrated in the
amplifier design can achieve these ends in vacuum
tube circui+s, and to some exteat in transistor
circuits. 1In a typical iwo-stage resistance ca-
pacitance coupled amplifier, ‘o establish the

preper d.¢. operating conditions for the tubes,
cethode bias is generally empioyed. The cathode
by-pass capacitors are the most duwky of the
components employed since values of the order of
10uf and larger are reguired for avdio-fre-
guency applications. If these capacitors are
omitted, a great reduction in gain results from
regative current feedback in the cathode bias
resistor. Sulzer(i) describes a method of
applying controlled positive feedback between the
stages to offeet this reduction in gain, and it 1s
shown in Figure 1. The positive feedback is
applied by & resistor Rf connected between the
cathodes. A similar method of applying positive
¢eedbesk between the acreen grids of two pentode
stages to eliminate the screen by-pass capacitors
is siso described.
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Pigure l.-Two-stage resistance-capacitance
coupled amplifier with pceitive eedback.

Anspacher(2) gives an anaiysis of a two-stage
pentode amplifier circuit without any by-pass ca-
pacitors, the resulting degereration being nulli-
fied by means of positive fredback between the twc
screen grida.

Uniike vacuum tubes, transistors require a fer-
ward tias tc establish the proper d.c. operating
conditiona. This may be supplied in several
different ways. In order to stabilize the tran-
sistor against thermal runaway, d.c. feedback
which tends to blas the transistor toward cutof?f
as the collecter current rlses, is commonly used,
A resistor Is connected in the emitter circuit to
stabilize emiuvter current. The emitter resistor
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is generally by-passed to prevent loss in gain due
to degeneration, as in vacuum tube circuite.

Alexander(3) describes & transistor audio
amplifier, similar to the previous vacuum tube cir-
cuits, where positive feedback between the emitters
is used to obviate the requirement for large by-
pass capacitors acroas the emitter resistors. It
is shown in Figure 2.

-Ecc

" o—iF

o
Figure 2.-Two-stage resistance-capacitance
coupled transistor amplifier vitnh positive
leedvack.

An additional economy, although not related to
positive feedback, is demonstrated in this cir-
cuit, It involves the elimination of the two-
resistor forwvard biasing network in each base
circuit. This function 1s accomplished by the
voltage drop that appears across the base-emitter
Junction as a8 result of the leakage current of the
transistor. This blasing method 18 not recommend-
ed, since it is sensitive not only to temperature
variations, but also to differences between tran-
sistorse. -

B. Direct-coupied ampl:fiers

A somevwhat different technique for eliminating
large-volume comporents and improving the low-fre-
quency response of an amplifier is to employ
direct-coupling. In this case, the coupling ca-
pacitors and cathode by-pass capacitors are elimi-
nated. Urnfortunately, due to the direct-coupling,
any drift in the input stege 1o rellected as a
rather large voltage excursion at the output.
Various means have been employed to eliminate the
drift problem, Including chopper stabilization.
Much of this information is summarized vy Landee
o, al 4).

"The use 2! PNP transistors made by fusion tech-
niques and surface-barrlier translstors permits a
direct connection cf the collector of one stage to
the base of the foliowing stage without the use of
interstage biasing arrangements. This is possible
since the collector resistance is high and the
current gain is close to its nominal value when the
collector-to-base voltage 1s zero or slightly posi-
tive. At iow level stages, the use of this tech-
alque results in very simple circuitry. However,
the ccllector-voltage swing of any stage directly
counled to the tase ¢l a [oilowlng stage iz
restricted to & very small voltage (0.2 to 0.6v).
Since the transistors are operated as currert
ampiifiers, the smail allowatle collector-voltage
swirg dces nct edversely affect the operation of

low-level steges. In many practical amplifiers
this technique may be employed for coupling the
first two or three stages of a high-gain amplifier.
vos"—Hurtig(S/. An amplifier circuit of this type
is shown in Figure 3. It has a power gain of 70d(>
and incorporates d.c. feedback for stabilization. 6)
-Ec
-0
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As in the case of the vacuum tube, d.c. drift
cannot, be ignored. It is unfortunate that the
temperature sensitivity of transistors increases
the drift. However, if this circuit is emplcyed
as a low-level, high geln pre-amplifier, capacitive
coupling at the output will remove the d.c. com-
ponent without affccting its properties as an a.c.
amplifier. The economy of component parts and the
high gain cannot be overlooked for application in
microminigature sub-assemblies.

Anotlhier type of direct-coupling scheme used with
transistors is called c?mglementa.ry symmetry, and
is discussed by Sziklai 7)., This method employs
both PNP and NPN transistors. It is possible to
eliminate emitter by-pass capacitors and some load
resistors, although the power supply connections
may be somewhat more complicated. This method is
shown in Figure 4 and can deliver a voltage gaein of
the order of 25 per stage.

PNP NPN

our

- Ry

T T %,

Figure 4.-Complementary symmetry direct-coupled
transistor amplifier.

Perhaps the most popular use of the principle of
conplementary symmetry is ip Class B pcwer amplifier
applications. The advantage of Class B operaticn
is that the circuit draws negligible current until
signal is applied. In the usual configuration,
both an input and an ouitput itransformer are re-
quired. Sziklai(”) descrites a cirecult of a ClLass
B power ampiifier with a direct-couplied ~omplemen-
Lary symmetry driver. [t is sicwn In Figure 5.
This amplifier does ncy coniain any parts other
thar the transistors themselves and operates Irom
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Figure S.-Complementary symmetry Ciass B power
amplifier with direct-coupled driver.

a high impedance signai source directiy intc a 16~
ohm loudspeaker voice coll. The low output imped-
ance and the stable operaticn are made possible by
ithe over-all fecdback which extends down to d.c.
Incidentally, this 1s 2 zerc-cernter d,c. ampiifier.
Its economy of component parts recommends it for
microminiature pover amplifier applications.

II. Simuated Reactances

1th certain circuit conflguraticns, an active
element such as a vacuum tube or transistor may
behave a8 a reactance. Some well known applica-
tions of this phenomenon are the reactance modu-
lator used in frequency modulation, and the Miller
integrator and operatlional amplifiers used in
analog computer work. Very often, however, the
reactance effects are not pure, but aiso Introdi.co
resistive effects. For purposes of power supLly
filtering, the resistive cffects are not consider-
ed to be as important a? gh? Seact.ive properties
of the device. Linvi11(8J,(9 glves theory on RC
active {ilters uslsg translstors.

A. Inductance

Tow‘ner(‘*o) descrites a circuit which is com-
posed of resistive and capacitive elements, arnd
three tubes as amplifiers. The device behaves as
a true inductance in that it differentlatee square
waves, integrates trianguiar vaves, and resonates
with capacitance across its terminals. Some of
the applications described are for a low frequency
sinc wave cscillavor and as a filter circuit for
tone contrul purpcses In audic amplifiers.

Tomer(11l) descrites a circuili whereln a pentode
itube may te used ‘i place of a high inductance
choke in a power supply filier. While nct a pure
inducltance element, trhe high a.c. plate resis-
Lance and low d.c. drop through the itube permii
the circudt to fuifill the requirements crdinarily
imoosed ¢ a fllter chroke.

Sl.r::*n(;;) descrites a iransistor sipuiated ii-
ductence using only capucitance as the reactive
paramcter. A serlies similated liductance s
shown in 23

+ +
t [———o O

RL
3

1

—o o
Figure 6.-Transistor-simulated series induc-
tence.

B. Caracitance

The Miller integrator is a particular kind of
operational amplifier. It is basically an ampli-
fier stage with a capacitive feedback path from
p.ate to grid. The apparent capacitance between
grid and cathode terminzals is a function of the
s8ize of the feedback capacitor and the gain of the
stage. In effect, the plate-to-grid capacitance
is amplified by the tube. Thus, it is possible to
use a relatively small copacitance with a high
gain stage to obtain a large circult capacitance
of low volume.

stern(12) shows a circuit for s transistor-
simulated shunt capacitance, and it is reprcduced
in Figure 7. The value of the capacitance used
in the base path is multiplied by the transister
gain. As in the simulated inductance case, these
circults are inoperabie above th Wb ansistor cut-
of{ frequency. Oukes and Lawson\-2/ use a similar
capacitance multiplier circuit in a transistor
power sunply filter.

+ +

o———— ©
N 1 C*““]
4
v
'

c LoAD

+ ‘ —0

Figure 7.-Transistor-simiiaved shunt capaci-
tance.

III. Filters ard Oscillators

The usual inductance-capacitance filters and
osclllators assume very large physica®l proper-
viors wher designed for low frequency operation.
in additlion, at sub-audio frequencies, the circult
Q of tne inductors is sc low that irducteance-
capacitance filters and 9s¢illators are not prac-
wical. 3oth these factors nave spurred circuit
desigrers tc develop a.ternatlive approaches.
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It has been known for meny years that certeln
resistance-capacitance networks exhibit some of
the properties of resonance. That is, in the
region of resonance, the phase shift changes
quite rapidly with frequency, and the networks
show & peak of transmission or attenuation. Some
of the better known passive resonant networks are
the Wien bridge, the parallel- or twin-T, and the
bridged-T. Ladder networks (or cascaded L sec-
tions) as passive structures behave as low-pass
nr high-pass filters.

Vhen these resistance-capacitance networks are
used in the feedback loop of an amplifier, it is
possible to achieve steeper curves of amplitude
ve. frequency (higher Q) than the passive case,
or even to invert the transmission characteristics
of the network.

Resistance-capacitance oscillators are similar
in theory. Sufficlent in-phase feedback is em~
ployed to overcome the attenuation in the coupling
network, and the amplifier then supplies its own
input. The frequency stability, of course, is
determined by the rate of change of thase with
frequency at the resonant frequency of the net-
work.

A. Ladder networks {cascaded L sections)
The simpiest netwurk to be considered here 1is

the single L section, shown along with its trans-
mission and phese characteristic in Figure 8.
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Figure 8a.-Single-section high-pass filter with
attenuation and phase characteristics.
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Figure 8b.-3ingle-section low-pase filter with
attenuation and phase characteristics.

It has an attenuation asymptotic to 6 db/
octave beyond the "correr” frequency of ®=1/RC,
and a maximum phase shift 5¢ 90°. Depending on
the coafiguration, either low or high freruency

attenuation may be obtained.

The attenuation rate of these networks may be
made steeper by cascading two or more sections.
For each section, an additional 6 db/octave slope,
and 90° phase shift are obtained. Thus, for
example, a three-section ladder has an attenuation
of 18 db/octave beyond ite corner frequency, ard a
maximum shift of 270°. One such network is shown
with its characteristics in Figure 9.
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Figure 9.-Three-seciion high-pass ladder net-
work with attenuation and phase characteristics.

It can be seen that there is & phase shift of
180° at a frequency f=l/2NRC 4/ for this high
pass filter. Although the three-section ladder
network has no “resonant" frequency, it has befn
used in a tuned amplifier cireuit by Haneel(1l4),
and 18 commonly employed in resistance-capacitance
(phase-shift) oscillatora as described by Ginzton
and Hollingsworth(15). The network ie connected
in a negative feedback path between the input and
output of an amplifier stage. At some frequency
there 12 an additional 180° phase shift contributed
by the network. Thus, positive feedback is ob-
tained, and the amplifier response will show a peak
at this frequency.

If the amplifier gain is made sufficiently large
to overcome the attenuation in the network, the
circuit will oscillate. For a network composed of
equal resistances and equal capacitances, there is
an atteruntion cf 22 ai a phase shift of 180°, re-
quiring a loop gain of at lea?t his amount for the
eircuit to oseillate. Sulzer(1l6 suggests a mod-
ification of the ladder network bty "tapering” the
sections so that the succeeding sections do not
load the input sections. The attenuation in this
network i8 only abcut 8 for a phase shift of 180°
and 80 low u tubes ma.{ b? used in the oscillator.

Eooper ané Jackets\17) nave reported ca a
transistorized RC phase shift oscillator.

Epstein(18) descrites a variation of this ladder
network whick has a galn greater than unity with
130° phase shift. Thus it is possible to con-
struct an oscillater with only a gathode follower
as the active element. Waidelich(19) gives a
practicael desig procedure for oseciliators of this
type.-
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Smiley(R0) describes ancther variation of the
phase shift oscillator in which the ladder sec-
tions are separated by active vacuum tube stages.
Use is made of the Miller effect to increase the
effective value of the capacitances in the net-
waork, permitting ultra-lov-frequency operation
vith relatively small components. A further ad-
vantage of this oscillator is that three-phase
output is available.

Sturm and Cottrell(2l) geveloped a transistoriz-
ed three-phase, phase ehift oscillator in which the
ladder sections are separated by active transistor
astages.

Hadfield(aa) describes a null network composed
of two ladder networks connected to a common
source. It is shown in Figure 10. The null fre-
quency is controlled by means of a very high
resistance potentiometer connected across the out-
put terminals of the individual networks. One of
these networks is a phase lead network; the other
is a phase lag network. The voltages at the
respective outputs of these networks are opposite
in phase at ali frequencies and a zero output or
cancellation can be obtained at any frequency by
a sujtable setting of the potentiometer. ? mgre
Actailed analysis is presented by Clothier(23
and & veriation called the variable-T is discussed
by Re1a(24),

T L

’ T° 7
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Pigure 10.-Hadfield's null netwcrk.

B. The zero phase shift network

A simple selective network, sometimes referred
to a8 a zero phase shift or twin RC network, and
aiscussed in detail by Punnett(25), is shown in
Figure 11 along with its phase and transmission
characteristics. Superficially, it appears to be
a Wien vpridge, and it has been referred to as such
many times in the literature. Actually it is not,
¢ince the true Wien bridge 18 a four-terminal net-
work naving no common connection between the input
and output. This network is & three-terminal net-
work and it has a common connection between input
ard output. It has a peak in transmission and 0°
phase shift at its "resonant" frequency. Its
attenuation is asymptctlic to 6 db?octave each side
of this frequency. If the generel case for this
network 1s considered, it is found that the high-
est selectivity occurs when m=n=2. The resonant
frequency obeys the relation £s1/2IRC.

@
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Figure 11.-The zero phase shift network with

attenuation and phase characteristics.

Two other networks composed of the same basic
elements in different configurations, but having
the same tranamission characteristics are shown in
Figure 12.

¢ L]

:ME?: M [

Figure 12.-Two variations of the zero phase
shift network.

Whitmer(20) describes a three-stage, broadly
tuned bandpass amplifier employlng two of these
networks for interstage coupling. While not as
selective as other circuits, the simplicity of the
network and the absence of critircal tuning require-
mernts are advantageous,

Beattie and Conn{27), and Punnety{25) employ
this network as the interstage coupling in a two
stage amplifier with & poaltive feedback loop,
+thereby obtaining & tuned amplifier sysiem with
Q's up to 20. Transistorized versions, while
feasible, have not yet been described i the
literature.

If the loop gein of the amplifier system is
made greater than 3, the circuit will oscillate
at a frequency determined by the petwork and the
smplifier phase shifts. Such a vacuum tube
oscillator has been described by Terman(28), Tran-
sistor oscillators of this type have been described
and analyzed by Achuthan(29) and Hooper and
Jackets(17),

Another variastion of this network is also
described by Purnett(25) and consists of comnect-
ing the network to the output of a phase splitter.
The operation approaches that of the Wien bridge
by being more sharply tuned than the simple 1elec-
tive network and having zero output at its resonant
frequency.

C. The Wien bridge

A popular tuned RC neiwork, the Wien bridge, is
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shown in Figure 13 along with its transmission
characteristics. It is more sharply tuned than
the previous network, with a theuretical infinite
attenuation and a discontinuous phase shift at 1its
resonant frequency. I. has been employed in tuned
arplifiers by Shaw(30) and in oscillators by
Clarke(31). It has a rather serious disadvantage
in that it is a four-terminai network having no
common connection between input and output, thus
requiring su isolating transforwe:r in many oscil-
lator and amplifier circuits. However, it 1s
possible to employ this network without a trans-
former. The network may be tuned by varying
either the two capecitnrs or the two resistors in
the right-hand branches simiitaneously. The
resonant frequency obeys the relation f=l/27RC.
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Figure 13.-The Wien bridge network with

attenuation and phase characteristics.

D. The parallel-T network

Prohatly the most widely used RC selective net-
work is the parailel-T or twin-T network. It has
a higher Q than the previously discussed simple
netvorks, less than the Wien bridge, and has a
theorevica: infinite attenuation and a discontin-
wous phase shift at its resonant frequency. A
carefuliy constructed unit can have an attenuaticn
of 120 db at this ;fe uwency. This network, in-
vented by Augustadt (3. , is shown in Figure 14
along with its transmission characteristics. The
resonant frequency is given by f=1/2TRC A/2n where,
for the highest Q, n=1/2.

The parallel-T is a three-terminal network;
there 1s a common connection betweer input and
output. Thais fealure makes the applications
rather straightforward sirce ro isc.ation trans-
former or special circuiiry is required. Analysis
cf? the paraliel-T network and suggested applica-
tions hLave been made bty Hastings 33) ang
Stantor{34),

Ore of the sharpest cr
the parallel-T network is the
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Figure 14.-]

network with
attenuationr and phase characteristics.

hie parallcleT

to vary the tuning frequency, ihiree circuit
paraceters must bte adjusted simu:taneously and
with perfect tracking to maintain the sharpness of
rejection. White and Morgan(35) heve made an ir-
genious modification that permite adjustment of
the null frequency over a two-decade range without
changing any of the clrcult parameters. They
split the input to the paralleil-T, and in the case
i1ilustrated in Pigure 15, each T 18 fed from ore
section of a dual potentiometer. The nuil fre-
quercy is then only a function of the ratic of the
voltages appiled to the two T's and the null fre-
quency of the basic network.

R R

—A\AN AA'AY

: —o

o-— © 6 ¢
IN - i |1 out
1 TA:J R IR
2c —— z
o— —o

Figure 15.-The dual-input parailel-T network

The use of the paraile’l-T retwork in vacuum
tube tuned amplifiers was Jirst descrided by
Scott{36), but subsequent articles bg Fleisher(37)
Punnet‘(2v ovaﬂuon?54 , and Hyde are core
dctailed. Tﬁe tuned arpiifier cornsists tasically
of a stage of galn vith the parallel-T network in
tne rnegative feedback lcop, ard is shown in Figure
1£. There is degeneration at all frequercies ex-
cept at the resorant frequency of the retwcrk
walch 15 a transaisalon mll. At thls frequency,
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the amplifier galn is a maximum, resulting in &
peak in the amplifier response. Armong the articles
showing practical circuits of tuned amplifiers em-
ploying “his network are t?os? by Dixon and
Phillips(39), Gitzendanrer(40), Rayner(41), ana

Roualt(42),
+8
O— AN~ AN
IN our
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Figure 16.-A simple tuned ampiifier employing
a para.le.-T network in the negaiive feedback
loop.

Bovers{43) calls attention to an interesting
variation of the parallel-T netwcrk. If the
multiplying facter, n, of the shurt arms of the
network is less than 0.5, there is only a partial
null and the network phase shift attains a value
of 180° at the resonant frequency. The phase vs.
frequency characteristic is degraded from the
discontinucus function of the infinite attenua-
tion network to a less rapid change, the slope be-
coming smaller as n is decreased. Attenuetion and
phase shift for varicus values of n are shown in
Figure 17. 1In the previously descrited smpiifier,
this phenomenon results in positive feedback cr
regeneration at the resonant frequency of the
filter, thus increasing the amplifier gain at
tnat freguency. Bowers{%3), McGau@nan%24), and
Smith(4S) have shown practical tured amp.ifiers
based on these prirciples. A similar circuit, ,
but vaing transistors, 1s described bty Sohrabjf16),

If the loop gain of the amplifier is made large
erough to overcome the transmission lcsses of the
network, the system will oscillate at a frequency
determined by the network and the phase shift in
the amp.ifler. The choice =f n of the network
dictated by the open lccp gein of the cscillatcr
and the frequency stability that !s desired.
Vacuuxr tube oacill?to"s of this type have teen
described by Smith 45) and Tucker . A com-
piete design prccedure for para%le'-? csciliators
is given by Lynch arnd Rotertson 435. A transistor
version 18 shewn ty Scnrakji(46),

Frejuency diecriminators utililzing pera.lel-T
RC networks are advantageous for low frequency
apprications. Trere are two basic methcds: two
networks may be used directly, or in the inverse
loops of feedback amplifiers. Tiliman{49) and
Stine(50) descrite practical circuits and design
techniques for these d!lscriminazors.
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Filgure 17.-Atteruation and phase characterisilcs
of o parallel-T netwcerk with various values cf

E. The tridged-T retvork

5111l another frequency aelectizg C network is
the bridged-T, described by Sulzer(5l) and others.
The network and its transmission and phase
characteristics are shown in Figure 18. 1t has &
ririmum of transmissicn and 0° phase shift at its
resonant frequency, £=1/2IRC. The unsymmetrical
networks are charccterized bty & higrher ¢ than is
avaliiable from other retwcrke containing oniy
four compcnents. Its relative simplicity and ease
of frequency adustment also make ihls network
attractive for use in a tuned ampiifier or oscil-
lator,

Tisdale(52} uged the oridged-T network in con-
Jurction with RC ladder sections tc obtain a con-
tinuously adjustabie lcow-pass filter. Sulzer has
used this network in & vacuuz tube(S3) ard a tran
siszor(54) audio osciliater whlch feature low
harmonic distortion.



JEROME I. COOFERMAN AND PHILIP J. FRANKLIN

oR

1

IN [+ E% c

80 o— T
40

PHASE SHIFT - DEGREES

a8
1
&
-
<
2
z
¢
[53
d
| 1 40
o.1 03 3 10

1

[

t

To
Figure i8.-The bridged-T neiwork with attenuation
and phase characteristics.

CONCLUSIONS AND RECOMMENDATIONS

The use of positive feedback techniques offers
a means to eliminate large volume by-pases capaci-
tors 1n amplifier circuits, although the smplifier
gain 1s made more sensitive to power supply and
temperature variations.

Direct coupling and complementary symmetry
transistor circuits can be employed to eliminate
some coupling capacitors and resistors. However,
direcl coupled circuits should be resztricted to
spall signal applications since drift may cause
the amplifier to operate in a non-linear region
thus introducing distortion. Here, again, tem-
perature variations will cause drift in transistor
amplifiers.

Simulated reactances permit wne substitution
of small volume active networks for the larger
passive components ordinarily used in power supply
filters.

Resistance-capacitance networks can be used in
place of the simpler but bulkier inductance-ca-
pacitance filters, especially at the low audio and
sub~audio frequency ranges. Passive ladder net-
works can te used for low- or high-pass filters.
Of the networke considered here, only one type,
the zero phase shift network, exhibits a peak in
transmission at its resonant frequency. Because
of its simpllcity and absence of critical adjust-
men%t, this network is sulted for printed :ircuits.
Minor frequency adjustzents can be made bs vary-

ng one of the resistance elements. It i3 ec-
peciaily suited for interstage couplinge since no
additicral d.c. blccking capacitors are jrequired.

The remaining applications for R-C networks as
filters involve their use in feedback amplifiers.
For maximumr stability of operation, the network 1s
placed in the negative feedback loop thus reducing
the amplifier gain at all frequencies removed from
the minimum transmission frequency of the filter.
There are four minimum or null transmission net-
worke which have been considered here: Hadfield's
ladder network, the Wien bridge, the bridged-T, and
the parallel-T. The f’rst two are more complicated -
circuitwise or possess more elements than the
latter two, while offering no compensating advan-
tages. The R-C bridged-T is appealing because of
1ts cimplieity, but Browu(55) comments that ite
ampritude rejecticn characteristic is poorer than
that of the parallel-T network and is, therefore,
less desirable for use in a tuned amplifier.

The most versatilc (and hence most popular) net-
work is ihe parallel-T and its modifications.
While the basic infinite attenuation network is
rather difficult to adjust for optimum rejection
at a particular fre%uc?cy, the variation suggested
by White and Morgan 38) nuilifies the criticiem
direcled toward the network for variable frequency
operation. This variation makes it possible to
have operation over a two-decade range without any
additional critical adjustments to the network.
Another variation of the parallel-T yileldo a posi-
tive feedback voltage at the resonant trequency.
Thus additional gain might be obtained frowm a tuned
amplifier, and a stable R-C oscillator is easily
obtained by the proper choice of network parameters.
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THE DESIGN OF A TRANSISTOR NOR CIRCUIT
FOR MINIMUM POWER DISSIPATION

Clbert L. Cox
Diamond Ordnance Fuze laboratories, Washington, D.C.

Abstract

This paper describes a method of designing a transistor NOR circuit for wini-
mum power dissipation (ICERC). Expressions for collector current (Ig) and input
current limiting resistor (Ry) which give a minimum in power dissipation are
derived in terms of the basic NOR circult paramcters (B/S, Icmg. M, and N).
Graphical results indicating minimum power dissipatlon as a function of leakage
current (Icpg), minimum base to collector current gain (B/8) and number of out-
put circuits (N) are presented. The rumber of inputs (M) is fixed at two for

these curves.
Introducticn

The transistor NOR circuit is capable of
performing all of the English logic functions
AND, OR, and NOT, and is therefore extremely
useful in computer systems. The NOT function is
performed by a NOR with one irnput. The AND
function is performed by three NOR circuits and
tke OR function is rerformed by two NOR clrcuits
as shown in Figure 1.

The basic building block, the transistor
NOR circuit as shown in Filzure 2, employs a
sunction transistor in the common emitter con-
figuration. The transistor is used as a two-
position switch rather than as a linear device.
In other words, the transistor can exist in its
normal "cut-off" state or in a state ol satura-
tiop which can be referred to as an "on" state.
In the "cut-off" state the transistor will lLave
a relatively high impedancc between its col-
lector and emitter in the order of megohms. In
the saturated state the transistor has a negli-
gible impedance between 1ts collector and
emitter; this inpedance is in the order of ohms.

Referring to Figure 2, the circult consists
of M input lines with input resistors Rl and
a base bias resistor Rp. The positive blas
Vgg supplied through Rp causes the transistor
tn be turned cff and thereby to exist in the
"cut-off" state 1f all of the inputs (A, B,
and C) are near zero volts. The transistor is
turned "on" if one or more =f the inputs
(A, B, C) are at a negative voltage Vg. Vo
must be sufficiently large such that the
current Ig flowing through resistor Ry is egual
to or greater than IC/B, where B is the base to
collector short circuited current gain, and Ip
1s the maximum currert flowing in the collector
resistor RC.

v
I = _CC
c K,

When the transistor is in the "cut-off" state
the output voltage is approximately the same as
the supply voltage Vpo. When the transistor is
in the saturated state mcst of the collector

supply voltage Vco appears across Re and the
output 1s near ground potential. Ig can be

stated concisely that a voltage signal 1s present

on the output 1f voltage signals are not
present on any of the inputs. Conversely,
a vcltage signal is not present on the out-
put if voltage signals are present on any
or all of the inputs.

A basic questicn encountered in using the
NOR circuit is "will the circuit operate
prcperly when a single collector is required
tc drive a certain desired number of output
circuits?" An expresaion for this mumber of
outputs, N, in terms of the circuit components,
was derived by W. J. Rowe,

(1) ¥=1 1 +R

c + F 0.20(W~ Y
cBO L o
R Vee
where T 1s the maximum expected base to

collectOf leakage current with the emitter

oper circuited, 0.25 is the base to emitter
voltage for germanium transisicrs; and § is the
safety factor empioyed to compensate for s
decrease in gain of the transistor and other
circuit parameter tolerances. This expression
will te used as a starting pcint. In deriving
tiie albove expression, 1t was assumed that Vi.,
the base to emiitter vcltage when the transigﬁor
is in <he "on"” state, was very much smailer than
Voo, the ccllector supply voltage and that the
leakage current Icpg was very much smaller than
Ic, the maximum rmurrent flowing in the collector
registor. It was also assumed that the transis-
tor acts as a perfect swltch when the transistor
is in the saturated state. Consequently, under
saturated conditions -Vc = IaRn. ALl results
will be based on iLhese assumptions.

Given a certaln nuxber of inputs tc a NOR
circuit which is to drive a certain number of
output circuits, it %s desired to mirimize the
pover éissipaticn Ip In tre collector
reslstor Rg, sutlect to the restriction that
equation (.) be satisfied. The minim!zation of
ICQRC with respect to base resistor, R}, and
collector current In, is the cbject of this
paper.

lRowe, W. D., "The Tranaistor NOR Circuit,”
IRE WESCON Convention Record, Part 4, 1957,
PDP. 231-245,
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Derivation of Minimum Power Dissipation

_Eizzreasio_n
A. Input Current Limiting Resistor
(R,
Equation (1) may be rewritten in
the form

RIL

R =

(2) C I 1 — - N
s, gso R 0.=§(M~1)
B L Rl

If this expression is differentiated
with respect to R, maintaining S/B,
ICB » M, N, and Ip constant, and the
der?vative set equal to zero, one

obtalins

11 B+ I

B+Ry Ry [[GEICJ-ICBO]R + 0.25(M-1)
Solving this equation for Rl glves
0.25(M-1)

L

0T Iy affmo, 8y [Temo, 8
c N\ I, B I. B

R ¥ 13 the expression for the input-current
<Imiting resistor which gives a minimm in
R~ and also a minimum in power dissipaticn
(§C2R )5 if such u minimum exists, The ex-
pressgor. for power dissipation is obtained by
multiplying equaticr (2) by ICQ. Therefore

) 5, LcBO , 0.25(M-1
B IC RlIC

B. Collector Current(IC)
Substituting equation (3) into (&)

gives -
IR
0.25(M-1)

. 2
(ve) To | ':V’f(@+§ o, 8
C N IC B, Ic Bj
1
I

3 CBO 0.25(M-1)
A 0.25(M-1] - N
T I 3
+7V 1 fcBo , 8\ cBo, S
- NI, B H B

Differentlating *his expressior with
respect to I, maintalning §/8, I_ , M
und N constarnt, settirg the derivg§9ve
equal to zero and solving for I,,, the
follcwing is obtained. e

(5) T_(1+ hng+V1+8N§)

I* _ CBO

NOE

I.* 13 the expression for the collector current

iich gives a minimum in power disslpation.
Minimue power dissipation will be designated
as (ICQRC)*.

Whea (5) is substituted into (3) R,*
reduces to

(6) 3w, 025041
1 Irgo

The expressions (5) and (6) for the
collector current (Ic*) and the input-
current limiting resistor (#)*) vhen
substituted in equation (4)(pover
dissipation) give a minimum in power
dtsslpation(I 2R, )*.

Relationship of Minimum Power Dissipation
10 Variables

Using the derivei expressiors for
Ry* and Ic*® a program of moderate
complexity was devised for the TaM Toi
Computer to calculate minimum pover
dissipation as a function of Tcepe (base to
collector leakage current), B/S ?llaae
tc collector current gain with safety
factor), M (number of input cir-uits),
and N {number of output circuits). The
computed values provide sufficient data
for the creation of informative graphical
results,

Referring to Figure %, it is seen
that minimum power dissipation decreases
with a decrease ir the number of output
circults. The minimum power diasipation
decreases with an increase irn B/S, and
this decreuse approaches a limit &s 3/3
becomres infinige. Usirg the expressions
for IC* and IC Rc, one can calculate:

S
Lim (I,"R.}* = -N(M-1)ICBO

B/55 w

It 1s also interesting to note that as

N decreases to 1, B/S becomes decreasingly
significant in the determination of
airizun power dissipation.

Referring to Figure &, one can see
that I.* (the coliector current which
gives d minimum in power dissipation)
2lso decrases with a decrease in the
aurber of output circuits. I * decreases
with an {ncrease in B/S and tgis decrease
approaches a limit as B/S becomes infinite.
One can calculate this limit to be:




LR

O YIS

Ry

o
Lim IC = 4N ICBO

B/S—)m

Again it is interesting to note
that as N decreases to 1, B/S becomes
decreasingly significant in the deter-
miniation of the collector current
which gives a minimum in power
dissipation.

From the equation (%), it is
readily observed that Ic* is linearly
related to ICBO:

Ig* = KIpy vhere K| = £(N, 8/B)

Using this fact along with equation (6),
it can also be determined that minimm
power dissipation 1s linearly related
to Iop, and 0.25(M-1):

i)
(IC Rc)* = K20.2)(M-l)ICBO
vhere K, = ?(N,3/B)

Then the collector resistor

. K2 0.25 (M-1) Temo
o 2
I

The collector supply voltage:

Vee = IPe
therefore
VoK 1 xK_Q_ x O.25$M-1!
cC 17CBO K12 ICBO
or simply
Ky
Vcc = == x 6.25(M-1)

Typicael Design of NOR Circuit For Minizoum
Power Dissipation

The irnformaticn given 1n the previcus sec-
g
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tion may be correlated and used to design a
NOR circuit for minimum power dissipation.
Specifically if a transistor NOR circuit is to
have two inputs (M = 2), drive nine circuits
(N = 9), employ transistors with Betas of

50 (B = 50), and I '8 of 1070 amperes,
correct values of 93 » R, I, and R, can be
ascertained to effegg migimuﬁ powerldiseipation.
For this particular deaign situation a safety
factor of 2 is employed. The B/S factor is
therefore 25. The values of I... ., B, and M
used in this typiecal exsmple wggg chosen be-
cause of their practicability to current design
situations. The value of N was chosen because
the assumptions made in the Introduction are
less valid for lower values of N.

if expressions {S) for IC* and (6) for Rl*
along with the above values for I B/s,
M and N are substituted in the posg dissi-
pation expression (4) a minimum value of power
disgsipation can be determined. The calculations
yleid

R* = O.25!M-l! = .25 x 106 ohms = 250K

B ‘cro
and

I* = .047 x 1072 azperes = 47 ua

Therefore mirimum power dissipation using eq.(l)

CeRC)* = 17T x 10.5 watts = 177 u watts

The collector supply is then calculated to be

(1

Ve = IcIRc = AT7 %1077 vatts = 5.5 V
c 0T x 1077 amperes
Jonseyuently
Ro = JgC = 315V = 9K
Lo LOLT x 1073 amperes

To show that expression (1) is satisfiea for
this design, the srvecified values are subs:i-
tuted into (i1). This substitution yields the
necessary equality. Therefore, the desigr ia
valid for satisfactory ecircuit operation.

As was menticned in the Introduction, it was
asswmed in deriving expression (1) that

V, << V_ , and tkat T << I .. However, if these
a%gumptggns are not mcthge, thgn equation - 1)

becomes

(n ['(vcc - VBE) - Icao]

N = Fe -1
[ 0.25(M-1)] R
[or + 1. + 22542 Rg
i I3 * Iemo R

Then if the specified values used in the abcve
typicel example are substituted in (7) 1t is

4
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found that the number of suceeding NOR circuits - Vee
that can be driven by a NOR circuit is elght as
opposed to the nine outputs that was desired.

Therefore, this error can be compensated fcr by R Rc
designing for an N greater than the actual 1 QUTPUT
desired N, A °_'~R\?"_

B 0—AW——4
Conclusion INPUTS c R

O—AAA e
For Vo << V.. and for I < T, =

expreseiEEs wergcderived fonghe 1ngut
current limiting resistor (R *) and for :RT
the maximum current flowing %n the col- <
sector resistor (I.¥) which give a mini-
mum in power dlssipation. It was shown that a +’V
minimum in power dissipation does exist. bb
However, when the base voltage (V,.) is not
very much smaller than the tra.nsi% or col- Flgure 2 Basic 3utlding Block NOR Cireuit

lector bias (V,.) and the leakage current
1s not very mugg smaller than the maximum
current flowing in the collector resistor,
the expressions for R ¥ and I * are nct
completely valid, par%icu.]arly when a NOR
circuit design employs a small number of
output circuits and when high Beta trais- -3
istors are being used. Future study will 10
be conducted relative to designing a NCR 8
circuit for minimum power dissipation when 6|

T T T T T

THE EFFECT OF B/S
ON MINIMUM POWER DISS1PATION

| I .

V. is not <<V_, and I 13 not <7 I ..
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FINE-LINE ETCHED WIRING

Edith M. Davies
Diamond Ordnance Fuze Laboratories, Washington 25, D. C.

In order to facilitate the interconnection of microminiature components and sub-
assemblies, an investigation was made of techniques for producing fine-line conductors.
By careful control of certain of the variables present in the normal photo resist and
etching process, a pattern consisting of 2.5-mil-wide lines with 2.5-mil-wide spacings
between the lines wes successfully reproduced on copper-clad laminates although under-
cutting of the 1l.35-mil-thick copper reduced the line width to about one mil.

As a corollary to the above work, copper films, 0.3 to 0.6 mil in thickness, were
chemically deposited on plastic,and lines as parrow as 2.5 mils, with 2.5-mil-wide
spacings between them, were etched in these films with negligible undercutting and
without breaks or bridges.

Conductors 10 mils in width but having 4-mil-wide spacing had been produced
previcusly by electroetching precious metals deposited on giass. An electroetching
technique was necessary because chemical etching of precious metals would require the
use of strong acids which would degrade the photo resist.

Need for still finer line etched wiring is not anticipated but techniques for

producing fine-line printed wiring by "silk"-screening need to be developed.

INTRODUCTION

The rceent emphasis on the microminiature
packaging of electronic circuits has necessi-
tated a recvaluation of current processing
techniques to determine their limitations and
capebilitiea.

A typical etched circuilt board bears copper
conductors which vary in width from 30 to over
60 mils with a minimum spacing between conduc-
tors of about 30 mils. In low-power, low-
voltage clrcuits, however, these "minimum" widths
can undergo appreciable reduction without im-
pairing the operation of the assembled circuit.
With such & reduction, techniques for preparing
the conducter become critical.

In a recent article, overas(1) reported the
results of a survey to Jetermine the capability
of the printed circult industry to produce fine-
line conductors with fine-line inter-conductor
spacings. The narrowest line and spacing used
were 0.2 mm (7.8 mils) in width. The general
conclusion of the survey was that the photo en-
graving process 1s capable of producing such
small elements but that the majority of the
commercial fabricators 4o not exercise sufficient
process control to produce them.

About a year ago, a need arose in these
laboratories for a method of preparing fine-line
conductors from & precious metal which had been
vacuum deposited on a glass insulator. An
electroetching procedure was developed. The
particular pattern that was required, and which
was reproduced, comprised a 10-mil-wide conductor
naving 4-mll-wide spacings. Because of this
work it was believed that it should be possible
to chemically etch at least as fine lines in

copper.

Work was then instituted to determine: (1)
how fine a line could be resolved and chemically
etched in copper, and (2) which processing

variables ind the greatest effect on the final
resuits. This recent work was divided into two
parts: (1) chemical ebching of copper-ciad
lami:autes, and (2) chemical etching of chemically
deposited copper. The results of this work are
glver. herein, together with a description of the
earlier work on electroetching of a precious
metal on a glass insulator.

The photo reeist processes used in this work
deviat?d only slightly from the normal tech-
niques 2) used in the printed circuit industry.
The methods used for the chemical etching of
copper were algo based on normal industrial
procedures'3,;4), The etchant used for the
electroetching of frecious metals was derived
from a publication S) on stripping metallic
coatings but, as indicated above, the electro-
etching procedure itself was developed in these
Laboratori<s.

EXPERIMENTAL METHODS

A. Preparation of Test Patterns

i. For recent work on copper.

The original layout for the test pattern
was made on a sheet of stiff white Bristol
board of area 23 x 39 inches. Thirty-six strips
of black adhesive tape 0.25 inch in width were
laid down on this board in parallel strips 0.25
inch apart, and selected ends were connected so
as to form two adjacent continuous lines which
zig-zagged back and forth across the length of
the board.

The outside line was 664.25 inches long while
the inside one was (51.75 inches long; hence,
for the two 0.25-inch-vide lines, tue length-to-
width ratios were respectively: 2657:1 and
2647:1.

Tre final layout was then photographed and
reduced 25, 50, and 100 times to give negatives
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having equal line-and-space widths of, respec-
tively, 10 mils, S mils and 2.5 mila. The three
patterns are shown in Figure 1.

(o] INCHES |
I||IIII|I||IIII|

Pigure 1. Test patterns for fire-line eiching:

top, 10-mil-vide lines with L0-mil-
wide spacings; lower right, S-mil-wide lines with
S-mil-wide spacings; lover left, 2.5-mil-wide-
lines with 2.5=mil-wide spacings.

8ince the length-to-width ratios for each of
the two lines remained constent, regardless of
the size of the pattern, the resistance of the
two lines also remained corstant and it wae
posslble tn compare etching resulis direcily by
use of the following formula:

R = pL
WT

where R = reslstance, p = reelstivity, and L, W,
and T are tne size parameterc ©f the conductor.

For example, for patterns etched in "l-oz"
copper-clad laminates, the following values were
substituted in the sbove equation: ¢ = 1.724lLuR~
cm (for copper), T = i.35 miis (for "l-oz" copper-
clad 1aminatess, and the appropriate length and
width of the lines of one of the patterns. Then
the theoretical resistance, R, was calculated to
be 1.336Q for the cutside .ine of the pattern
and 1,531 8 for the shorter inside liney and, for
copper fllmi only 0.45 mil in thickness, the
respective values were calouw'ated to be 4.008Q
and 3.993Q .

2. For earlier work on precious metals.

The pattern used in <nis work hed teen

specified beforehand and had been made by milling
a riglid five-ply black-and-white-layered plastic
laminate through the biack surface to the f{irst
white pl.y beneath it. The laminate was about 12
inches long by about 2 inches wide gnd the white
line milled into it wes designed to produce

two separate electrodes in comewhat the configura-
tion of two black ccmbe laid down in the same
plene with their teeth interlocked. The line

was bent 180° at 7/16-inch-long intervals to
form the teeth cf the pattern. After milling the
pattern into the laminate, it was photographed
and reduced to give a pattern about the size of
the noreal glass slide employed in light
microscopy (see Fig. 2). 1In the negative of

INCHES ! 2
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Pgure 2. Pattern for fine-line etching: 10-
mil-wide 1ines with 4-mil-wide spacings

this patiern, Lhe single black line wae 4 mils
in width and the transparent gaps were 10 mils
in width.

B. Fire lLines Produced by Chemical Btching of
Copper-clad Lemlinates.

l. Cleaning specimens of - *~her-clad
lanirste.

Squares approximately 1.75 x 1.75 inches
in aree were cut from commereial 1/32-inch-thick
epoxy-glass-cloth laminate clad with "l-o2"
copper (1.35 mils in thickness). Any squares
which had visible scratches, pits, or other de-
fects, were discarded. The squares were degressed
in the vapors of bolling trichloroethylene, dipped
for five seconds in a 10% solution of hydrochloric
acid to remove oxides, washed, and dried.

2. Application of resist to lLaminates.

Throughout all cf this work every effort
was made to Keep the laminates and negstives as
free of dust as possibie, particularly when the
lanminates were coated with wet resist or when
the dried resist was being exposed to 1light
through the negative. The resist itself was a
commerclal solution which was filtered prior te
use to remove any sediment or other foreign
matter.

The arme of the turntable shown in Figure 3
were covered with two-sided achesive tape, the
squares 2f laminate were laid on the arms, and
»esist was poured over the tup surface of each
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Figue 3. Variable-speed whirler for application

of thin films of resist to surfaces
of laminates.

plece of laminate. The cover was put on the
whirler and the arms were whirled for 2 minutes
at room tempersture and al speeds of 50, 100, or
200 rpm. The speed of the turntable was then
brought to 200 rpm and an infrared lamp was
trained on the whirling arma for an additional
3 minutes, at which time the coated surfaces
were dry.

Ctner similar squares of laminate were dipped
in resist, allowed %0 drain in the dark for 2
minutes at rocz temperature, and then dried in
an oven at 60°C for 3 minutes. Two ovens were
use?; one was a mechanlcal ccnvectionetype
yieldirg circulating air and the other was the
moie counvenlional gravity ccnvection-type
vieiding relatively still air.

3. Exposure of sensitized lamirnates.

The negative was laid on the glass plate
of the commercial vacuun-{rame-type printer, as
shown in Figure 4, with the emulsicn side up.
I'ne dried sensitized test plates were then laid
or. the negative with the resist-coated slde
against the negative. 1In this position, the
negative-laminate assembly was located about 12
inches above the carbon arc lamp shown in the
bottom of the printer. The hinged 1id was
closed, the space beitween the 1lid and the glass
was evacuated, the arc was struck, and the
epecimene were exposed 4o the carbon sre for 1L
minute.

In order to compare the resoiution to be
ottained when contact between negative and
resist-coated laminate is made by vacuum, as
described above, with the resolution ts be
obtalned when only contact pressure is appiled,
two plates which had been dip coated ard dried
in the gravity-convection-type oven vere
covered with negatives and placed negative side
down as before cn the gilase ¢f the vacuum frame
3irectly above the carbon arc lamp. Instead of
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closing the frame and evacuating the enclosure,
however, a sheet of glass was placed over the
pleces of laminate and welghted with two one-
kilograw welghts. Then the pieces were exposed
to the arc for ovne minute.

Figure 4. Commercial vacuum-freme-type printer
showlng carbon arc in bottom of

prirter and a negative of one of the test patterns

positioned on top of glass of frame.

4. Development of pattern on laminates.

The pleces described above were developed
by susperding them iz the vapors of volling
trichioroethylene. From 0.75 to one minute was
required to remove all of the unexposed resist
and produce a sharply defined pattern. The
devel.oped plates were then heated for 5 minutes
at €0°C.

Additional pieces of laminate which had been
dip-coated wlith resist, dried in the gravity-
couvection-iype oven, and expossd for one minute
in the vacuum frame were used to test two
developers in the liquid state. The pieces were
izmersed in the liquid al room temperature for
the lengins of time shown in Table I. The

Tuble I.- Developers tested

Time applied,
Developer minutes
Trichloroethylene vapor 1
Trichloroethylene vapor 2
Trichloroethylene liquid 1
Trichloroethylene /quid 2
Ccmmercial liquld wupplied 2

for the commercial
resis? employed
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o developers were agitated by rocking the con- measured with a microscope equipped with a microm-
sl talners. The units so developed were then eter eyepiece. The resist was removed from the
- rinsed in running wvater and dried for S5 minutes terminal points and measurements of the resist-
at 60°C. ance of the copper lines were then mede on &
digital ohmmeter; results are given in Tables II
Some additional plates were developed ir the and III.

vapors of boiling trichloroethylene but were
not heated prior to etching.

S. BEtching of pattern on laminates.

A 25% solution of ammonium persulfate was
prepared and varmed to about 70°C.- The warm
solution was placed in a small bubble etcher
which consisted of a water-jacketed glass funnel
having a fritted glass bottom (see Figure 5).

Hot water wms clrculated through the jacket and
a stream of air was passed up through the fritted
glass by means of an air line connected to the
bottom outlet of the funnel. The flow of air was
regulated to provide continuous bubbling over the
entire surface of the etchant.

The pi.eces of laminate were dropped into the
etcher pattern-side down and were held suspended
on the surface of the liquid by the force of the
bubbling action. The unwanted copper was etched
away in 1.5 to 2 minutes.

After the pieces were etched, they were washed
in running vater and allowed to dry without
wiping or blotting so that the resist on the

i copper pattern was undisturbed.

6. Testing of pattern on laminates. Flgure 5. Bubble etcher comprising a water-
i jacketed glass funnel containing a
The vidth of the lines of patterns fritted glass bottom up through which compressed
developed in the vapors of trichloroethylene was air is forced.

Table II.-Effect of variations in the method of appiying, drying and exposing the resist upon the
average resistance of conductors etched on copper-clad laminates.

Variation in Average resistance, ohms
treatment of resist Line width, mils
1. Whirler coating at designated rpm 10(a) 10(") 5(3) S(b) 2.5(3) 2.5(b)
50 1.7 1.7 1.9 1.9 (e) (e)
100 1.6 1.6 1.9 1.9 (e) 3.1
200 1.5 1.7 2.0 2.0 (e) (c)
2. Dip costing in designated oven
Oravity convection-type 1.7 1.7 2.0 2.0 S.C(d) 3.4
Mechanical convection-type 1.7 1.7 2.1 2.1 3.1(a) 5.1(d)
3. Type of pressure during exposure
Weights 1.6 | 1.6 1.ala)] 1.9(d) (c) ()
Yacuun 1.9 1.9 2.2 2.2 z.9(d) 2.9(d) I

(a) oOutside line of pattern, length-to-width ratio of 2657: 1.

(b) 1Inside line of pattern, lengih-tu-width ratio of 2647:1.

(c) Unmeasurable because of open conductors or bridges veiween conductors.
(d) Only one of the two specimens was satlsfactory.

®
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Table III.-Bffect of varying the developer upon the average resistance of conductors etched on

copper-clad laminates.

-
Developer l Time, Average resistance, ohms
' wmine Line widih, mils
10(a) | 10(v) s(a) 5{b) 2.5(8)  o.5(b)
N 1l
Trichlorocethylene 1 1.9 1.8 2.0 2.0 | 2.8 2.9
vapor g
Trichlorcethylene ' 1 ' 1.8(a){ 1.8(®) 2.3(4) o4 i (o) 3.4(d)
liquid : i
Trichloroethylene 2 1.9 1.9 2.3 2.3 | 3.4 3.2
vapor : i
Trichlorosthylene | 2 1.9 1.9 2.3(4)  a.2(d) | (o) (e)
liquid ! i
Commercial L2 2. 2.0 2.5 2.6 [ 4.3(d)  4.2(a)
developer \ !
I

ga) Outside line of pattern, lengih-to-width ratio of 2057:1.
b) Inside line of pattern, length-to-width ratic of 2647:1.
(e) TIrcfinite resistance due to breaks in conductors.

(d) Only one of the twc specimens was satisfactory.

C. Fine Lines Produced by Chemical Etchigg of
Deposited Copper

1. Depositing copper on resin specimena.

A dozen disks of cured epoxy resin 2
inches in diameter and 1/4 inch in thickness were
sanded on one svrface to produce a uniform matte
f£inish. They were cleaned with a commercial
cleaning powder, rinsed, and then heated in
aevez-g% changes of water. The commercial pro-
duet used for chemical deposition of the
copper was supplied in the form of concentrates
from which three solutions were prepared by the
addition of suitable amounts of distilled water.
The clean plastic disks were immersed in the
first solution for 2 minutes, rinsed thoroughly
in cold running tap water, immersed in the second
soiution for 2 minutes, again rinsed thoroughly
in running water, and finally immersed for 15
minutes in the third eolution., It ig believeq
Lthat the third solutlion 1s essentially a
modified Fehling solution with formaldehyde as
the reducing agent. The first two solutions
prepered the surface of the plastic for the
reception of the copper and the third solution
deposited the copper film which, after washing
and drying, was & dull dark copper color.

2. Application of resist to resin
specimens.

Because of the relatively porous nature of
the deposited film, all resist was applied by dip-
coating. This method gave a slightiy thicker
film than that produced by the whirler. The
method of dip-coating was the same as that de-
seribed previously for use in the gravity con-
vection oven. However, some disks were given one
coat of resist, dried, and then glven a second
coat.

3. BERxposure and development of pattern
on resin specimens.

The procedures of exposure and development
were the same as those described previously for
the majority of the laminate samples. Thz dry
sensitized disks were covered with the negative,
Placed in the vacuum frame, and exposed to the
carbon arc for one minute. The patterns were
then developed by suspending the disks in the
vapors cf boiling trichloroethylene for 45 to 60
seccnds.

4. Btching of pattern on reslin specimens.

The bubble etcher was net used for etching
these filma. Instead, the pleces were immersed
in a petri disk contalning warm 40% ferri:
chloride because the time of etching of the thin
copper f£ilme could be more easily controlled with
this simpler apparatus. After 10 to 15 secoands,
the unwanted copper had etched away. The disks
were then washed and allowed to dry.

5. Testing of pattern on resin specimens.

The resist was removed from the terminal
points of the patierns and resistance measure-~
ments were mace. The average resistance of the
S5-mil-wide lines was 150 ohms and that of the
2.5-mil-wide lines wae 195 ohms.

Because of the unexpectedly high resistance
values, one of the patterned dlsks was en-
capsulated in epcxy resin to protect the copper
fi2n, and sliced to reveal its cross section.
Although the thickness of the film was variable
due tc the matte finish of the disk, its thick~
recs was measured under a microscope and found
o be ca. 0.3 to 0,5 mil.
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Attempts to measure the thickness with an
interferometer failed due to the matte finish of
the disk.

6. Electroplating of the chemically
deposited copper.

An effort was made to improve the continu-
ity of the deposited copper films with a thin
copper plating., The patterns were removed from
some of the plastic disks by abrading them with
sand paper. The disks were thern thoroughly
cleaned and recoated with copper, as described
previously. A plating bath ccnsisting cf 330
ml of water, 60 g of CuSO,, ard 22 m* of conc.
H§04 was prepared. The disks were plated in
this bath for 5 minutes at a current deunsity of
17 amp/aq ft. Two coats of resist were appiied
to the disks and then they were exposed,
developed, and etched as before. The average
resistance of the 2.5-mil-wide lines was now
25 to 35 ohms and that of the S-mil-wide lines
was 35 to 45 ohms. The thickness of the plated
film was uol appreclably greater than that of
the unplated film but the plated fiim appeared
to be less porous.

D. Fine Lines Produced by Electroetching
of Precious Metals on Glass.

1. Application of patiern to metallized

glass.

The substrate in this case conslsted of
a glass sllde on which a thin film of palladium
had been deposited by vacuum evaporation
techniques. Such a metaiilzed glass slide is
shown in Figure ba.

The slides were degreased in the vapors of
boiling trichloroelhy.ene, ccoled tc¢ rocm
temperature, and dipped ir a filtered hubble-
free solution of resist. They were stood on
end, allowed to drain briefly :in the dark al
room temperature, and were then placed in an
oven at 50°C to dry. Ther they were dipped
again in resist, stood on the cpposite end, and
drained and dried in the dark.

A dried slide was eligred with the negative,
placed in a small laboratcry-bullt vacuuxm
frame, and exposed to a sun bult at a distanrce
of seven inches for three ninutes.

The pattern was develcped in ihe vapors of
boiling trichloroethylere.
2. ttempts «t cherical ciching of
paliadium

Ailhough paliedium s voluble in bolh
aqua regla ard 1ot ritric scid, previcus
experience in etching had chown that the resisc
tended to break dowe in these acids sz neither
of them was tested. A bailh cf suliuric
acid dissolved the paliadium ettacked
the resist. Co.d sullwic ¢ c
acids either did rot - » Lhe wmetes, or

eclse were BO B1OW as Lo practical. Methads

ot
nohL

ve 1
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of etching other than chemical methods were
indicated.

3. Electroetching cf palladium.

A narrow strip of resist was clesned
from one end of the patterred slides in order
to bare the palladium. A low-curing-temperature
silver paint was applled to this area and dried
in an oven &t 50°C.

A patterned slide was then placed in a 5-
percent sclution of hydrochloric aecid and
connected as the anode of a cell while a bar of
steel. scrved as the cathode. When current was
app.led, gassing began and became vigorous as
the current was raised. The resist broke down
before any patterns were completely etched
through.

Next, a bath contalning & 71 percent solutiorn
of sulfuric acid was set up with the work as the
anode and a steel bar as the cathode. Various
current densities from 0.42 to 1 amp/sq in. were
tested. Scme gassing cccurred but it was much
iess vigorous then that otitained in the hydro-
chloric acid bath. However, the pattern etched
through along the upper third of the slide be-
fore any etching occurred along the bottom
portions of the slide.

The negative by whlch the pattern had been
placed on the slide was modified to contaln an
opaque strip completely around, and about 1/4
inch from, the outermost edges of the pattern.
A sensitized slide was exposed through this
negative and develcped. A strip free of resist
now surrounded the patiern. A low-curing-
temperature silver paint was applied to this
strip to form a large peripheral electrode.

The silver was covered with microcrystalline wax
tefore placing the siide in the bath. A slide
so prepared for etching is shown 1n Figure

6b. Slides ireated in this manner etched more
everly than befcre tut the center longitudinal
area farthest from the electrode connection was
still the last to etch. Fowever, cn using &
current density of C.73 amp/sq in. (350 ma for
this pattern), ard reducing the current roughly
50 ma every 30 to 60 seconds, slides were
obtalned in which the patterned area was comz-
rietely etched through ané no breaks appeared
ir. the remaining metallic film. The need for
stepwise elching was found tc deperd on the
unilormity of thickness of Lahe metallic film,
f.e. ron-unifern filme alvays required several
stepwise reducticns in currert to etch the
patitern satlisfactorily.

Etcred slices werc removed frorw the bath,
weshed in running waler, and dried. They were
tiien heid in the vapors of boiling trlichloro-
ethylenc wntil ail the wax was removed. Cotion
w63 then cipped intc ctlean solveont and rubbed
cently over the surface of the slide. This
latter treaiment removecd both the resist and ikre
cilver because the resiy tinder in the siiver
g had teen extracted froem the pelint during
‘he vapor Lreaiment L0 remove wox., A sampie
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finished slide is shown in Figure 6c.
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(a) Palladium-metallized =lass slide.

(b) Metallized glass sllde bearing resist,
electrode pattern (not visible), and
silver peripheral electrode protected
with wax.

e
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(¢) Finished palladium electrodes on glass,
after electroetching and removal of wax,
resist, and silver.

Mgure 6. Step-by-step procedure of preparing
palladium electrodes on & glass
substrate by electroetching methcds.

4. Testing of palladiuc electrodes.

Microascopic examination of the finished
electrodes Bhowed that the average iine width of
the individual bars of palladium that formed thre
"teeth" of the pattern was 15 mils. Microscopic
measuremente on the negative of the pattern
ylelded a similar line-width value, thus in-
dicating that undercutting during etching was
negligible.

DISCUSSION

A, Fine Lines in Copper-clad Laminates bty
Chemical Etching

The dipping process ol applylng resis! o
copper-clad iaminates produced a coating which
was s8llghtly thicker at orne edge of the plate than
at the other due to the vertleal draining posi-
ticn of the plates. Whi:ling produced a more
uniform coating which varied inversely in thick-
ness with the speed of the turntable. The
patterns developed satisfacterily on a:l of the
p-ates having 10-mii-wide lines, regard.ess of
the method of appiication and drying of the
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resist and, as seen in TableIl there wec nc
significant difference in the measured re-
sistance of these copper conductors. However,
as the line width was reduced, differences due
to the method of application of the resist began
to appear. The 25-mil-wide lines and spaces
were more consistently etched without breaks in
the lines, or bridges between conductors, when
resist was applied by dipping and draining than
by wiirling. Although one might expect the
best pattern definition to be obtained with very
thin coats of resist, actually the best defini-
tion was obtained with the thicker dip-and-
drain coatings probably because these coatings
had better physical strength and hence better
herence to the copper. Variations in the type
of oven employed to dry the coatings did not
yleld significantly different results.

The use of contact pressure during exposure of
the sensitized plates did not yleld as
satisfactory resulis as the use of a vacuum
frame, as shown in Table IT. Although all the
patierns applied under contact pressure appeared
to develon satisfactorily, and the 10-mil-wide
lines also etched satisfactorily, the 2.5~mil-
wide lines were badly .rdereut after etching and
no continuous conductors of this size were
obtained. Poor contact between the negative and
the laminate probably led to light scattering
under the negative and, hcnec, to variations in the
width of the lines being printed., This varia-

ion was also observed in some of the work
reported by Overas{l) where a spring-loaded
printing frame was used instead of a vacuum
frame. On large sheets of laminate, where
varpage of the board may e pronounced, fine-
lire patterns wouid be even more difficult to
obtain without a vacuum frame.

Tablelll stows the results obtained on varying
the developer. The most acceptable results were
obtained with trichloroethylene vapors as
indicated by the fact that conductors etched
with them gave the lowest values, 1.e. values
which most nearly approached the theoretical
value of ca. 1.5 ohms. With these vapors, a
developing-time cf one minute was superior to one
of two minutes, again tecause lower resistauce of
the lines resulted after one minute. lLow re-
sistance valucs accompany negligible under-
cutting of the resist during the etching process.

The patterns dueveloped in iilquid trichloro-

thylene were not only more undercut than thos:
from the vapers, but were also blotchy, and
numerous opern conductors were obtained,
particularly Ilun the 2.2-mil-wide lines. The
corducters developed with the commercial
developer had higher resistances than those
obtained from either form of trichloroethylene;
one of the 2.5-zil-wide lines was continuous,
but had relatively nigh resistance, while the
same patiern on ancther rlate was almost
completely etched away. It is believed that
the liquid developers have a detrimental effect
Cn the bond tetween ‘he resist and the copper
and that a 1css of adhesion of the resist occwrs
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&t the edges of the pattern. The etchant is
thus able to penetrate under the resist during
an earlier stage of etching and undercutting
ls facilitated.

When the developed plates were heated after
being removed from the developer, regardless of
vhich developer was used, less undercutting and
breakdowns in the pattern occurred than with une
heated plates.

The small bubble etcher containing hot
ammonium persulfate provided very even etching
of the copper. However, on some of the test
pieces, the 5- and 10-mil-wide lines were
completely etched through in a matter of 10 to
15 seconds before the same condition was
reached with the 2.5-mil-wide lines, probably
due 1o the freer flow of etchant in the wider
spaeces. Therefore, the comparatively slower
method employing ferric chloride was preferred
for fine-line work in cases where close control
of the temperature and time in the bath were
necessary, as in etching the thin films of
depocited copper.

In these Labtoratories, datu are not yet
available which will silow comparison of re-
sults obtained vith the bubble etcher with .
results obtained with e spray etcher. Overaa(*)
reported that "l-o0z" copper can be etched in
3 minutes by spraying. This is a longer time
than was required in these Laboratories with the
bubble etcher, but Overas used ferric chloride
at a temperature lower than the 65-70°C used
here with ammonium persulfate. In either case,
in order to prevent excesslive underculting, very
close control of the time of exposure of the
laminate to the etchant would be neceseary when
operating at elevated temperatures.

From the measurements of reslstance of some
of the conductors contained on plates which had
been developed in the vapors of trichlorcethylene
for 1 minute, the average line width of the
conductors etched from the 10-mil pattern was
calculated to be 7.8 mils, that of the conductors
produced from the S5-mil patiern 5.4 mils, and thet
of the conductors produced from the 2.5-mil
pattern 1.1 mils. The microscopic measurements
showed the average line width for the 10-mil
pattern to be 8.8 mils, that for the S-mil
pattern to ve 3.6 mils, that for the 2.5-mil
pattern to be 1.1 mils. The apparent
differences for the wider lines are probably
due to undercutting which causes the cross-section
of the conductur to lock like & wedge, rather than
a rectangle. The wedge would not te detectable
when the conductors were viewed from the top, but
+he true average line width would be less than
the apparent llne width measured across the top
of the conductor.

3. Fine Lines in Deposited Copper by Chemical
Etching
Wher. placing patterns on the thin films of

copper deposited on plastic, it was necessary to
apply two coats of reslst in order Lo cover the

porous metal in a continuous film of resist.
When only one coat of resist was applied to the
metal, the final etched pattern was usually full
of pinholes. Patterns protected with two coats
etched to produce few obvious pinholes and breaks
in the lines.

As stated previously, the resistance of the
lines etched from the S-mll pattern averaged 150
ohms, and that from the 2,5-mil pattern 195 ohms,
but the resistance of similar copper-plated lines
was 35 to 45 ohms and 25 Lo 35 ohms, respectively.
Since the theoretical resistance of these lines
is about 4.0 ohms, these messurements indicated
that, although the copper plating decreased the
porosity of the films, it did not make them
continuous. The porosity of these films is
believed to be due to the matte finish of the
surface of the plastic but, since this type of
surface 1s necessary to achieve adhesion between
the metal and the plestic, control of the rough-
ness of the surface becomes important, especially
when minimum resistance is required.

The etched films were examined under the
microscope both for pinholes and undercutting.
For the 5- and 2,5-mil patterns, the lines etched
from the clectreopleted films had an mverage width
of 4.9 and 2.4 milas, respectively. For the same
patterns, the lines etched from the chemically
depocited unplated films averaged 4.8 and 2.3
mils, respectively. Thus, the amount of under-
cutting was about the same for the two types of
lines, However, the electroplated films were
superior in respect to continuity (absence of
pinholes), a3 was expected based on their lower
resistance values.

C. TFine Lines in Precious Metals by
Electroetchiny

Ir the electroetching process, the etchants
used on the f{lm of pailadium were based on those
recomended(5) for stripping rhoddum from nickel-
plated brass because of the similarities between
rhodium and palladium. The hydrochloric acid
etching bath, however, had to be rejected due
to the vigorous gassing. When large bubbles
bumped repeatedly agalnst the narrow bars of
resist between adjecent sections of the line to
be etched, the adherence of the resist to the
palladium weakened and the pattern broke down
before it wae etched. Although the sulfuric
acid bath also produced gas, the budbbles vere
generally smeller, and fewer in number and, hence,
less active against the surface of the slide.

Standard .procedures for stripping metallic
coatings from plated erticles call for the use of
a solution which wlil atteck the coating without
affecting the uinderlying metal. Por the present
app.iceticn, however, the underlying base was
girass B0 there wag little danger that it would
be attacked. However, this construction compli-
cated the work in other respects, as indicated
in the discuseion that follows.

S8ince gisss is a non-conductor of electricity,
it was necessary to depend entirely on the film



EDITH M. DAVIES

of palladium to conduct the current. Due to the
re.sista.uce of this film of metal, the distribution
of current over the lenglh of the electrode
pattern originally supplied wss not uniform

and etching occurred first at the points closest
to the electrode connection. When a highly
conductive silver paint was applied around the
slide to form a peripheral electrode, fairly
uniform etching was achieved. However, the
center longitudinal area farthest from this
peripheral electrode was usually still the last
to etch because it had the longest current path
from the electrode connection,

The proneness of the palladium to etch first
at points closest to the electrode connection
was aleo reflected in the tendency of the pattern
to etch first at all its edges. Therefore, if
etehing proceeded at a very rapid rate, and
severed the contact at the pattern's edge, the
palladium in the center of an area which should
have etched out completely was left without any
connection to the electrode; hence, it remained
on the slide. It was necessary, therefore, to
eteh slowly enough to obtain a uniform removal
of metal so that, by thc time the edges of The
gap were completely formed, the center of the
gup was slso completely free of metal. At the
same time, etching had to proceed rapldly encugh
to avoild undercutting and also breakdown of the
reslst which occurs with prolonged immersion in
an scid bath. It was necessary, too, Lo reduce
the current periodically in order to maintain
approximately the same current density as the
iline was etched and the remaining area to be
removed was decreased.

A shleld with an ad)ustable-size slol, piaced
between the slide and the steel elecirode,
would probably fa.:'itate removal cf given areas
nf --"ladium from the glass. Such a device
woal.. ghleld those areas where etching was to
bve retarded and leave open the area which was
to etch first. In this way, eiching might be
induced at the center of the area to be removed,
rather than at the edges a8 occurred ir tris
vwork.

This electroetching procedure was also fourd
applicable to the preparation of chromium
electrodes on glass. Such elecirodes, sui aS)ly
Lreated with & moisture-sensitive msterisll?
ere now undergoing tesis as numidity sensing
elements in radiosonder,

D. PFuture Needs in Pine-Line Fahricatlon

thougr. etched lines finer tharn those
described in this paper will prclbably not he
required, methods of meking fine lines by cther
processes are needed. For example, screened
lines finer, and having more accurate edge-
definition, than those row prodicible are de-
sired when working with amall printed ceramic
wafers guck a8 *thoge used in the work reported
by Doctor and Hett(8), oOne such wafer memsures
0.5 x 0.5 x 0.020 inch and bears screened
resistors, sireened conductors, minjaiure
capaciiors'?’, casgless trarsistors(lC), ana

caseless diodes{ll), a total of 14 components
exclusive of the conductors. Beceuse the
conductors and resistors occupy the major
portion of the tiny wafer, their reduction in
size now becomes critical.

If iv appears that such conponents are better
made by vacuum evaporation techniques{12) than
by screening techniques, then procedures for
making fine-lire patterns by vacuum deposition
would be needed.

CONCLUSIONS

In conclusion, it has been shown that lines
s narrow &8 2.5 mils with 2.5-mil-wide spacingse
ca be formed frow thin films of copper, elther
thin foil on laminates or chemlcally deposited
copper. However, on laminates bearing "l-oz"
copper, lines as narrow as 5 mils are more
practical than 2.5-mil-wide lines; with the
latter lines, the rejection ratl was too high
1o give predictable ylelds of good plates.
Cenductors 10 mils in width and having 4-mil-
wide spacing between lines have been formed
by electroetching such metals as palledium and
chromius,

In order to achieve sgtisfectory results with
any fine-line patterns, however, the following
points are emphasized:

1. The metal surface should be clean and
free of pinholes, scratches, and other defects.
Such defects, which are almost unnoticed when
normal-slzed patterns are being produced, can
rupture or otherwise mar the continuity of a
fine-line pattern.

2. In laying out & fine~line pattern, the
follcwing effect should be considered. When
vide spaces are etched away betveen conductors,
more undercutting of the conductors occurs than
vwhen the space 18 narrow, probably due to the
freer flow of etchant in the larger espace and
congequert more rapld replacement thereln of
exhausted etchant with fresh etchant.

2. The recist should be free of foreign
particles and air bubbles and the ciean metal
surfaces should be dipped in it and dried under
as dust-free conditions as possible.

4. The dry sernsltized panel and the negative
should be heid together in a vacuum frame during
exposure. The negative should be placed with
the emulsion side against the coated panel in
order to minimize the diffusion of light htetween
the negative and the sensitized surlface. As in
conditicn number 3 abcve, dust-free conditions
should prevaili.

S, The developer should be choscr to have
no dedrizental effects on the bond dbetween the
resist and the metal. The vapors of beliling
trichloroethylene, &and an exposure time of 45
to S0 seconds, are recommended for fire-line




EDITH M. DAVTES

work.

6. The developed plate should be heated
before being etched because heating appears to
set the pattern and make it more resictant tc
undercutting.

7. The etchant and etching procese should
be chosen to: (1) give uniform removal of
metal, (2) allow ready removal of the specimen
from the etchant and, (3) permit rapid washing
to stop the etching action.
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INTZRCOINECTION CF MICRCMINIATUZE ELECTRONIC SUBASSENELIES

lorman J. Doctor and Exma Lee Hebb
Diamond Ordnance Fuze Laboratories, Washington 25, D. C.

Methods for interconnecting extrerely small modules, such as printed wafers
having volumss of ca 0.0C5 cubic inch, are under investigation in these labora=
tories. The basic technique involves stacking trafers so that all leads protrude
fron one side of the assembly, encapsulating the assembly in resin, facing off
the side containing tie leads in order to expose the interconnection points as
cross sections of the wires, and then intercoanccting these points. Feasibility
of intercormecting these points either by cherdically deposited copper or by
printed silver wiring was demonstrated with modules larger than 0,005 cubde inch.
These techrdques will be extended to the smell printed-wafer modules as soon as

sufficient mumbers become avallable,

INTRCDUCTICN

Tre assembly of electronle equipment requires
the electrical connection of various camponent
parts according to a prescribed plan. In many
cireuits the actual physical size and location of
the individual parts is of little concern as long
as the electrical connectlons indicated in the
schematic are made. Tor this reason, asscably
techniques arc numerous and, in mosti equipment,
are dictated by stwictly economic considerations.
tlhen considerirz cquiprent intended for rdlitary
applicaticns, however, several other criteria
must also be considered. These eriteria include:
(1) low weight and small volume, (2) rugged assem-
bly to enable survival in high shock~and-vibration
environmenta, and (3) case of repair Ly personnel
having a minimum of special training.

idniatwd zation techndques go a long way toward
meeting both of the Drst two criteria, The facts
that miniature assemblies occupy less volume and
are lower in weicht than their fulle=size counter—
parts are self-evident. It is also wuell knowm
that tiny structures are rmch more resistant o
damage frem shock and vibration than large sirue-
turcs., this effeet is due 4o the fact that forces
peneratod by accclerations are mroportional to
nass, aud hence to the third power of length,
while stromgins are proportional to cross-scciions
and, nsence, to thie sccornd power of length, There-
fore, as a structwye is reduced in size, its nass
is dir‘unished ruch {aster than its cross-section,
and its structurc beccomes more resislant to canage
frorm forces dve to acceleration.

Tt is the third criterion wiich spurred the
devalopment cf the electronic ™wodule", that is an
individually fabricated subassembly that may be
replaced in tote when rcrzir Lecomes necessary.
Optirmm corplexdty for individual modyles ks oen
the subject of soveral recent napcrs L/ 2 ngd
it is net t:w Furposce of this pzper to dwell in
this arca. The generel cenclusions of nogt
uriters on tids subicet are ihcse:  {1) the morc
ic IO'.....].C‘, tie sraller the number of
inlemodide cornectiuns that nust e ninde, and
{2) the 1ess cor'rlc" the modwle, the more liicly:
tinat it 1l [ind repeated use in an egquipnenl and
e lowver the cost iien it must be discarded.

MNpure 1 sunmerizes SEEg recont rdmoterizaiion
rorit reporicd previously\s/, It an

of miniaturization of a binary divider module,
Flgure 1A shows a modwle vhich erploys & miniaturce
vacuun tube, The other component parts are
mounted in the base of the socket by conventiional
techndques and interconnection to the larger
assemuly is made by the octal plug upon tlich the
cntire circuit is constructed., This perticular
Linary divider occupics a volume of about 2 cubic
inches and requires about 2 watts of poucr.

Meare 13 shows a transistorized version of tie
sare binary divider circuit, Thids medule demen-
strates not only the power-saving advantage
offered by transistors over vacuum-tubes %‘”
mi11ivatts as opposcd to 2 watts) but also the wse
of the very popular cteied wiring techuique.
Interconnection of nodules of this sizc is zccore
rlished by ctched wiring conncctors inde whdeh the
individual subasserihliecs can be plugped. Iany
varietics of modularization at tais size-level
have appeared in dvi Literature. Among them are
the "plust=rodle'”/, so called because of the
+=ghapcd thme-c.rcns:.onﬁ design, und the soad-
tiich or cord=wood nodule ) In most cascs, iie
printed or otched idring t‘lat fits into tic con-
ncctor is plated with a hard, correosion-resistant
metal. In other cases, an awdliary sct of termd-
nals is attached to the wiring board and thesc
terminals plug into the connector.

0 |NcuEs

Mrure 1, - Mindaturization of a btinar
Avider module from vacuunm-tube version A o
normral transistorized version 3, to "hearinge
add"-sized=commronent version O to cascless-
comroncnt versicn D.
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fgure 2 shows again the transistorized etched-
board module (top left), an etched wiring con-
nector (bottom left), and a 10-stage binary
counter (right) made fram ten of these modules,
ten- etched wiring comnectors, and hock=-up vire.
The counter packaged by these techrdques occupies
about 22 cubde inches and requires about 100
milliwatts of power.

Pigure 1C shows the natural contimuation of
the etched=riring=board technique using very
tiny "hearing-ald"~sized component parts. The
step from 3 to C i3 not entirely the result of
the component manufactureris ability to shrink
the sizc of his corponents. It required the
developrent of new, low-voltapge, l(gyg-ggwcr
circuitry by the systems engincer A « Since
simple shrinkage in corponent size usually re=-
sults in decreased power rating (or voltage
rating) this circult development became a must.
Interconnection at this level can be accomplished
neatly with a sccondary etched wirdng board.

Figure 3 shows agnin the hearing-ald-sized
rodule (foreground), an etched interconnection
board (top loft), and the final ten-stage counter
(right). This counter cccupies abmt 1.4 cubic
inches and roquires about 20 milliwatts of power.
ilhen this degree of miniaturization is reachod,
the quostion arises as to what should be con~
sidered a module, This 10-stage binary counter
occuples less volure than the l=stage binary
divider based on g miniature vacuum tube. If it
were desired tc malie ths 10-ciage 2ounter a
module in itself, the crntire subassembly right be
encapsulatod as is. On the other hand, if ro-
pairability at the le-stage level were desired,
the individual stapes could be separatsly cn=
capsulated bYefore inserting therz ﬂgg “he inter—
connoction board, Cormercially(7s s the usc of
header nountings for modules at this level of
riniaturization is popular although they detract

l|]l|l|l||
£

Fpgure 2. = Ten=Stage binary counter (rigit
nade from nermal transistorized ciched=iiring=-
board modules (top left} ard ctched triring con=
nectors (bottom left),

Figure 3. - Ton-stage binary counter (right)
nade from etched interconnection board (left)
and "hearing-aid"-sized transistorized modulcs
(foreground).

from the high component densities, i.e. number of
corponent parts per unit volume, which can be
obtained.

Figufg 1D showrs the so-called*DOFL~20" bvinary
divider(3) s 2D tecause of its near 2wdimensional
configuration. 7Thils wafer circuit, when unen-
capsulated, occupics a volure of appredmately
C.005 cublc inch and yet is electronically
equivalent to the preceding modules. Its tre-
mendous volumo efficiency is due to elirmination
of cases for individual parts, ?gsl o use of
ny printed-cireuit techniques A If such
modules wore mounied in headers, they could un-
doubtedly be interconnccted using the secondary
etchodwriring=board technique already deserdibed,
lounting of cach binary divider in & header, how-
ever, would greatly reduce lic volume efficiency
at this level of rucrominiaturization. On the
other hand, the mounting of several intercon-
nected stages ithin a single header would not
only provide encaserent for the uncased corporent
parts but also allow high cemponent densilies.

Figure }j shows a D0FL=~2D tinary divider module
and the stack of ten of thesc modules required to
produce a counter equivalent o those showm in
Figures 2 and 3. The volure of this counter is
ordy ca., 0.2 cubdc inck, It requires 20 rilli-
uatts of powmr, lote the £ift: orotruding lead
wiresz which must be interconmected. If con-
nectors comprising etched wiring boards are ruled
out because their interconnectirg wires would be
spaced no rore than 10 mils apart, two other
possiblc techniques exlst. The first would re-
quire welding the tiny wires, using procedures
developed in the suiminiature vacuum tube field.
e only demand which would be nade on the DOFL-
2D wafer is that the material choscn for the lead
wires be weldable, It 2 8§ interest Lo note taat
at least one orga.:ﬂ.zatioil is prescnily fabri-
cating self-supporting nodulcs at the hearing-aid
level of mindaturizaticn using welding techniques.
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Fgure L. - Ton-gtage binary counter (right)
rade from printed wafer modules (left); not
interconnected.

The second technique is ome now under invesii-
gation at these laboratories because it appearod
to be especially suited to thc 2-<D level of rdcre-
minfaturizetion. It involves: (1) stacking
wafer stages in the configuration shown in Flgure
5, using spacer materials wherc necessary, so
that all lead wires protrude from one side of the
agsembly, (2) oncapsulating the asserbly in resin,
(3) facing off tho side containing the wires on a
lathe or milling machine so that the intercon-
nection points appear as cross-sections of the
lead wires, and (I) intercomnccting these points.
Descriptions of the several methods of intercon-
nection considered thus far in these laboratories
form the principal subjeet of this paper.

DEPCSITED-FETAL ITTERCCITECTIONS

ne procedure for nalding interconnections
betireen these cross sections of wirc inwvolves
first depositing a metal ovoer the eatiro faceds
off surface. ,To date, copper deposited by ciuerti-
cal reduction () nas beern crploynd £or this sz--
poge, Using photolithogmaphic techniques a2 s a
resist would then be laid dowm on the copper sur-~
face, oxposed through a mask of the desired
interconnection pattern, developed, and washed,
1The extrancous coppefr could taen Le etched airay.
#inally, the deposited interconnection wires
would be protected by a layer of plastic. This
tecinique should yield a completely intercor=~
nected stack of wafers. Flgure 6 shows such a
stack; the bottom plate is not a module but
serves only %o hold the lead=out wires.

In a variation of the above-described pro-
cedure, intercoennection paths have been milled
in the faced-off side of the encapsulated stack,

Figure 5. = Stack of wafer modules encapsu=
lated in resin and faced off to expose cross

gections of lead irires,

;
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Figure 6. = Stack of wafer mcdules encapsu-
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lated in resin and facced off to expose cross
geotions of lcad wires vhich are then intercon=~
nected by deposited copper films.

netal deposited over tie entirc side, and tie
metal not in the rooves then remcved eitiier with
an abrasive or by a sccond facing-operation,
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Before employing either of these procedures
to bulld a counter, the feasibility of deposited-
copper interconnoctions was demonstrated by test
specimens such as that showm in Figure 7. The
spacimens were prepared in the following fashion.
Pairs of duplicate wires of several types were
placed in rows in a polyethylens mold of dimen-
sions 1,5 x 1.0 x 0.3 inches, The wires were
allowad to extend through the botton and above
the top of the mold. The mold was then filled
with a liquid epoxy resin to which had been added
7.5 parts of diethylaminopropylamine per mndred
parts of resin., The resin was allowed to gel at
roon temperature, was then cured overnight at
65°C, and finally cured for 2 hours at 100°C.
The plastlc block containing the embedded wires
was then cut in half in a direction perpendicular
to the wires in order to form two specimens, The
cut surfaces were then roughened wilh sand paper,
cleaned with detergont, and masked with tape so
as to leave an wmasked path between each set of
duplicate wires. The speclmen was then rinsed in
isopropyl alcohol and copper was chemlcally de-
posited on the wuraa]&% areas by the following
cormercial procedure(Ll), Tha specimen was
immersed in a sensitizing solution for two
minutes, rinsed in cold tap water, immorsed in
another sensitizing solution for two rinutes, and
rinsed again, The piecos wore next placed in a
reducing solution containing copper ions and held
there for six to twenty minutes at room termpor-
ature. %he spocimens were then rinsed and the
tape was stripped away 1 leave deposited copper
bands like those showm in Figure 7. A thin layer
of epoxy resin was poured over the copper and
cured to protect the film from abrasion.

Flectrical continuity between wires of cach
set was checked using an ohmmeter, The typus of
wires tested are listed in Table I and all mnade
adoquate connection, The test specimens were
next tempurature cycled five times from =55°C to
+035°C and retestcd. No commections failed,

Figure 7. = Test specimen for cvaluation of
deposited copper interconnections.

Table I, = Types of wires that have been
successiully connected by deposited

cepper films.
Type of wire Band S Nunmber of pairs of
Gage Yo. duplicate wires
tested
Columbtdum 20 ]
Copper, bare 20 13
Copper, tinned 22 13
Gold 28 8
Mchrome 30 13
Silver 21 8
Tantalun 20 13

Next, it was docided to interconnect an oper-
ating circuit by deposited-copper techniques.
Due to the lack of a sufficlent number of wafor
modwles (these modules are still in themselves
research modols) it was decided to subsﬁgt}te
Yhearing~ald'~sized modules. Five NOR
cireuits were chosen for intercomnection because
together they would constitute a half adder.
Also, this NOR circult was being extensively
evaluated by (ﬁsircuit regoarch greup of these
laboratories .

Mgure 8 shows the half-adder. Interconnsction
was accomplished on two opposite surfaces so that
two methods erploying deposited copper filmg could
be evaluatede The view on the left~hand side of
Figure 8 shows intcrconnactions composed of copper

re

Pgure 8. - Half-adder made from five :ICR
rocules interconnected by depoaited copper
wiring: front of urmit (lef%) empl copper=
f£111ed groovess back of unit (rlrhgs erploys
copper bands applied tarough a mask.




NORMAN J. DOCTOR AND EMMA LEE HEEB

deposited in milled grooves 10 mils wide by 5 mils
deep. The copper was chendcally dsposited over
the entire side, using the procedure described
previously, and the copper not in the grooves was
sanded off by hand, The view on the right-hand
side of Flgure 8 shows deposited=-copper intercon~
nections made by the masking~-tape procedure.
Electrical tests of this half-adder showed oper-
ation corparable to that of hand=wired units,

SCREENED~-SILVER INTERCCINECTIONS

Other procedures for zalking interconnections
between the eross sections of the wires will
readily occur to those familiar with the tech-
niques of printed circuitry. An obvious one, and
one wihich has besen employed in these laboratories,
is the application of a silver patterm by Ugilk'-
acreening. The applicability of this method was
demonstrated on a free=running multivibrator. All
the component parts were sncapsulated with treir
leads protruding from a single side of the hleck,
The block was faced=~off and the component parts
were interconnected with screened silver paint
applied across exposed crosg=-sections of load
wires hy well=imotm scrconing bechniquas( ‘[he
multivibrator operated in all respects as woll as
a solder-asgombled unit.

DISCUSSION

The first method proposed in this paper for
accomplishing deposited copper interconnections
involves the use of a photolithographie procedure.
In quantity producticn, a photolithographic pro-
cedure ghould prove inexpensive and yield ex-
tremoly fine Jincs, However, this procodure has
not yet been adapted to the application at hand
for the following reasons. First, th? 5ch.r-d.que
jtself has beon proven to be feasible and the
details of its application to the present nroblen
were of secondary interest compared to the
achieverent of reliable electrical contact between
lead wires and deposited copper, Secondly, thwe
deteils of making and aldgning pattern negatives
for masking tho interconnection pattorns botween
the cross=scctions of the wirea in the encapsu~
lated asscmbly have to be worked out but are
necded only after feasibility has been demon~
strated.

Feasibility of deposited and screened metal
interconnections has been domonstrated, This
technique promises mdndimum-volume interconnection
for mininur-volumc vafer subassemblies, and places
phenonenal corponent donsitics within reach.

Finer interconnections can probably be produced
via the deposited-metal methods than with
screened-silver methods because ink forced through
a stencil vill {louv to some extent beforc it
hardens, and produce lines wider than those of the
steneil, Ten—nil-ride lines with four-mil-wide
spacings have been produced with resist-r&g]sed and
electroetched vacumn—deposited-palladi
Cfiiiar definition has been achieved with resist-
magked .and chemically-eiched cherdcally-deposited=

copper(lél, Ten-mil=ride screened lines would be
considered excellent at the present state of the
screening art.

It should be noted that fine~line intercon-
nections have a finits resistance that must be
taken into account in circuit design. For lines
1ike those shown in Figure 8, this resistance is
of the order of one okm wh:lch, for the circuits
deseribed in this work, is negligible. The
thickness of dem ted copper is estimated between
0.3 and 0,6 mil

Ajure work must includes (1) development of
methods for aligming photographic negatives on
encapsulated assemblies, (2) an evaluation of
long-term storage effects on deposited and
screened inierconnection wires, and (3) the con-
struction of interconnscted stacks of wafer~type
(FL-2D modules,
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DESIGN OF A TWO~-TRANSISTOR BINARY COUNTER

Philip Emile, Jr.
Diamond Ordnance Fuze Lsboratories, Washington 25, D. C,

Abstract

The binary counter discussed i3 an Ecclea-Jordan type two transistor flip-
flop with a two-diode steering network. The design of such a circuit is con-
sidered as a three-level problem. The first level is the design of a circuit
for laboratory breadboard operation. The criteria used for circuit synthesis
are (1) output signal required, (2) input signal available and (3) required
speed of operation.

The second level of design is that of a circuit for use in & piece of field
equipment where marginal checking and unit replacement are possible. The addi-
tional design criteria used are (4) total power consumption, (5) circuit toler-
ances, (6) environmental temperature problems, (7) total number of components
and (B) cost per unit. The third level of design 1s that of a circuit to go
into a plece of field equirment where unit replacement is not possible, due to
potting, inacesaibility or small size (microminiaturization). The main problem
in the third-level design is to develop a rigid scceptance or rejection test
to predict the future performance of a ecircuit before potting. Three methods
which have been used at DOFL in the testing of 2D-wuafer binary counter modules
are discuased.

In conclusion, it is pointed out that the three-level design regquires thorough

circult analysis to devise acceptance tests and tralned persomnnel or special equip-

ment to implement the tests. However, the net result will be more reliable elec-
tronic systems for both military and commercial applications.

Introduction

In the past, the design of a binary counter
has been approached as a probiem of selecting
the components for proper operation of a cir-
cuit in the laboratory. The difficultles in-
volved in designing a circuit to operate
reliably under field conditions have been left
to the individual engincers in most cases. In
this paper three distinct levels of circult
deslgn will be discussed. The flrst level of
design is that of a circuit %o operate in the
laboratory. The second level of design is that
of u circuit to operate in a field system where
marginal checking and unit replacement ure pos-
sible. The third level of de;ign is that of a
circult to operate in a field system where
unit replacement is not poszible because of
iraccessibility or small size (microminia-
turizatiorn). The design difficulty increases
going from the first through the third levels
cf' design.

The operation of a binary counter will be
described. Next, a procedure for determining
the circult component: will be derived from
a few baslic criteria. This is the first level
of de.ign. The addliticrnal criteria for a
seccrd level design will be discussed. Finally,
some procedures which have been tried in e
third level deslgn will be discussed.

Operation of Birnary Counter

The binary counter 1s s two-state device
which can be triggered alternately frous one
atate to the otker by successive pulses on o
single input line. The binery counler conusists
cf two parts, n filp-flop circui< which acts

®

as a merory, cnd u steering circuit which
direct. the input pulses to the proper side

of the flip-flop. The action Just described
results in a division by two or counting, i.e.
if a square wave of one fresguency, f, 13 ap-
plied to the input, a square wave of 1/2 £ is
obt :laed at the output. The frequency, f, may
be any frequency beiow the maximum counting
rate of the bilnary cvounter. The binary counter
dtscussed 1n this paper 1s an Eccles-dJordan
type two-transistor flip-flop with a two-dlode
steering ueiwork.

A saturated two-transistor Llip-flop eguirped
with set and reset networks is shown in
Figure 1. The transistors ir this circuit are
either saturated (presenting an impedance of
less than 10 ohms from collecior to emitter), or
are cut off (presenting an impedance greater
than 100 kilohms from collector to emitter).
With the values of collector resistors gen-
erelly employed, the voltage drop across the
transistor In the saturated condition is of the
order of 0.1 volt. The collector current flow-
ing when the transistor is cut off 1s between
Icgp axd BIcpo (Ico < Ig < BIcgg). The cut-
off collectq_r current is limitec to Ippg if the
base of the off transister is positive with
respect to the emitter; it is close to BICBO if
the base of the transistor i; left floating.

The flip-flop circuit is arranged so that if
ciae transistor, say Ty, is cut off, the negative
voltage at Iits collector turrs the opposite
transistor, Tp, on. This will be arbitrarily
;:n.llsd the “one" state. The other stable state,
zerc, occurs when transiator T is off and T,
i5 ocn. The circult can te triggered from the

"ore" state to the "zero" state by a positi-e
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pulse applied to the "reset" input, cutting off
transistor T, Similarly, the circuit may be
triggered from the "zero" state to the "one"
state by the application of a positive pulse to
the "set" input.

If the "set" and "reset" inputs of the cir-
cult in Figure 1 are tied together, the circuit
will operate as a binary counter. In this case
the positive input pulse goes to both transistor
bases, but cen ouly cut "off" the conducting
translistor. This circuit is sensitive to the
relation of the size of the cross-coupling
capacitors, Cp, and the shape and duration of
the trigger pulse., Wider variations in this
pulse mey be tolerated, and the cross-coupling
capacitors may be omitted, if the fnput pulse is
steered to the proper transistor. The input
circuit may be converted to a steering circuit
by connecting the diods biasing resistors Ry
and Ry, to the colleetors of T; and T,
respectively.

The binary counter shown in Figure 2 has such
a steering circuit input. In additioun, the
resistors Ry have been returned to a positive
voltage source, Vg, to insure cut-off of the
resistors. The steering circuit operates as
follows: Assume transistor Ty 1is cut off and
Tp i conducting. Point B is at ground. Diode
D, 1c biased slightly in the forward direction
tErough resistor Ry, since point F is slightly
negnt:ve with respect to point D. Diode D, isa
biased V3 volts in the back direction throligh
resistor Ry, since the collector voltage of
Ty 1s V¢ lta. A positive pulse applied to
tne input proceeds through capucitor CRr and
dioGe Dy to turn transistor T, off and cause
the flip-flop to chanyge state. The positive
pul ;e deos not go through dlode D, since that
diode rem_ina blased in the back &irection as
long as the input pulse 1s less than Vg Vvelts.
¥hen the flip-flop chaiges state, capacitor CR
(polut D) cherges toward -Vo through Reos Rpoy
and the resistance of the signal source, 'Iifs
voltage biasses diode D, in the back direction.
After the filp-flop transitlon, point C Lcgins
to fall toward ground potential. If the input
to ine dinary counter was a narrow pulse from a
lov fmpedance source, the counter is ready to
recelve another puwise as soon as the diodes are
blased properly by the transitions just men-
tioned. A narrow puise means a pulse that is
of shorter duratior than the sum of the transi-
tion time cf the flip-flop and the reblasing
tire of the gates.

In muny spplicctions the input to the binary
counter 1s & square vave from a previous stage
ac shown in Figure 2. In this case the *ime
censtanta RTC and RTCR also pley a purt in
determining the rezovery time of the courter.
The waveforms duwring uperation (Fig. 3) help
make thic clear. when transistor T, is "off,"
the voltage at the input to the binary stage i3
-V;. The voitnge nt diode D, (point C) 1s alsa
-Vg 1f transistor T, i "off." When transis+or

T’I‘ turns "on" at time )(o the input is effectively
returned to ground. Capacitor CS instantaneously
draws current through RKl and RC . Paint C
rises sharpiy toward ground and %hen begins to
charge back to -Vo through R 12 RK,} and CS.
Shortly thereafter, due to t.ge positive pulse
coupled through capacitor and diode D, to

the base of transistor RE’ <he flip-flop changes
state. Now transistor T, is "on" and point C
agaln moves towvard gro « This transient at
point C does not show on the waveform at C since
the input pulse is long compered to the transi-
tion time of the flip-flop. Point C instead
appears to hold at ground potential until time
Xp- The level drifts at the collectors and the
bases of T; and T,, as well as the reccvery
transient (Bgp * ﬁc ) C, of diode D, at point D
are readily a| paren%. Eheu transistor Ty turns
"off" again at time X), point C 1s driven to

-Vo and point D is driven to -2V, Foint C
recovers tc ground with a time constant

(Rg; + Rep) Cy while point D recovers to -Vp with
a time constant (Rx'e +Rp + RCQ)CR' When poind D

is driven o -2V; 2 negative puise appears -
B, the collector of the off"transistor T,. The
subscriptc are reversed and the letters A -nd
B, C and Dyaund B and F are interchanged for
the next cycle of operstion, X2 - Xy

First Level Design of Binary Counter

In the first level of desigr of a binary
counter, one needs to consider only the fol-
lowing basir points:

1. Output signal power re-uired.
2. Input signal powver availuble.
3. Speed at which the stage must count.

The moximum speed at which a bhinary counter
will operate depends on the ailpha cutoff fre-
cuency of the transistors used, in addition to
other factors to be discussed. In the type of
circult herein mentioned a gocd "rule of thumb"
ig that the maximum speed that a counter will
rm relisbly is a factor of 1/10 the alpha cut-
off frequency of the transistor. To realize
this speed, cross-coupling capacltors must be
used. For instance, in the case of the suriuce
harrier transistor, the maxlwum speed of opera-
tion 1s asbout 300 kc without capacitors and
“bout 2 me with cruss-coupling capacitors of the
proper value.

By employing emitter-follower coupling and
Yaater gating this factor can be increzsed to
obout 1/5. If complementsry symmetry circuits
and high speed gates are used, this,factor con
be increased to about 1/3 or 1/2.5.*’€ If cre
chcoses the naximum frequency of operation ¢t
the biuury counter to be 1/10 alpha cutoff, the
cinimum slphe cutoff of the transistor to be
used 1s specified. To decide exactly what
transistor to use one may elso wisn to consider
size, B and material (zermaniur or silicon).
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Another good "rule of thumb" is that the out-
put voltage obtained from a circuit of this type
is from 0.7 Vgo to 0.8 Voo, where Vg is the
coliector supply voltage. Therefore when the
desired output voltage 1s specified the supply
voltage can also be immediately specified.

It may be shown that the relationship
(1) Ry » g R,

glves a safety factor (S = &) to allow for
decrease in P and still insure saturated opera-
tion for a grounded emitier switch as used in
the basic flip-flop.2 In the basic fiip-flop
the size of the collector resistor, Rpy 19
1limited by several factors. Theminimux Rg is
limited by the maximum current rating of the
transistor and/or the allowable power digsi-
pation by the flip-flop. The maximum Re is
limited by the load RL which must be driven from
the collector.
(2) & = ReRexr

%5 * Reer

where Ry is a base blasing resistor and R
is the External load resisteance. AssuminExT
that the maximum F% i3 desired, one can com-
pute RC in the following marner.

Tne voltuge, V,,
transistor will Be
R, ¥R

at the collector of the "off"
(3) Vo= Veg

neglecting Ian. Substituting Vo = 0.7 V.:c
the following equation 1s obtained.

&
R+ Be

Cumpleting the solution for -Rc
equation (5) 13 cbtained

{0 =
(4) 0.TVeo= Ve

in terms of RL

R,#0.3R =1 or
v o b 2.5RL
(5)R, 313RL

Sub :tituting for R, from equation (2) irto
equaticn (5) the f£ollowing is obtalrcd:

. Pafmxr

R
Susi!tuting for Ry, Ry = g Ry the fellowing 1o

(6) R,

e

5

cbtained:
/S R K
Re= s 28 A
}ﬁ7SRC+Rm

(g/s Ry + Pm,r) R = Bls R Reer

or

(7 K, = (B/3 - 3) Rpyn
3878

(8) R.= B =38 Ron
¢ Y

The vaiue of R. is thus specified in terms of
the B cf the transistor to be used, the sefety
factor S and the external load to be driven.

If the losd 1s capacitive it is well to specify
RC such that

RC. < L
O) Rl i

where CL is the loading capacitance and f 1s
the maximum 1rcguency at which the circuit is
to operate. This will insure reasonably square
output waveforms.

Sample c:leulutions of R, from es. (7) for
two transistor types follow:

For 2N128 B = 20, 5 = &
R.=5%-3R ~ _J; R
c *-"—'15 EXT 7 EXT

For 2N77 B =50, S =14

R =1R

In

The results indicate that Jf all other factors
are equal, the use of the tran.'~tor with the
higher B will result in a larger R (ard there-
fore lower power dissipation for the counter).

EXT

o= 12 - BRD(T

Uning equation (8), an expression for RB in
terms of the external load, the B of the
transistor and the safety factor can be
obtained.

(10) Ry = Ry, (3728 - 1)

Ir the derivation of eguatlons (7) and (10) it
was assumed that VC > > V__, the ouse tc emitter
volt:ge of the saturated ggansist.or, and
RB > > Ry where RI i the input impedance of
the saturated transister,

the

The resister Rg 1: chusen Lo 1limit the effect
of Ipg in the Tof " trans!stor. t should te
5 or mere times larger than Ry (Rg = 9 ) to
prevent loading cf tke "on” tFans¥stcr.” Often
Rg Is returned lo o positive volituge +Vg
ratker than to ground. 1Ir this event +Vyg 13

ckesen such thas
+ V., >3
B < ‘CBC
R
)
at the highest expected texperaiure.
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For shortest recovery time of the binary,
RK should be amall. However, a lower limit for
Ry of about 5By (RK > SRC) ia necessary to
1imit feed-through and 1deding. A value often
used is Rl( = 10 Rc.

The cross-coupling capacitors Cc should be
large enough to transfer enough charge to switch
the transistor from "off" to "on." They should
not be so large as to transfer apprecisble
Sha'zl'ge to the collector, of say, Tl, when T, is

on” and the reset¢ dicde, Dy, is pulsed. Tgeory
predicts that for the highest speed of operation

VcCe should be greater than G,, the charge stored

in the base region of the "on" transistor, ex-
cluding charge due to saturation.

It muy be shown that the charge required to
turn "off" a transistor is approximately
- - 1g . *
(ll)OT—QA+QS—QCT__+K_§§_;)IC
Qo
I I, > > I* = _‘f& s
through use of Ebers' and Moll's one-dimen-
sional transistor theory. The charge Qg is
the additional charge stored in the base reglorn
due to saturation. The factor "K" depends on
the forward and reverse alphas and alpha cut-
off frequencies. For the 2NT7 type transis-
tors this factor is about 2.0 x 10-0 geconds.
The factor "S" 1s the aafety factor previously
mentioned. For 8 = 1 the transistor is at the
edge of saturation and no charge is stored duz
to saturation. Experimental measurements have
determined that the theoretical values glven
by equation (11) agree with the actual Lurn-
off charge within 20% for &he transistor types
2N20T, 2N217, GTr763, oN128.

One may choose

, AL* 1.
(12) C o= 1.sg, = 1B . 1M
2n faco e facoR c

:nd get equation (13) by the following substi-
tutions:

0.7, = e
.
(23) g = _1
xf R
aco C

In practice the valuc of C; used is ususily 2
to 5 times larger than the value of CC calcu-
isted from equatior (1%). This allows for
external capacitive icading of the collecter.
If highest speec of operation is not of impor-
tarnce the cross-coupling caracitors are un-
necessarcy with the type cf steering described
in this paper. In the event that the cross-

coupling capsritors are omitted ihe transition
time of the flip-flop is approximately equal to
the time for the "off" transistor to turn on
with current drive through Rgdonly. This
switching time mgy be computéd directly from
Ebers' and Mell's equations or from some nomo-
graph such as "Svitching Time Nemographs" by
T. A. Prugh, Electronics, 31, No. 17, p. T2,
April 25, 1958. It is difficult to calculute
the transition time if the cross-coupling
capacitors are included. However, experimental
results show that the transition time for a
circuit with cross-coupling capacitors can be
less than 1/3 the transition time for the same
circuit without cross coupling capacitorse.

The input capacitors C_, and C_ shouid be as
small as poesible to allo§ shortest recover)y
time of the binary counter. However, for good
operation of the binary counter described here-
in, the input pulse must completely switch the
"on" transistor to "off." This requires that

1% = %R 2%

wnere V. is the miulmum input voltage tc the
binary gount.er and is the charge required to
turn "off" the "nn" tramsistor. In cases vhere
the turn-off charge and minimum input signal
«re known the values of Cg and CR may be com-
puted directly. If Q 1s not known thea

- ]
CS = CR ..>. ._A

Vi

will give usable values of Cg and Cp. In eir-
cults which use cross~coupling capacitors 1% is
well to specify C, = CR = 5cc. Much laorger
values of Cg and are sometimes used but one
must insure that the time constants R, C. and

C. are small compared to the time BEtGeen
inpu% pulses.

For room temperature operatlon and at col-

lector current levels hi compared to Blcpy’
e.g. T.% > 1 ma. for 2NT{ type transistors,

practically any #1odes will suffice, e.g.

1N99, 1N3k, 1NS6. For operation at high
temperature or at eollector curwvent I.* compar-
sble to Blegy the back :mpedance of the diodes
must be hig {greater than 10 megohms). Other-
wise voltage leakage to the transistor bases
from points C and D wiil offset the effect of
the positive bias woltage and cause the circult
to fall.

Sumnary of Basic Design

Given the basic criteria of
1. OQutput Signal Power Regzulred, V.,
Rexr L l
2. Input 3igral Avallable, VI
3. M=ximur Counting Speed




fj[ to design a two-transistor bimary counter as
':g . showm in Figure 2 one proceeds as follows:
- 1. Select a transistor with f >10f.
£ aco -

2. i

: Choose VCC > 1.4 VC

3. Compute Rc from
R $B- 28 Ry
38
choosing 8 = 4 and/or insure that
“ 1

R.C
CL-r

#. Compute RB from

= (B~ 1) R

5. Choose R'K = 10 RC

6. Choose RS =5 RB

T. Choose V.., > I._.R, for worst I
expect edBR CBG 8 CBU

o=

Compute Cc from

n 9. Compute Cs = CR from

i &g

= C_ = 3C, 1f ecross-coupling capac-
! itors

are used. Compute Cs = CR
6 ir

"faco RC

cross-coupling capacitors are not used.
Insure that

Be1Cs = Rxolr 117{

‘=%z

10. Choose high buck impedance germanium
diodes or sillcon diodes for higher

vemperature or low curreat ([5]:(:,}30 ~ I¥)
operation. Choose any germanium diodg

for high current. (BI

< I*) and
rcom temperature cperag?gn. ¢

Additions for Second Level Design

The seccond level of design 13 that of a cir-
cuit to work irn a fleld system, such as a cor-
puter in which marginal checking nd unit
repl ,cement are allowed. At the second level

of desizn nther faclors enter, such as:

4. Totsl power consumption
. Circuit tolerarces (mergir)

" €. Terperazture considerations

(envircnmental)
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7. Total number of components
8. Cost per ualt

Often 1in large systems, although impedance
levels may be fixed, the supply voltages and
current levels may be flexible. In such cases
a generalized common-emitter NOR circuit may
be considered. This circuit may then bg
designed ior minimm pover dissipation.’ Two
NOR circuits connected properly form a tinary
counter, if steering circuits are also
supplied.

The circuit tolerances of a binary counter
must be known 1f the circuit is to be used in
8 large system. This covers items such as:
"will the circuit fail to operate if the input
voltage decreases 20%; if the supply voltage
drops 10%; if the collector resistors are dif-
fcrent by 30$7." One arrives at the concept
of margins snd marginal checking to evaluate
circuits. The curves in Figure 4 show one con-
cept of inargins. The plots are allowed per-
centage decreases of input voltage before
failure occurs vs. counting frecuency. The
curve lsbelled “A" ic for z type of dircot- :
coupled binary counter. The curve labelled
"B" 1g for an optimized emitter-follcwer-
coupled binary counter. Either of the circuits
will operate 1if the input voltiage is above the
lines shown,

Consider the case of operation at 10MC.
This i3 practically the upper frequency limit
of circuit A. A 1% decrease in the inpui sig-
nsl from the nominal 100% input level would
cause this circuit to fail. Circuit B, on the
other hand, will operate if the signal de-
creases 15% from its nominal input value at
10MC. However, ut 1MC the situation has
crnnged. At this point the circuit A will
opersite if the inpul voltage is decreased 50%
from the nominal value wnile circuit B must
recelve a signal within 30% of its nominal
velue tc operate properly. For 1OMC operation
it is clear which circuit would be used for
reliable operation. For 1MC cperation there is
a choice. ’

In marginal checking, tke problem is %c find
a so-cailed "handle" Yo vary which will cause
circuits which are near fallure, or "marginal,"
tc fail. In the case of the binary counter a
good "handle" in many cases proves to be the
positive voltage supply, +V. B If s circuit is
near fallure because of h! Iy due to temper-
ature cr age, lowering the pcs!t?ve vcltege will
cause the cireuit to fali. If the circuit is
near failure due to a decrease in 8, ine
creasing the positive voltage above thic design
vaiue will vause the circult to fail. Upper
and lover limits before falliure may be set ir
hoth cases.

The design value of *he positive voltage, in
rarticular, must te determined by the highest
expected temperature of cperatior and the ex-
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pected I ut that temperature. However, if
low temperature operation is also anticipated
the satety factor (8) must be chosen high
enough that the decrease in B vith lower
temperature will not cause circuit fallure.
8llicon transistors must almost certainly be
used if high temperavure operation is desired,
e.g. 150° C.

The number of compcnent parts used in a
binary counter circuit is a compromise between
a conservative design using 8-10 traraistors
per stage with each transistor performing a
simple separate functlon (e.g. logical binary
counter) and a design using only 2 transistors.
Reliability may be higher for the more conser-
vative design, but, on the other hand, it may
not be since long-term reliability varies in-
versely with the number of actlve components.
Local experience has shown that the binary
counter design {without the cross-coupling
capacitors) performs very well for low fre-
quercy operation (less than 10ke) with the
2N207 audio transistor. With cross-coupling
rcapuritors and ucing curface barrler trans-
istors the circult performs with greater than
10% margins up to 2 MC. If emitter-followers
are added and higher speed steering gates
used, the circuit willl operate up to 20 MC.
This l:st 13 a moximum fre-;uency and 10 MC or
16 MC is thought to be a more practical 1imit,
i.e., 10% or greater margins on lnput voltage
and other design values. The binary counter
presented herein represents a good comprorise
among the varlous factors mentioned. Thlce
are circuits which operate faster and there
are circuits wvhich thcoretically would be more
reliable for random counting in that RC time
constants would not be ysed, e.g. the
logical binary counter.®s

The average cost of assembly of several
breadboard systems at DOFL has been $10 per
transistor and assoclated components. Con-
sidering the cost of the transistors, diodes,
resistors, and capacitors, the type of binary
counter described herein has ccst about #$30
per stage In a breadbeard version. If the
cost per transistcr remuined unchanged the
logical binary counter wculd cost approxi-
mately $10C per stage in a breadboard version.
Micromiriaturized binary counter modules now
under investigation mey eventiually cost in
the range of $-$3.

Third Level Design

The: third level cof design is that of a
circuit to be used In a system where unit
repiacerert i3 impossible. This situation
occurs in microminiaturizatinn.

The design requirerents for a circuit to go
in a sealed system are more rigorous than for
a circuls which can be repiaced if defective.

After the circult has been designed and thor-
oughly tested in a breadboard model, 1t is
necessary to specify a rigorous acceptance or
rejection test for the fleld models. Analysis
of the circult must be so complete that off-
valuc, weak, or defective components can be
identified merely by observing a single output
vaveform. This should be possible even if

the circuit 1s not malfunctioning at the time
£ the observation. The circuit moy then be
rejected before potting or final sealing, or
at least restricted to uses in which its
weaknesses will not endanger future opera-
tion of the system. For instance, if it

vere discovered that the I 0 of the trans-
istors was higher than thecgesign value, the
circuit might still be used in low temperature
aprlications if all its other characterlistics
were acceptable.

If the circuit uses standard size components
the waveforms at several points may be moni-
tored. In the case of the binary counter de-
seribed in this paper the waveforms at peints
C and D (Figs. 2 and 3) glve much informaticn
about the circuit. For instance, the decay
times of the step waveforms indicate the time
constants RKC and R€C . These time constants
compsred to tge input Yreguency show how close
the circuit is to its mwximum frejuency of
operation. The voltzge levels at points C and
D indicate the collector voltage of the off
transistor and ihereby indiczte the T, . The
neight of the positive spike can be uE‘éX as a
measure of the charge required to turn off lie
"on" transistor if the input sign4al and diode
characteristics are known. This helght in-
directly measures the alpha cutoff frequency
of the transistors in the binary counter. The
points C and D in a birary counter would then
be good points to monitor for an acceptance
test. )

In the microminiaturized DOFL-ZD binary
ccunter wafers now being séudied only one out-
put terminal is available. Tkis polint is the
output of ore collector which would normally
drive the following stsge. The resistors in
this wafer are carbon deposited strips, the
capacitors are silver fired areas, the diodes
are germanium dots and the transistors are tits
of germenium mounted in holes in the 1/2 inch
by 1/2 ineh by 3/50 inch ceramic plate (heace
tke name 2D). Checking the 1laternal connections
with a probe and an oscllloscope 15 difficult
unless the prote is very small. IS the wafers
are potted or stacked, this becomes impossitie.
Three different apprcaches have been made 1o
fird cut sbcut the individual cireuits through
the use of the extersnal ccnnections only.

First, reslsisnce meusuremcnts have been
made between all ‘erminais taken two at a
time. This method can identify scme catas-
trophic falilwres und is gcod $o detect "leakaze
pathg.” However, the *tegi 1s a de test and
scmewhat lim!ited in scope.
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Secondly, a series of so-called "standard
tests” was set up, and run under the following
conditions:

-V..= =1.5 volts

+7€€ = #1.5 volts

In%gt signal 1,5 volts p-p

Square wave from scurce as in Flgure b
RT =1 K at a frequency cf 1 ke

Riom temperature {30°)

Circuit unloaded except by oscilloscope

The following tests were perfoimed:

(1) Output voitage was measured; waveshape
noted.

(2) Positive voltage decreased to zero or
until circuit fails to operate correctly.
Output voltage at V., = O or plus blas
voltage when fallure occurs was measured.

(3) Upper and lower limits on input voltage
pefore fallure was messured.

(4) The collector voltage was lowered until
the circuit ralled. Operation at -3
vults was also checked (yes or no)

(5) Maximum resistive load and maximum
capacitive load befcore fallure was
measgured.

(5) Upper freguency iimit was determined.
Also, resistor was varied from
100 to 10 K and the upper fre-
quency limit was noted at each value
of .

(7) Circuits were _abelled and w:y aincmailes
noted.

The expected results of the standard tests
can be computed from the circult design. These
results are then compared with the results ob-
tained from a breadtoard model. Any differences
are corrected by improved thenry and re-desipgn.
Next, the results from the 2D wafers are com-

-pared with the breudboard circuit results.

Any differences will be due to off-value, we:k
or defective componerts., In some cases the
values cf the ccmponents in the circuit (2D)
can be determined arnd if they are too far off,
the information can be fed back %o the makers
cf the 2D wafers.

The third nethad of eralysis which has bheen
tried is as follows. Reslstors, capacitcrs
and diodes 1in a breadbozrd model of the birary
counter are systematicslly bridged, shcried
or opered. Also, translstors with very high
B and very lew B are substitutled in the unit.
Tre effect of these mutaticns is observed on
the accessible wavefornms, in the case of the 2D
binary counter, the ocutput waveform. Knowing
these causal relatlonships a first crder
analysis of the circuit corditicn carn be made
by carefully observing pips, slopes and erxpli-
sudes ¢f the vatput wavefcrm,

Summnary of Third Level Design

The additional problem encountered in third-
level design, or the deslgn of units for non-
relaceable enclosure in field equipment, is the
development of a rigid acceptance or rejection
test. This test must do more than give a yes,
no answer to the question, "Is the circuit
working now?" The test must determine whether
the nargins of the circuit are large enough so
that the circuit will continue to operate for
a tine longer than the projected 1life of the
piec: of equipment. This may be shell-like or
operational-life or both. Three methods have
been presented for use in such a test. The
first uses resistance matrix methods, the
second uses a series of "standard tests” and
the third uses a detailed waveform analysis.
The waveform analysis 3eems the =simplest to
use if enough information can be gotten from
it. However, this method also requires the
most complete circuit aralysis. It may further
renquire specially trained personnel nr special
equioment to implement the tests.

Conclusions

Tae binary counter 1s now being studied
from the standpoirt of a third-level design.
Attenpts will be made to refine the technique.
Other circuits will also be studied from this
stanipoint. The appli:ation o a thorough
design procedure, uas exemplified oy the three-
leve) Zcsign, will result in more reliable
electronic systems fcr botk military and com-
mercial uses.
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Figure 2. Two Transistor Binary Counter
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PROGIESS IN THE ARY PICRO-IODULZ PROGRAM

Tincont J. Kublin
. 5. Avmy Signal Resaarch and Development Laboratory
Fort Monmouth, New Jersey

Arvgy Cignal Corps progreas toward miniature electronic equipments exploting
the transistor and printed circults, will be reviewed. !icro-miniaturization
objectives will be guantitatively daveloped. The criteria which guided the
establisiment of the Army!s definitive Micro-Medule program will be presented.
The spocific functional objectives of the Armyy Micro-Module program in terms of
audio, IF, RF and computer circults will be presented. The range of Army tactl-
cal envirorments from portable and ground equipments thru missile and satellite
environrents will be discussed a8 micro-module requirements. Reliability
attributes and requirements of rdcro-modules will be analyzed. Recently developed
Micro-tiniatuwre techniques adaptable to Micro-liodules will be reviewed. Indi=-
vidual component capabilities and solid state circuits avallable at present and
articipated in the near future will be presented. Effect of Mero-lodules on
Army Electronic Equipments will be discussed. Overall advantages to the Aymy in
terms of increased tactical capabilities, (namely size reduction, reliability
increase, cost reduction, and maintenance reduction) thru broad use of Miero-

Modules will be given.

Extensive effort hos been applied in the fﬁlg 3,)
2597y

of ricromiriaturization in the past t»o years
and some examples of effective microminiaturiza~
tion can %e cited to show that propress is heing
made, But this growth of our microminiaturiza=
tjon rapanilities h2s heen rendom and unccordim-
ted....lacking unity in the goals being sought
ard in the methodology employed. Prior to the
advent of the transistor and printed circuits,
the zenith of sgcomplishment in practical minla-
turization capability was typified by the Army's
Handy Telkis, The density of the roric packed
into this chassis is about 8000 parts/cu, ft.
(Fir. la). A very substantial further minia-
turization amd simplification of manufacture of
rilitary electronics, resulted from the use of
transistors and solder dipped printed wiring,

(a) (v)
Figare 1. - Army's Handy Talkie (a) and Helmet
Radio (b).

These tcols have heen applied to the army's
Yelmet Radio, (Fig. 1b) amn oxtremely compact
raceiver-transmitter with an orderly disciplined
laycut, making much better utilization cf apace.
Here we have improved our minjaturization capa=
pility shout 6 fold, from the 8000 parts/cu, ft.
for the handwired set over 50,00C parts/cu. ft.
for the printed elrcult design,

%e recognize however that wa nre reaching a

new limit to size reduction with presently availe
ble construction approaches....a new plateau, so

,to speak, beyond which ve see only small incre=-

mental improvements toward the more compact
requirements demanded for Army electronice,

The Army micro-module program offers & practi-
eal, feasible arproach which will permit the
attaimment of packazinz densitles of 500,000
parts/cu. ft. The key to this system is simple..
..all the elements (the resistors, capacitors,
inductors, transistors and so on) have similar
physical size and shape so that they can be very
efficiently stacked with each other., An aprcre-
gate of stacked elements is appropriately inter-
connected with riser wirss, is encapsulated amd
becomes a monolithis non-repairable hody, This
body called a wjcro-medule performs a cirecuit
function and in effect becomes a sub-assembly of
a completed equipment, The micro-module system
will be capable of performing a full range of
tasic electronic circuit functions imvolving a
1 to 2 watt maximum power dissipation per moduls,
an initial upper freauency limit of 70 me with
progressive capatility to 150 me and maximum
dipital switching rate of 10 me,

Srecific sicroemodules will be designed and
constiructed to demonstrate ard to provide for
adecuate evaluation of a full range of hasic
audio, I-F, RF, dirital computer, arnd oscillator
eircuit capability.

We have divided the Army eauipment into five
categerles each of vhich we associate with a
unigue set of envirommental resuirements, Thesse

requirements are spelled out quantatively as the
goals of the full micro-podule program (Fig, 2).
The spectrum of temperature recuirements for
these equipments, ranges from -550C to 85°% for
ground portable devices, projectiles ard satel-
1ites up to zC0°C for vehicular and nissle
applicaticns, The range from 850C to 125°C is
our goal for the first two year phase of the
program, Vitration recuirements range from the
atardard 10 tc 55 cycles for the found and vehi-
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ENVIRONMENTAL SPECTRUM
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Figure 2. - Categories of Army equipment, and
environmental requirements for each category.

cular squipments to 10 to 2000 cycles up to 20
g's for ths other equipment categories, The
ability of Army equirments to work in their ex-
treme air pressure enviromments is defined by the
following requirements: Portable and wvehicular
equiprents must operste without malfunotion of
any kind at altitudes up to 10,000 ft, Missile
and projectile altitude extremes have besn set
at 150,000 £t, The satellite electronics
enviromment has been set, down as dead vaocuum for
all practieal purposes.

A1l micro-modules will be required to with-
stamd 50g, 8 millisecond shocks as a minimum,
In adition the projectile and satellite modules
will be required to withstand 15,000 g's of 8
millisecond duration as wel) as a spin of 20,000
rpR.

Other standard tests such as high ard low
temporature and long term storage, moisture and
temperature cyeling and salt tests complete the
list of Army tactical environments to which the
micro-modules will be subjected,

Reliabllity goals have heen expressed in terms
of mean time to failure for a 50 part module,
Basically, the 50 part moduls reliability require~
ment is for 15,000 hours or about 21 months mean
time to failure within the temperature range =55
0 85°C ard under the various Service envirommernts
Just discussed, Probahly a more familiar way to
interpret this initial goal is an average part
failure rate of about one tenth of 1%/1000 hours,

Tt is believed that this goal can be reached
because of the following inherent reliability
advantages of micro-modules:

®irat there is the hasic simplicity in e¢ircuit
part construction; next, is the fact that the
circuits and micro-elements are simultamecusly
designed for compatibility, Third, is the comple-
to freedom to explore new mcterials, configuretion
processes and assurance measures, without being
limited by conventicmal state of the art, Fourth,
the high degree of automation toward which micro-
modules have been taillored rmesns greater uniform-
ity and more reproducible reliahility. Fifth,
reliatility risks due to improper electrical and
mecharical application of parts weuld te elimine
ated. And finally, the rigid one piece construce
tion offers extreme ruggedness.

A typical example of the effect of micro-
modules on Army Electronic equipments can be
{1lustrated by the electronics contained in a
satellite. (Fig. 3) They consist of disks five
inches in diameter and three-cuarters of an inch
thick, Six of them are stacked, and with their
tattery supply £ill a cylinder 8-1/2" long, Also
shown on the extreme right is the micro-module
equivalent which is 1/10 the size. The size
differential is really sienificant, and should %e
considered from two points of view:

(1) In terms of the reduction in the number

*of pounds of dead weight and fuel recuired to

propel the smaller package into spacs, or

(2) If the total size and weight is not
changed how much more electronics could be
crarmed intc the satellite, The added elestronic
circuitry could serve a variety cf functions such
as increased instrumentations.

Flgure 3. - Present &1l proposed micro-module
veraion of Vanguard satellite equip-
ment.

Our micro-medule program will increase tHe
Army's tactical capabilities first by reducing
the meseivensss of our new electronics by a
factor of ten; second by geining greater per-
formance dependability of micro~module c¢ircuitry
due to superior shock ami vibration resistance of
these tiny agaregates; third by -educing the
economic burden of our rrowing electronics, It
is expected that up to 50% cost reduction will be
realized in the ¢onstruction of finished equip-
ments in large juantity production using this
concept. The fourth tacticsl advantage, reduced
maintenance, perhaps can bhe hest expressed this
rvayt If wa had this concept in full effect today,
wo could keep our currcnt ecuipments in combat
readiness »ith only 1/5 of the present tachnical
ranpover arnd naintenance ronies,

(4) Now T vould like to review the progreass to
date on the micrc-module program in regard to the
wafers, resistors, capacitors, inductors and
crystals, scheduled for intial micro-element
design, Kajor eff »t is directed towards ex-
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ploiting existing state-of-the-art to the misro-
module concept throush appropriate design re-
packaging.

First let us look at the micro=-element wafer,
(Fig, 4) The currert design has 12 notches and
is .3" x .3" 8sq. x 010" thick, ‘“herever possi~
ble, the suhstrate wafer will be funotioning
part of the micro-element, In certain applica-
tions, it will be used as a support for the
element, Of the many substrate materials in-
vestigated, alumina and glass show the most
immediate promise.
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Figure 4. - Standsrd substrate wafer for micro-
module program.

The methods of assembly of the micro-slement
4ino the micro-module, rhether it is used as a
support or as a functioniny wafer in the module,
are being investigated. Fig. 5) One possitle
solu ion is the use of conventional riser wires
which are soldered to each of the wafer notches.
Another assemhly method wnrler investlgation is
the use of wafers without notches. where the

TYPICAL WAFER COMPONENTS

CERAMIC CAPACITOR—_

MESISTORS~__
‘9 INeH 1:  RE COlL~ : ‘l . 5J
1l .

Arm—

D ; \ I 485 KC MECHANICAL
2] A - FiLTCR
¢ %,
X ; TTS=—TRANSISTOR
)
S——gLECTROLYTIC CAPACITOR

9 ——_TYPICAL MODULE ASSEMBLY

Figure 5. - Typical wafer components for micro-
modules.

riser nires are welded directly to the wafers,
The inhsrent advantapgea of using the unotched
wafers are greater soldering surfaco, more adapt-
able to welding techniques, and increased clear-
ance between risers, which are rectangular in
cross section,

Shown at the top of Fig, 6 is a commercial
precision metal film resistcr element evaporated
on the glass suhstrate which is approxirately
40 mils thick, It has been out out of its over-
all protective ervelope. Directly below is the
.3 x ,3 inch micro part shaps. The active
resistor area of the element shown on top is
approximately .08 square inches. At the present
time, cmiy nichrome and tin oxide film resistors
on rlass suhstrates will be considered, Since
the resistor covers an area vhere a great deal of
experience exists in industry, an appreciahle
portion of the effort has been spent in attempt-
ing to determine suitatle subcontract sauroes,
RCA 1s now negotiating with severdl resistor
manufacturers for the purchise of eifther a
nichrome or tin oxide element on the ,3 x .3 x
10-mil wefer, The completsd wafer will then be
avaluated for conformance to specificatlion ree
cuirements, Resistors of ohmie valwe ranging
from 1,000 chms ic 112,000 ohms howe beon mede
from nlchrome films evaporated on .3 x .3 x 10~
mil glass and were founi to huve excellent TC and
ptabllity characteristics,

METAL  FILM RESISTOR

PRE
RESISTANGE

TEMP COEY AT AREA

TEMP RANGE

POWER uP 70O

BASIC MICRO — PART e
SHAPE

Figare 6. - Commercial metal-fiim resistor com-
pared in size with tasic mlcro-part,

Let us now review the capacitcr pregress.,

The carmacitors fall into three basic: categor-
ies:

1) Precision
2) General Purpose

3) =lestrolytic
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Shown in Fig, 7 is a typical micro-element
capacitor, The suhstrate is actually the
dielectric for the capacitor, Dy using differ-
ent materials as the dislectric the characterise
tice of the units can range from precision
temperature coefficient types to gemsral purpose,
high capacitance, by-pass, and coupling units,
Capacitarce valuss as hizh as 1,000 mmf for the
precision types can be ohtaimed on the single
vafer, By raking use of the extremely hish
dielectric constant materials re are able to
achieve capacitance values as high as ,2 mfd
per wmfer. \ioro olement capacitors with
dielectric constants varying from 15 to 6,000
ere belns purchased by RCA.

SILYER (OR OTHER CONOUCTIVE FILM)

Figure 7. -~ Capacitor micro-element.

In addition to the basio ceram!c wafer capaci-
tor an avaluation is beiug made of the multi-layed
capacitor. In this case, a nunber of layers
of dielectric and electrodes are depcsited on a
ceramic substrate, The dielectric will vary from
approximately 15 to 8,000 again covering the
precision ard gensral purpose applications,
Purchass orders have been placed for a quantity
of these multi-layer capacitors.

Work on an entiruly different system of pro-
dueing thin £ilm capacitors is being uctively
pursusd, Tha film consists of titimate particles
in the matrix of $10, (fused quart structure)
producing dielectric constants from 4 to 80,

The useful thickness of the film is approximately
.8 mils vith an O temperature coefficient amd
with Q's approaching a thousand and ylelding a
capacitance of 600 mmf per m!cro element,

v)ectrolytic capacitors will be used to cover
tre capacitor range from C.2 to seaveral micro-
farrads. The 80lid tantalum caracitor is ideally
sujted for this application, A sintered slug
approxinately 2C mils thick sas been produced
and adapted to the micro-element design ylelding
a capacitance of approximately 10 mfd, Another
material, cclumhium, is also being evelumted
for use in electrolytic capacitors. The sint-
ersd slug used in the ccnstruction of the solid
unit may pcessirtly bte used as the basic micro=-
element rart.

Now let us loock ut the pregress on imductors,

Toroids have initially been chosen fer the
inductor since they permit achievement of
hizher inductances and less stay magnetic fields
corpatad to other known configurations, Fig, 8
shows a toroid coil mounted on a micro capacitor
element comprising a 4uned circuit,

Figure 8., ~ Tuned-circuit micro-element.

3ince, in this confizuration, the coil
charncteristios are almost completely controlled
Wy the core matcrisl, in thuis case ferrite,
major effort has been expended on ~ontrol of
material properties,

vork to date has resulted in a ferrite
material whose temperature coefficlent of
permeability can he controlled from «200 to
¥ 5,000 ppm/°C with a tolerance of ¥ 56 ppm/°C.
Coilg having the required inductance and Q have
been made on a ,2" OD toroid.

The fingl item that I will review is the
Quartz Crystal,

Suartz erystal units, used for freavency
control applications, are capable of meinz re-
duced in size to he compatable wi!th other
portions of the Nicro-Mcdule Program,

Presently we are concermed ith the status
of crystal uni‘s in the 7 to 7C mc range., On
the left hand side of Fig, 9 418 the sub-nminia-

Fgure 9. - Comparison of size ¢f cased conven-
ticnal and micro-module crystals.

@
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ture holder vhich is now used,

On the right side is shown a 8 mc orystal
rounted in a plastis holder to dermonstrate one
form for a MM crystal, Fimal fabrication
vould contemplate a ceramic holder 1/16 the
size of the unit on the left,

Present plans call for fundamental crystals
from 7 $0 20 me and overtone units from 20 to
70 mo., ‘The tentative power ratings are 5 mv
and 1 mw for the respective types.

‘l, JConference on Hodular Electronic Packaging
ABMA, Huntsville, Alahama, 23-24 July 1958,

2. Professiomal Group on Production-Techni-
ques Sysposium, New York City, 6 June 1958,

3. Army Signal Corps Presentation on the
¥iero-Module Program, Vashington, D, C.
3 June 1958,

4. First Quarterly Progress Repert
Contract DA36=039=5C-75968,




TWO-DIMENSIONAL TRANSISTOR PACKAGING

Jay W. Lathrop¥*, James R. Nall and Robort J. Anstead
Diamond Ordnance Fuze laboratories, Washington 25, De Ce

Miniaturization techniques were firat successfully applied to circuit wiring and
to passive components. The relatively large size of semiconductor components be-
came the limiting factor in further reducing over-all circuit volume. To overcome
the problem of the large transistor package, several techniques have been developed
at DOFL for working with caseless transistors. These techniques allow the active
element of the translstors to be incorporated as an integral part of a two-dimen~
sional ceramic printed circuit plate. Foremost of these is the extension of photo-
lithographic techniques, first developed for the fabrication of transistors, to the
case where the transistor can be effectively masked and placed in a two-dimensional
printed circuit plate so that the leads may be vacuum deposited to connect the base
and emltter contacts to the printed wiring. In addition, two methods of encapsulat-
ing alloy-type transistors have been developed, cne non-hermetic and the other her-
metice In the non-hermetically sealed technique, a low-frequency transistor is
sealed in a two-dimensional printed circuit structure by inserting the transistoyr,
collector side down, into a machined deprossion in which a small hole has been sand-
blasted through the ceramic. By heating, the collector material is caused to flow
through the hols to form a contact. Connections to the printed wiring are mads with
& conductive epoxy silver cement.

In the second technique, the transistor is hermetically sealed, emitter and base
side down, in a ceramic similar to the one above. The hermetic seal is effected by
metalizing the ceramic around the depression and emitter and base holas, sealing
high melting point solder over the base and emitter connection holes, and then seal-
ing a metal plate over the machined depression which receives the transistor. The
metal cover plate makes ohmic connection with the collsctor of the transistor.

These sealed units have been exposed to varicus environments with no change in tran-

sistor characteristics.

Modern weapons systems require electronic eir-
cuitry which is able to perform extremely complex
functions. However, the increased emphasis on
computer type circuitry for such applications as
guidance, fugzing and fire control has not been
accompanied by any increase in the space available
and in fact, because of new operational demands
on the systems, there is often less space. The
achievemsnt of such complex circuitry in a limited
volume has been made possible through transistor-
ization of equipments. However, for many appli-
cations, the transistor, a miniature component in
iteelf, is rapidly becaming the limiting factor
in further reducing circuit size. This aituation
has occurred largely because of improved methods
of printing resistors and the development of bar-
jum titanate capacitors. It is becoming apparent
that the device designer must now consider the
ultimate spatial utilization of his device as well
as its electrical characteristics.

The case of the smallest hearing aid type tran-
sistor occupies a volums of 1700 x 10-6 in3 and
if lead connections are considered this is in-
creased still further. Compared to a JOK printed
resistor with a volume of 0.8 x 10~6 in3 and
0.,01uf barjum titanate capacitor with a volume
of 60 x 10-0 {n3, it seems truly gigantice How-
ever, the active volume of a high frequency tran-
sistor, defined conservatively as the volume of
the sem{gonducting material, is only about
15 x 10-° {n3. If the transistor is to beccme
camparable in size with the other components, its
case must be discarded and its leads printed two-
dimensionally. This paper will describe several
techniques which have been developed at DOFL for

Pregent address: Toxas Instrurents Inc.

working with caseless transistors.

High Freguency Transistors

As the operational. frequency range of transis-
tors 1s extended, the dimeisions must necessarily
shrink. One of the most exac*ing operations in-
volved in fabricating high frequency transistors
is the attachment of leads to the small active
arease. A photolithographic technique has been de-
veloped which permits connections to be made to
these areas and at the same time allows the tran-
sistor to become an integral part of a primted cir-
cuite In this technique, parts of the transistor
are selectively masked with an insulating film,
over which connections may be vacuum deposited.

The principle is illustrated schematically in Fig-
ure l. The presensitized coating (resist) is all
organic and is applled in liquid form and allowed
to dry. When dry, it exposed to ultra-violet
radiation through a suitable pattern or mask., Por-
tions of the coating which are not exposed to the
ultra-violet will be removed Ly the developing
process, revealing the original substrate. Leads
may now be depoeited which contact the device only
at these points where the resist has been removed##

An example of the use of thies process is found
in making the connections from a diffused base type
transistor to the wiring on a ceramic printed cir-
cuit board. The transistor (which itself is made
by photolithographic techniques) is shown in Fig-

#%For details of coating and fabrication tech-
niques, see DOFL TR-608, "The Use of Photolitho-
graphic Techniques in Transistor Fabrication (U)",
Jo Re Nall, Jo We Lathrop, 1 June 1958.




Bk e L3 LI SR

AT

JAY W. IATHROP, JAMES R. NALL AND ROBERT J. ANSTEAD

BASE EMITTER
uv
i/—— PATTERN EPOXY EPOXY
........... e ea— M ——
~Je— pHoTOSENBITIVE CERAMIC SASE PLATE CERAMIC

REBISTY
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A. Pattern exposure process.
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WAExPoSED RESIST EMITTER AREA RESIST PRINTED
{ V4 T —Exostn must WIRING
ANIUM
GERMANIU //}/I;g}y% GERAMIC
B. Surface after development. 4 CROSH-AELTIONAL VIEW SHOWING VACUUN DEPOSITED LEAD.
Figure 1. Exposure and devclopment of a photo resist pattern. FIGURE 2. ASBENOLY DIAQRAM.
the ceramic board and the space between the tran-
sistor and board filled in with an epoxy resin as
gare 2a, Tho base and emitter contact, 0.004% x shown in Figure 2c. The spoxy need have no special
0.012" each, are on & pedestal which was etched properties as far as the electrical operation of
fron the germanium die. The die, 0.045" x 0.045"x tho device is concerned aince it does not come in
0.010%, is soldered to a base plate which becames contact with any of the active areas. Mechanical-
the collector contact. Photo resist is applied to 1y, the resin serves to attach the transistor firm-
the transistor surface and exposed so as to bare 1y to the printed board and at the sams time forus
only two rectangular areas directly over the metal- a bridgs upon which the leads will be deposited.
lic bars as shown in Figure 2b, DNote that the re- Epon 828 has served satisfactorily.
sist forms a protective coating over the active
areas of the transistor. While obviously not a The final step in the sequence is the actual
hormetic seal, field effect measurements on ger- deposition of the leads. For large areas the
manium surfaces exposed to various ambients indi- leads can be screened on, but for dimensions like
cate that this coating does give some added short- those discussed here, vacuum deposition is much
termn stability to the device. The transistor with more satisfactory. Mechanical masking is used to
the resist coating is next inserted into a hole in confine the deposited area during deposition.

BA9E AND EMITTER AREAS
ON RAISED PEDESTAL

BASE PLATE
GERMANIUM DIE——» Z
SOLDER —
20 J-DINFNY-OMAL “iF~ ° _HANSISTOR SOLOERED TO DABK P~ ATE.
BASE AND EMITTER
RESIST METALLIC GONTACTS

vERMANIUM

20 EMLARQED CROSY -SECTIONAL VIE® OF [FaMSISTOA SURFACE

Figure 3. Leads Vacuum Deposited to Base and
PIGURE 2 A<SeMBLY D AGREM. Pmitter.
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This masiking need not be exactj it is ol neces~
sary that the two areas on tmltmsistg?not be
shorted and that they be electrically connected
to their respective printed leads on the board.
(ne half of the completed unit is shown schema-
tically in Figure 2d. Figure 3 is a photomicro-
graph of a unit with evaporated leads.

Low Frequoncy, Non-Hermetlcally Sealed Treneigtor

The dimensions of a typical low-frequency ger-
manium alloy transistor are shown in Figure 4e
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TYPIGAL LOW-FREQJUENCY GERMANIUM ALLOY TRANSISTOR.

Figure ke

The emitter and base connections are made on one
side of the die while the collector is made on the
others The grooves around the emitter and collsc~
tor are made by electrolytically etching the de-
vice., This is standard semiconductor practice,
following alloylng, to remove any material short-
ing the junctions and to give a low surface recom-
bination velocity., Figure 5 shows how this type
of unit may be incorporated into a printed circuit.
A ceramic board, 0.020" thick, which has the print~
ed wiring and resistors on it, is machined to give
a level rectangular depression approximately as
deep as the thiclkness of the transistor die and
glightly larger in area., At the point in the de-
pression where the collector will fall, a hole
with tapered sides is sandblasted through the cer-
amice The transistor is now coated with a photo-
sensitive lacquer and allowed to drys The lacquer
is applied so as to form a thin protective coating
for the transistor in order to prevent shorts dur-
ing the following steps. The transistor is then
inserted into the depreseicn collector side down.
Since the conical hole is smaller than the indium
collector, the transistor will not lie flat in the
bottom of the depression. The transistor and cer-
amic circuit board are raised in temperature to
above- the melting point of indium and pressure is
applied to the top side of the die. This forces
the molten indium of the ccllector to completely
£111 the taperad hole, with some indium even pass-

ing through and forming a ball on the other side
of the ceramic. The conical shape of the hole
minimiges spreading of the indium and the photo-
gensitive lacquer coating of ths transistor pre-
vente shorts from ocourring if spreading does oc-
cure Epoxy is now placed arcund the trensistor,
£illing the space between the die and the ceramic
and also covaring the exposed semiconductor sur- (
\

face but not the emitter or base tab. After the

epoxy has set up, the excess indium on the emitter

is removed so that it is level with the epuxy sur-

face. The indium from the collector which has

formed a contact on the other side of the ceramic

may be connected to the printed wiring, Connec- i
tions from the emitter and base tab to the printed :
wiring on the ceramic surface are made with a con- !
ductive epoxy silver coment.*

INDIUM GERAMIC
pd

——)
P
OLLECTOR

TRANSISTOR INTEGRATED INTO PRINT IRCUIT BOARD,

Figure 5.

Frequencg, rmet ]

The type of construction described above serves
to incorporate the transistor in a printed circuit,
but does not in any way serve to protect the de-
vice from ambients. Presumably, the entire oir-
cuit would have to be encapsulated under these
conditions. It is possibls, however, by some mod-
ification of the processing to provide only the
transistor with a hermetic enclosure and at the

same time retain the two-dimensional printed cir-
cult structure.

The method of construction is shown in Figure
6. A rectangular depression is machined in the
ceramic printed circuit board approximately two
to three times as deep as the thickness of the
transistor dis and slightly larger in area. Two
holes with tapered sides are sandblasted through |
the ceramic in the recessed area as showne (

The ceramic is metalized and coated with an in
diuwn solder around sach hole on the one side and
around the periphery of ths depression ca the
other. The ceramic is metalized: (1) around the

* 7, J. Kilduff and As A. Benderly, "Conductive
Adhesive for Electronic Applications®, Flectrical
Manufacturing, June 1958, pp. 148 - 152.
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base and emitter holes in a circular pattem fifty
ails in diameter, (2) around the periphery of the

rectangular recession in a strip 30 mils wide.

Those indium solders have different melting points

the former, indium-silver, has a melting point in
the order of 230°C; the latter, indium-tin, 117¢C.
Ths procses of metalising the ceramic is essen-
tially that given by Nolte and Spurck* and in-
volves firing coatings of molybdenum and mangansse
at 1350°C in wet hydrogen. The moly-manganese
mixture forms a chemical bond to the ceramic under
these conditions, insuring & trus hemetic seal.
Mickel oxide is then coated over this matalized
surface and reduced to give a layer of nickel. In
ordsr to facilitate wetting by the indium solders,
a layer of gold is deposited over the entire metal
surface by lumersing the ceramic board in a gold

displacemsnt bath.

/GOLD COATED N!GKEL COVER PLATE

INDIUM COLLECTOR

OHMIC BASE CONNECTION

ET w! UM
INDIUM EMITTER TH INDIU
INDIUM BALL
MIGH MELTING POINT,

INDIUM SOLDER

CERAMIC CERAMIC

CERAMIC METALIZED AND INDIUM COATED

Pigure 6. Cross Sectional View of Components
for Hermetically Sealed Package.

After the transistor has been coated with the
photosensitive lacquer, the base tab is removed
and an olmic connection made to the base; tin
solder, for example. This ohmic connection may be
coated with indium to insure good wstability dur-
ing subsequent processing. Previous to inserting
the transistor into the ceramic, the ceramic is
metalized and coated with indium as mentioned
above. When the high melting point indium solder
is applied to the mataligzed surface around the
bass and emitter holes, it fills the lower portion
of the hole cavities while at the same time wetting
the gold around the holes. Since this solder
melts at 230°C, it will not be disturbed during
subsequent operations whsre solders having lower
melting points are used. A ball of indium is
placed in one of the holes and the transistor
placed over it in the depression so that ths exmit-
ter falls in the empty hole and the base contacts
the indium ball in the other. The ceramic and
transistor are raised in temperature above the
melting point of indium and pressure is applied

#* H. J. Nolte and R, F. Spurck, Television Engi~
nsering, p. l4, November 1950.

as before. This forces the indium into the two
holes and at the same time causes the ball to wet
the olmic base connection. Epoxy is now placed
around the recessed transistor, filling the space
betwean the die and the ceramic and also covering
the exposed semiconductor surface except for the
raised collector contact. After the epoxy has set
up, part of the collector is removed to the level
of the epoxy surface and the cover plate is sol-
dered on. The melting point of this solder, as
menticned, is 117°C. In soldering the cover plate
to the metalized ceramic in an inert atmosphere, a
solder connsction is also made between the plate
and the collector. Thus, the transistor is cam-
pletely sealed in an inert atmosphere in a ceremic
package only 0,020 inches thick. Examples of this
type of construction are shown in Figures 7 amd 8.

0 | .
| INCHES }ll2
ENRRARNNNERNNN

Figure 7. Top and Bottom View of Unfinished
and Finieshed Hermetically Sealed Package.

Left - Top &nd bottom view of ceramic prior
to insertion of trensistor and final sealing.
The ceramic is metalized around the periphery of
the recession in the top view and arcund the base
and emitter holes in the bottom view.

Right - Top and bottom view of the finished
hermetically sealed assemblys The collector side
of the transistor has been sealed with the nickel
plate as shown in the top view, while the base and
emitter contacts have been sealed by the solcer
which has wet the metalized ceramic and partially
filled the nhole cavities.
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METAL PLATE INDIUM  EP:XY

TRANSISTOR

l Wn- = i,
SRS X

CERAMIC
HIGH MELTING POINT INDIUM SOLDER

Figure 8. Cross Sectional View of Hermetically
Sealed Transistor Package.

These units have been exposed to an ammonia va-
por for thirty minutes and to an atmosphere of
95% humidity and 71°C for a period of sixteen
hours with no change in transistor characteris-
tics.
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THE USES OF THIN FIMS IN MICRO-MINIATURISATIGN COF ELECTRONIC EQUIFMENT

Henry G. Manfield
Royal Radar Establistment, Ministry of Supply, Malvern, Epgland.

A survey is meds of recent aivsnwes in thin £ilms (0,001 in,) of various types
in the United Kinglom, They are discussed as oanductive, partly conductive and
non-conductive for inter-component connsctions, resistora and capacitors respectively.
Bome work on magnstic films is also descxibad,

For resistors, oxides or alloys of setal produced oither chemically or by
avaporation, are oonsidered, their stebility and properties discussed.

For ospacitors, anodic films of sluminiva or tantalum are satisfactory for high

values of cepacitance where a fast respunse is not essential;
Flastic filas are being produosd in copolymers of

£ilms are best where it is,

oceranic or plastioc

atyrens with exoellant thersml charmoteristios.

The problem of combining organic and inorganic techniques and requirements
in the finished 'soclid circuit' units axe oonsidered in detail.

1, DNIRODUOTION
The semioonductor diods and tranaistor have
mads it possible to make very small units. The
associated passive elemsnts such as reaistors,
capasitors, induetors, ete. are considerably
larger than is required in view of the small
wattage dissipation, low impedance and low
voltage operation which are characteristic of
the transistorised cirouit,

A ocommon shape for components is cylindrio-
al, but this is limited in the degree to wirich it
can be miniaturised, and the assooiated leads
alresdy present problems of reliabdlity, 1In
any typical tubular component most of the
available volume is taken up by material which
plays no part in the sleotrical perfomuance.
Exanples of this are shomn in Figure 1., Vhen
used in powsr dissipating circuits with valves
or power transistors, the resistor mass itself
provides a high themmal capasity and thus evens
out any hot spots, As, however, the heat is
dissipated by a cosbination of conduction
through the leeds ard rediation from the swface,
a high surface area together with robust leads
is desirable, In this respect the oylindrical
shape of both body and leads is far from ideal,
possessing a low surface area to volume ratio -
only the sphere has a lower ratio. In each
case an increass in power loading could be mads
by opening out ths cylinder and its leads into
flat atrips. This ocan result in an inereass
in the wattags loading, or the size for a given
rating can be mads very much smalle:,

The requirements for thin films ere
suggested to be as follows:-—

(a) For resistance films of Z00-500
ohms per.square - a thickness of a few
hundrea 1,

(v) PFor high value capacitative films
> et /“F - a thickness of 0,000 inch,

{o} For otive £ilms ~ a thiskness of
200 ~ 300 (Avove this eddy current
logses can be sppreciasbls.)

2, SUBSTRATES OR BASE MATERIALS

The three classss of material which can be
used are:-

(a) Tnorganic materials (ceramics, glassss,
°

tae

(b) Mastio materials (P.T.P.E. - Teflon -
etec,

(e) Semiccnductor materials (silieon,
germanium, eto.)

Césanios are probably the aimplest to use as
it is posaible to deposit silver or other compo~
sitions by chemical means or by evaporation. By
the cholos of a suitsble permittivity material,
high value capacitors may bs obtained by mstal-
lising both sides of the base,

Flastics & not make good bases; although
they have excellent elootrical properties, their
low resistance to heat precludes their use in
"fired-on" processes, whils their high vepour
pressure and occcluded gases maks them &ifficult
to use in vecuun syatems,

The uwse of a sheet of semiconducting
material - such as silicon « as a base is very
attractive as by suitable alloying and doping,
the active elsments can be produced direotly ocn
to the aubstrate inatead of being added
separately as is required when using other
materials.
3+  APFLICATIONS OF MICRO-MINIATURISRD UNITS
At present it is only possible to foresee
the application of micro-miniaturisation to
simple sub-units such as those used in ocomputors,
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sub=units are required in largs quantities
or similar characteristios; they
of low impedance snd low frequenoy and use
voltages with quite small owrrents, Where
Hgh frequentdes are invelved there are problams
of crosi-talk and drift to oansider.

These sub-units consist essenticlly of
switching circuits and use is made of semi-
ocondunotor diodes as cirouit elements., A typical
oirouit is shown in Figure 2 - an arithmetical
stage for a data proocessing ocomputor.

e THE PREPARATION (P RESISTIVE FILIG

Resistors of platimm/gold deposited
glass have been dnnlqpod(”at the Royay
Establistment and are now in produstion(?);
have exoollent temperature <ccefficients and
wvery stable, An alloy of 80 per ocent gold
20 per cent platinum gives a resistivity of
60 miorobme—om, in a thiclmess of 1000 & with a
temperature coefficient of 0,025 per cent, while
an alloy of 60/40 gold/platinum has a resdstivity
75 miorohma-om, in the sams thiciness and ita
tesporature ovefflicient 1s then 0.06 per cant.

i,

Ed

3

The method of manufacture is as followa,
A flat, glass disc is occated with the alloy and
glus, After dsgreasing, a thin, wniform film
of precious metal resinate is epplied to the
surface by spinning, Tne ooated dlsc ls fired
to turn off organic matter and a film of photo-
ssnsitive glue is spun on. A pattern of 24
registive slamants is obtained by exposure to
uliva violst light through a negative mads from
& previously prepared master. After dsvelopment
in water, the unexpoaed portions are remowved by
stohings. The width and pitch of the pattern
are caloulated to give the right value of
resistance, The daveloped pattern is havdened
and tho unexposed portion of métAl rilm X¥ " T
etched away,

The glue pattern is removed and silver
elactrodes are applied by a silkwscreen process.
The disc is then fired to bond the ailver
cleotrodes to the resistive elements to provide
a yelisble, noise-free joint, The elements
are protected with silicone lacquer and the
single units are cut from the disc. Pixing
leads to the elsotrodes with 300°C solder
oconpletes the making of the resistor.

The final valus of resistance is adjusted
bty ocutting through the requisite number of
trimming bars. By sultabls deaign of tho master
sn acouracy of O.1 per cent is cbtainable., The
complete stages in the process of manufasture
are shown in Figure 3,

So far this proosss has only been applied
to making actusl resistors but by scaling it
down it cen be adspted to making the complste
oircuit, The resolution that can be obtained
by the photomnhnnioal process is woll
demonstrated'?/when it is applied to the making

of transistors on a &loe anly 0,05 inch square,

Higher resistivity is obt‘:l.ne? £1ims of
nickel/chroms, and recant advances!’)in the

evaporation of this alloy make this an attractive
proposition, Typicel properties of the alloy as

used in reslstora arei=
Thi 8 sis »_Coeff,
e ERA s
50 300
80 210
9 180

Early experiments have shown that Ni/Cr is a
very promising alloy for deposited resistors. The
alloy is depositsd on to a glass substrate in a
vaowm of 10~lam, Hg. An alumina crucdble in a
heated strip is used as a souroe but a more
convenient source is made from a oonical spiral of
tungsten wire coated with an alunina-water paste
heated to 4750°C by means of an elsotric ocwrrent
while undsr vacuum., Any oracks which develop
can be painted over with the paste mixture. Such
sources can be used up to ten times before the
alumina has absorbed so miuch Ni/Cr that it
disintegrates.

[ I

Ngp

In general, the higher the temperature of the
source, the higher is the percentage of aickel in
the alloy, A tempesrature of 4600°C will result
in an alloy of 80 per cent Nickel/20 per cent
Chrome which is close to that of the original,

It is essential to heat the substrats before
evaporation, as failure to & 80 results in
unstable films, A temperature of 350°C has been
found satisfactory, although higher temperatures
would have boen used if the glass substrate cowld
withstand it, Pigure L shows the resistanoe
change agninsi -kseperatwe {v-filia of thickness
varying from 50 to 100 &  Three Ni/Cr films were
evaporatsd on to glasa substrates, ona 180,
another of 210 and the third 300 ohms/square,

The source temperature was 1600°C and the substrate
was held at 350°C for half an hour. The lower
1imit before instability is about 50 &, giving an
ohms/square valus of. 300, (Ses Figwre 5.) A
temperature coefficient of + 50 ppm/deg, C is very
satisfeotory. A value of 300 ohms/square is
reasonable as it allows a 50,000 ohma resistor to
be made from a 1 in. length of 0,010 in, wide

line (as would be obtained from photo-etching a
dsposited £ilm into thin strips).

Various methods of controlling the thickness
of deposit have been tried - the moat satiefactory
has been that of the monitored square, A glass
slide has silver electrodes between which the
alloy is deposited at the same time as the work,
Contirmous monitoring by e bridgs allows evapora-
tion to be stopped by shuttering when the required
value is reached, although some sllowance is
eusential to teke up differences during the final
baking process, These variations in baking time
are shown in Figure §, where it will be seen
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that an four different samples the resiativity
was different after half an hour in a vacum oven,
The general was for an increase followed
by a fall to the final cold velus, but from these
examples it is obviously diffiocult to predict

the final walue,

hlﬂom of its exocellsnt temperature/
roesistancs prope s thiz alloy is being
carefully ltud:odtﬁu, even in the mioro-
miniaturiged sub-units, a high oxrder of
stability will be required once the initial
novelty of being able to make them at all has
passed. However, the resistivity as given is
not antirely satisfactory, bscause to maka wery
amall units would entail (am stated above) a
line width of not more than 0,010 in, which,
although practicable, in thin £ilm form
requires scrupulous care in processing with a
probable high reject rate in production,

An alloy of chrowium 20 per cent, iran
3 per cent, aluminium 3 per oent and nickel
74 per oent (Karmy alloy) locks interesting,
Early experiments in eveporation of this alloy
gave a resistivity of 400 ohms/square, and
avaporation at 1650°C un to a cold, glass
aubstrate produced a film with good adhesion
aud apparently good stability. Werk on this
material ocontinues, but at the game time alloys
with mwh higher resistivities are being sought,

Practical resistors have been made in the
way Gesoribed and values wp to 4 megohm have been
obtained by photo-mechanical processing, A
alrcuit using Ni/Cr resistors and nickel elect-
Todes is shown in Figure 7,

5.  THE PREPARATION OF CAPACITATIVE FILLY

Dielectrics for capacitors can be made in
the form of strips or films as thin as 0,00025
in. (in glass) or 0,005 to 0,010 in., (in
ceramies) but it is probably more convenient to
evaporate them on to a metallic substrate which
forms vns eleoirode with a further metal evapor-
ated layer to provide the other. Repetitian
of this process can bulld up a stacked fim
capacitor of high value of the type required in
low impedence olrcults where capacitors of
values exceeding 1000 pP are more frequently used
than those of lower valuss, and a miocrofarad or
wore is comuonly used,

Single thiockness films of high permittivity
are attraoctive and, if only & few molecules in
thiskness, high valus capacitors could be
realised, A useful formula for capacitance is:

"4,000 miero-microfarads per square
oentimstre in area per micron in
thickness. "

This formula results in a value which is eyprox-
imately 10 per cent too high.

In a proposed ltan:hm(s)lodnh of 0,31 in,
square, about 1 an, square ocould be considered as
the working area, of vhich 5 mm, square could be
allowed as a maximm for ons component,

If a high parmittivity matarial sush as
barium titanate is used, a X of 4000 oan be
oxpected; using this formule it would be posaible
to make a capacitor of 0,25 uF within the allotied
area., Cere would be necessary to ensure that
its woll known ferrcelectrio properties amd its
lox Curie point do not interfere with its
opuration as a capacitor, but for use with
transistors with their inherent low operating
temperature thiz is quite possible.

Experimsntal oapacitors hawse bnnarb by
producing an oxide film on tantalum'(s%/in a
mdxture of phosvhorioc acid and amyl alcohol, The
dlelsctric thiciness was sbout 1200 £,  After
drying, a layer of szinc oxide was evsporated on
to its surface and a counter electrode of silver
followed. Manganese diocydde is mecre usual than
zine oxide, but the latter 1s easier to evaparate,
These oxide coatings inoruase the haakdown
voliage but the exact mechaniam of iis action is
dsbatable.

A sample ogpacitor made by this method had a
capacdtance of 0,9 u ¥ for 0.6 sq.om. with a power
faotor better than 1 per ount, which is gpod
enough %o warrant further work on this aystem -
in partioular, investigating the effects of
different thicknssses of xzing axide layers on
breakdown, A multi-layer capacitor can be mede
by wtilising hoth sides of the tantalum and in
this way a capacitance of several microfarads is
obtainable,

Silicon monoxide has alsc been examined,
Silicon and silica in the ratio of 1 1 2 were
mixed together and fired in a ] at a
temperature of 1400°C in a vacwum of 10 Hg,
The sllicon monoxide wns evaporated from a
molybdenum boat, this was followed by an evapor-
ation of zino oxids for the same reason as in the
tantalun £ilms, There was no appreciable
difference between the use of hot or cold sub-
strates and good, uncracked films wore cbtalned
up to thicknesses as great as 0.02 in, However,
the power factor of these films was very high, at
beat being between 4O and 50 per cent which makes
suwh materials of littls interest for this work.

In some circuits, a rapld discharge time of
less than a microsecond is required., This ia
not possibtle with eleotrvlytic capacitors and must
be considered as a limiting factor, (Whether
tantalum oxide capacitors work by reason of ianic
or electronic conduction is dsbatabls, If the
latter, they will have rapid discharge times.)

Apart from those mentionsd, there are many
materials which can bs evaporated for use as
cepacitor dlelectrios. 2mong these can be listed
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the following:-

Nagnesiwm fluoride
Caloium fluoride
Calciun silicate
Zino sulphide
lead salphide
Cadmiun sulphide

Soma of these are well known as lens
bloowing agents, and sino sulphide has been used
extensively in m-fg deteotors. With e
parmittivity reported\”as 8.2 at 101%a/s and
moasured locally as about 9 at 106¢/s, it is
oonsidsred to be worth examining.

To obtain high stability and low cocefficient
of temporature will be just as big a problem as
with resistors, and very thin films will not be
prasticable if they ave wistable, Thls mesns
that es no compromiss is possible between high
oapacitance and stability, this latter must be
meds the dominsnt factor, In consequence, it
is most importent to develop a milti-layer film
capecitor as it is essential to achieve values
in excess of 0.1 uF and preferably of at least
1.0,F.

6. FLASTIO FILMS

Although inorganic materials cen be evaApOT=
ated more readily, plastios have slready been
mede in wery thin films and thelr progress has
veen sufficlently fast to justify the belief
that they may be used in moro-miniaturisaticn
techniques although they will probably be used
as components to be added geparately.

Pon%s;ha work by The Bell Telsphane
Laboratordes' -2/ on cellulose/acetato/butyrate,
thin £ilms have been made in the United Kingdom
from high molecular weight polystyrens and (11)
oopolymers of this with poly- o ~methylstyrens'™
Thssoﬁ.]manmtontoaouﬁeref lye
athylena-terephthalate (lylar or lielinex) from a
vent soluticn, the carrier being subsequently

stripped after the film has been motallised,
demetallised and slit for the meking of
metallised capacitors, So far very thin films
have not been made - about 0,0005 in, oxr 5
morons being used to gain experience, as & g00d
deal of "know how" is necessary for these

sges. 1t is the necessity of handling on
a substrate thot makes 1t easentisl to use cast
films; extruded films of this thickness would
befartootmnmdfraslletohwdle. A cast
£i1m linits the materiel to one which oen te
dissolved fairly readily aid this is the reason
that sn otherwise ideal mterial - polyethylane«
tarephthalate - is unsuitable and polystyrens is
preferred. Tt oellulose meterials have (iz
history of poor weathering in the troplos }
they are poor elsotricslly and, ootpared with

molsoular weight polystyrens, inferior in
neat resistance, As developed, it is )
antioipated initially that 70°C will be reached

as a working temperatwre, which will be
inoreased to 100°C when such problems as residual
solvent removal, etc, have been overcoas. {The
softening point of the bulk material is in exoess
of 120°C-)

Capacitors have been made from these films
but early models have been mads from multi-layer
wound foils., As the final units will almoat
certainly be required in the form of single shee®
noastellated" metallised capacitors, work has
now been directed into malcing this type only and
already the thin film has been stripped from its
substrate aftor mstallising, Demetallising and
slitting processes are being developsd,

The gain in capucitsnoe/wolums ratio is
celoulated as 5 ¢ 1 over conventicnal metallised
pepor capecitors, It is unfortunate that
polystyrens has a psrmittivity of only 2.5 but
this is the prioe paid for an almost perfect
dielectrio material. Experiments hava been made
with high permittivity fillers and it has been
found possible to achieve a permittivity of five
while still in very thin films ( 0,001 in.) oast
firom solvent solutions.

A novel method of making large valus
capaolitors is by using gifferential solvents,
On to a substrate of polyester film a layer of
polystyrens is cast and oried as ususl, It is
metallised and another insulating layer of
zeliulose hitrate iz cast on top. 4As the
metallised layer is not a barrier for the styrens
solvent, a material dissolving in a aifferent
solvent i3 needed. So far, ocellulose rdtrate
hes been used experimentally and although this
is by no means a good dielectric, it can be cast
from solvents which do not attack the polystyrene.
By building up multi-layers, say ten, it is
possible to strip off the substrate as the ai-
eleotrics are strong enough in the form of
laminae to support themsslwes, By this technique
1t should be possibls to produce capacitors of
very high capacitance per unit volume,

As the range of plastic dieleotrics is
conatantly being extended there may be improved
materials sultable for making thin films with
higher permittivity and heat resistance together
with freedom from pinholes, From the so-called
inorganic polymers such as boron and phosphorus
nitride it may be possible to produce a substrate
suitable for use in evaporating plants, but with
imroved moulding, shaplng and machining
properties. In this respsct, the militaxy
demand for high temperature dielectrics may
result in materials suitable for this pew
technique, but so far in the United Kingdom
experimental materials of this type have been
far too brittle for serious usage.

on the whole, plastics do not seem to hold
much promise for these techniques exoept as an
interim measure for use in separate componants
until such time as all the components are made
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in situ on a substrate which itself forms an
integral part of the sub-unit.

7o mmmmgmmcw

The choioce between magnotic films of metal
or of ferrite ie in favour of the former becavae
they have superior physical properties and they
exe easier to evaporate as an alloy.

It is reported (13 that the foll
comparison may be made between the charactorist-
ios of ferrite and metel magnetioc filmsi~

Ferrite letal film

Speedgon 1.8 5210w 8
Drive Powor 800 ma into 50| 400 mA into 5
chmg (valve){ ohms(transistor)
Repetition 500 ko/s 5 Yo/e
rate
Physical sige Similar Simdlar

Both have rectangular hysteresis loops and are
suitable for use in memory planses.

Moat of the films consist of nickel/iron in
the ratic of 8 : 2 eveporated on to a substrote
heated to 30090 in a magnetic field of about
50 cersteds, Eddy ourrent losses are high for a
thickness exoeeding a mioron or so, and inter-
ference between opposite domain walls can occur
if the thickneas falls as low as about 2 i; the
uvaual thicknsss is between 300 and 1000 A.
Cruoibles of silioa are used, but a big problam
is in maintaining the puvity of the deposited
f11m because, as is well known, iron is very
sensitive to minute traces of silioon.

Attempts are being made to deposit a con-
ducting layer on top of the magnetioc film with
en intervening layer of an insulant, but so far
great difficulty has been experienced with
pinholes.

To be sble to produce a complets meumory de-
vice by deposition would be a tremendous advance
over the painstalking method of ferrite-gore
threading practised at present, and tiere is the
additional sdvantage that the speed of operation
is much improved by keeping down the langths of
conductor.

8. CONSTRUCTIQT OF SUB-UNITS

After many years experience it is still
Qifficult to obtain components which pass the
arduous specifications set by Military and
Government dopartments, particularly under
conditions of shock and vibration. It must

be assumed that these same conditions will be
applied to mlicro-winiaturiged cirouits -
indeed, if past experience is anything to judge
by, conditions will be come more onerous.

Printed oircults, envisaged over ten years
820, are only just ooming into servioce, and their
acosptence by militsry departments is by no means
vertain in the United Kingdom even now, There is
widespread suspicion that the printed circuit is
only a manufaoturing dsvice that offers nothing
in reliability or serviocsability. There ia
certainly some justification for ths latier
belief because the printed wiring unit is very
4ifficult to repair and requires new techniques
on the part of military servicemen. The polioy
of replacing one sub-unit with another insteed
of repairing is not widely acoepted in the
United Kingdom, partlcularly by the Royal Navy,
who teke the view that bescause of limited storage
spsce it iz essential to be able t© replace every
suall component part of eisctronic equipment used
on ahips.

A further consideration is one of economics.
In a reocent technical article the statement was
mede that it is posaibls to pack 1000 sami-
conductor cirouit elements in a volume of one
ocublo inch, Assuming the cost of each elsment
to be a dollar, then a throw-sway unit valued
at 1000 dollars is quite unvoconomic, It may
be possible to build in a reliability fastor far
greator than any to date, but this ls very
aiffiocults In the meantime, it must be assumed
that the individual paris may fail and so either
the sub-unit zust be cheap enough to be thrown
away or simple enough to repair, If made along
the lines disoussed, using high stability
components, it is unlikely that this latter
alternative oan be achieved, which means that
efforts must be made to obtain far greater
reliability,
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LAYERIZED HIGH=-DIELECTRIC-CONSTANT CAPACITORS

Laurel H, Maxrell, Devid I, Freifelder} and Fhilip J. Franklin
Diarond Ordnance Fuze Laboratories, Washington 25, D. C.

Micraminiature ceramic capacitars having a capacitance of about 1 p.t‘d/:l.n2
and losses of 3 to 5% have been made from a very thin layer of material con-
The units were made by: (L) casting
a thin film by a doctor-blade technique, (2) sintering a plate cut from this
£11m, (3) reducing in hydrogen to make the plate semiconduating, (k) reoxidizing
the surfaces while firing-on the silver electrodes to form an insulating die-
lectric, and (5) cutting the plate into 0.l-inch squares. Fabrication con-
ditions were chosen to create the best campromise among the several desired
properties, i.e. low loss, high capacltance, and high percentage of usable
undts. The leakage resistance of the units was found to be voltage dependent
and at voltages of about two volts and below was of the order of several
megohms; at higher voltages it dropped rapidly to the kilokm range. The loss
The cupacitance was moderately
temperature-and-voltage dependent although the curves showed no sharp peaks.
Other electrical characteristics and suggested improvements are also described,

sisting predominately of barium titanate.

showed a sharp increase above iwo volts.

IHTRODUCTION

crominiature electronic circult packages
require physically small capacitors having
capacitance values in the range of their
larger counterparits. In a capacitor of small vol-
ume, the capacltance may be made large either
by reducing the thiclmess of the unit or by
employing as the dielectric a material of
extromely high dielectric constant. Clearly,
the maximum capacitance would result if both
of these methods were used simultancously,
that 18, if 2 vory thin film were formmed from
a high-=diclectric-constant material.

Barium titanate .l ?a'l‘i03) is a forro-
electric material a having an gxtremely
high dielectric constant, ca, 19° 31 25°C,

The dielectric constant is, unfortunalely,
temperature dependent, oxhibiting at the Curie
point (12C°C) more than a tenfold increase
over its value at 25°C. Various additives,
such as strontium titanato, can be used to
lower the Curie temperature to as low as-200°C(2)
and thus relepate the strong temperature~
dependence 10 a position outside the range of
normal operating termperatures. Rare ecarth
oxides also have a paried cffect on the die-
lectric properties 3 . Barium titanate has

a dielectric loss of 2 to 3% which is slightly
higher than that of most other materials in use
altiough losscs ca.re| sz diminished by special
firing techniques s/,

when heated at hich terperatures in a re-~
ducing atmospiere, the 197 jon in the 3aTiO,

is reduced to Ti3* by removal of an oxygen
atom. This reduced titanate has a very hirh
ddelectric constant and is a serticonductor due
to the loosely bound gl=ctrons resulting from
the lattice defects () That is, the T3*
lon can be thought of as a Ti'* ion plus arn
electron. Under the influcrce of an clectrie
ficld, this clecctron can move along the
lottice from one reduced ion to an adjacent
unreduced site rcsulting in the latter be-
caidng a reduced site. he reduced material,

¥Present address: Jniversity of Chicago, firadu-
ate School,

even though it has a high cdielectric constant,
is useless as a dislectric because it is very
conductive. iowever, if the reduced material
1s fired briefly in air, a very thin film of
unreduced titanate siiculd be formed on its
surfaces sincc the missing oxygen atoms re-
sponsible for the lattice defects would be
veplaced in the structure. The body of the ‘
unit would still be a conductor and would con=~ \
sequently act liko a small serles resistance.
Two electrodes placed on the surface films
would complete the capacitor. The entire unit
vould be relativoly thick compared to the
thickness of the actual capacitive layor. A
rnodel of such a ¢t can be found in Figure 1.
Ry reprcsents the serics resistance due to the
resistivity of the innor semiconductor and

R represents the parallel resistance due to the
rPaistivity of tho rewddized films.

SILVER—
\ ¢ L —§R
P
;{Zﬁ. 7227
7"/ REDUCED MATERIAL 2275
gy /?/ Ll /‘ RS
c Rp

INSULATING FILMS

Figure 1.-Fhysical and electrical models of
layerized high~dielectric-constant capacitors,

The losses of the layerized capacitors would
be of three types: (1) intrinsic or polari-
zation loss which is due to the nature of the
dipolar structure of the film and is inde-
pendent of the film thiclmess, (2) parallel
loss which is due to the leakage resistance of
the M1n and increases ith decreasing tiickness
of the fil=, ond (3) scries loss which results
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from the resistivity of the inner semiconductor
and from the resistance of the electrodse them-
selves.

Ddelectric constant,k,is nomally calculated
for a parallel plats capacitor using the formula
¥ = $C/ 0,225 A, where t is the thickness in
inches, C is the capacitance in mieremicro
farads,and A 1s the ares in square inches, For
true dielectric constant, the actual thickneas
of the insulating lgyer is used for t. ‘ihen the
site of capacitive action and the associated
thickness are not knowm exactly, an effective
dielectrlc constant is often obtained by using
the total thickmess of the unit for t.Effective
dielectric constant is not used in this work.

In 19h6, the Herlee Corporation (0) re-
ported work on "Wltre-high-dielectric~constant'
materlals. A ceramic having a BaT103 base was
reduced in clty gas which contains carbon
monoxide to obtair unite reported to have an
effective dielectric constant of 125,000 to
175,000 and a loss of appraximately fifty per-~
cent. These units were not reaxidized and
their high dielectric constants are character-
istic of materdals containing conducting
rarticles,

Wentworth in 1947 produced high-dislectric-
constant but lossy materials by a carbon mon-
adde reduetion of BaTiO; ceramics containing
other ti(tg.nabcs, zirconates, and antimony
oxides (7 R

Other units, similar to those to be des-
cribed in this report, Ha«fs besn nade by
Onondaga Pottery Company ) whoe reduced tho
titanate with carbon monoxide ard rewddized
it when i‘.Lring-on s.he silver electrodes in air.
Roup and Butler (9 s using carbon as a reducing
agent and fired silver as electrodes,developed
a unit which i3 belicved to have regulted in
production of a carmercial undlt having a
capacitance of about four microfarads nev
square inch. Iccent work by Roup and Kilby(uz
using hydrogen and waffle-surfaced specirens,
has resulted in urits with a still higher
capacitance per unit area.

These carmercial units are, however, not
available in the sizes and shapes required for
the work in process at The Jiauouu ordnance Fuze
Lavoratories (DOFL), Therefore, it was neces-
sary to fabricate usable units and study the
effects of processing vardiables on the pro-
pertics of the units.

EXPERDMENTAL ToC IIIQUES AND DATA
1. Formulating of specimens

Thin-film snecirens were prepared by a
doctor=-tlade technique as follows. Coramic
powders were combined to make a mixiure having
a total weight of fifty grams and then were
mixed with the maicrials listed below and
ground overnicht in a b%all mill,

Butyl Cellosolve .35 ml
Tcluene 12 1
Zesin sclution 15 Il

The resin solution consisted of:
Glycero] esterof hydrogenated p
1

resins on
Methyl abietate 15 &m
Ethyl cellulese 6 em
Amylnaphthalencs 5.2 nl
Fatty acld csters of hexitol

anhydride 1.0 ml
DMethyl oxalate 1.8 ml
Toluene 65,2 ml

A portion of the milled rmaterial was poured
onto a plate (Flg. 2A) having edges raised 0.02l;

Flgure 2.-Apparatus ror casting and drying thin
ceramic films: (a) plate, (b) doctor blade, and
(c) removal knife,

inch above tie flat surface. A straight-cdged
blade (Fig. 25) was drawn along the raised cdges
of the plaic forming wet £ilm of the desired
tiickness. Lot water possing throuch copper
tubing attached to the bottom of the plate
heated it from below wiile an infra-red lamp
eight inches above the plate heated it from
above. Aftor fiftden minutes, the lamp was ree-
noved and cold water was run through the copper
tubing, ‘then the film rcached room temperature
it was removed by passing a thin blade (Fig.2C
between it and the plate. This dried £11m vas
a flexdble sheet 0,012 inch in thickness and
was cut into 7/16-inch squares. 3quares of
larger sizo iere impractical due to eracking
during sintering, a result of non-uniform
shrinkage.

Thoe various cerartde powder mixtures that were
prepared are listed in Table I.

Table I. - Composition of formulations

Formulation Cemposition

A BaT:l.OB 815
Sr’.L‘LOB 18
CaZr0s 7%
kgZr0; 25

38 B 99.5
%0z ¢,54

3C 3A 99.8%
Smp04 0,25

5D oA 99.5%
1idy05 0,55

= A 99.55
1o 0, 054
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2. Firing procedure

The 7/16-inch squares were fired three
times; first to sinter, second to reduce, and
third to apply clectrodes and mexidize the
surfaces of the bodies.

A. Sintering. - The 7/16-inch squares
were stacked batween platinum separators and

- -

a snall amount of 100-mesh 2r0, powder was
sprirkled between the platinum and ceramic to
prevent sticlkdng. Stacks were fired in a
platimm wound furnace for 1 hour at 135C°C.

B. Redueing. ~ The sanmples were placed on
2r0, bats and reduced in a dry hydrogen
atmosphere. To determine optirng time and
temperature for the reduction process,samples
of forrmlation BA were fired at each of four
terperatures for periods of 10 and 60 minutes.
Desults of electrical ncasurements on these
specimens after processing are given in Table
II. lost specimens wcre fired for ten
minutos at 1200°C, cooled in about five
rinutes tcbdow 300°C and then removed from the
furnace. Tho specimens looked black or hlue-
black at thig stage. In Table III, samples
fired in dry hydrogen are compared electri-~
eally with samples fixred in hydrogen wetted
by bubbling throush water.

Table I

BEffect of various reducing times and tempera-
tures on the capacitance per unit area and the
dissipation fagtnr of iayerized reduced titan-
ate capacitorss

Reduction Time, Capacit.ange/area, Losg

t.gmperature, min. ufd/in %
(o]
100 10 0.34 2.6
0.37 1.7
&0 0.42 1.8
0.54 2.2
1200 10 0.46 2.0
&0 0.59 1.7
0.46 1.7
1300 20 0.59 2.0
0.51 2.0
60 0.42 1.7
1400 20 0.41 2.8
0.39 3.

60 0.4C 3.4

(B)Forx.;_‘—.at,ion 3A. Silver palnt electrodes
fired for 2 minutes at 300° C.

Table TII

Effect of reducing in wet vs. dry hydrogen on
the capacitance per unit area and dissipation
factor of layerized reduced titanate cspacitors(")

Hydrogen Capacitange/ area, Loss,
pfd/in

Dry 0.48 4.1
. 0.59 2.4

0.5 2.5

0.54 2.3

0.55 2.6

Wet 0.094 9.1
0.099 11.4

0.098 9.3

0.12 1.3

2,10 9.6

(a)Formlatiou BA
Sintered 60 minutes at 1350° C.
Reduced 10 minutes at 1200° C.
Electrodes fired 2 minutes at 800° C.

C. Electrode application and reoxidation
¢f surfaces, - 0old or silver electrodes were wsedm
samples, Gold electrodeg were vacuun de-
posited in place without resorting to glow-
discharge cleaning, JIilver clectrodes verc
applied either by brushing or by screening a
thin layer of silver paint onto the ceramic.
After applying the silver paint to cach side
of ths cerarde, it vas dried for a fow minutes
at 100°C untdl it was not tacky and the units
were then placed on 20-mesh Zr02 grains on a
snall steatite plate.

In order to deicrmine optimum firing time,
both at 700° and §00°C, in a furnace having an
air atmosphere, sixteen reduced 7/l5-inch
squares were fired at various times fronm 1.5
t0 8 minutes., The results of electrical
neasurerents on these specimens, after cutting
to still sraller sizc, as described in the
next section, are given in Table IV and Table
V; the specific firing conditions in cach
experiment are indicated in the footnotes of
each table. ihea the specimens were removed
from the furnace, the srall flred squaros were
allowed to slide onto a cool surface of insu=-
lating stabilized zirconia brick.

3. Cutting to size

After application of electrodes, the 7/16-~
inch squares formed by the doctor blade tech~
nique were cut to O.l=inch squares by a method
analogous to that used to cut glass., :lalf of
the unit was supported. Ten it was ruled with
a seribe having a tungsten carbide tip so that
the scratch wvas in line with the edgo of the
support. Pressure was taen exerted dom~
ward on the unsunporwed half,
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Table IV

fffect Of varying the fidng time at 700° C. on
t‘..e ct:pa.cita.nce per unit area and the dissipa-
ion A?gs.or of layerized reduced titanate capa-

citors\8); giiver paint electrodes.

Sample Time, Capac 1ta.5ce/ area, lLoss,
Yo, min. pfd/in %
1 1.5 2.6 18.5
2 2.2 36.0
3 1.7 8.3
4 0.96 3.1
s 1.7 23.0
6 2.2 24.7
7 1.3 34.3
Av. 2.1 21.2
8 2 1.6 38.8
9 2.3 18.1
10 1.9 8.5
il 1.9 1.3
12 2.0 23.3
Av 1.9 20.0
1 4 1.5 42.6
14 0.88 2.7
1 0.01 2.7
16 0.86 10.4
Av. l1.C1 14,6
17 8 0.69 10.7
18 1.2 . 38.8
19 0.62 5.8
20 0.95 41.1
Av. 0.86 24,2

(a) Formulation BA, film specimens, C.i-inch
aquares. All samples reduced irn dry hydrogen
fcr ten minutes at 1200° C.

L. fusting

A comercial capacitance bridge was used at
cne-volt peak voltage and at one kilocycle for
deterrdnaticns of capacitance and dissipation
factor. The results of these measurerents for
ezcii formulation can be found in Table VI,
There was no dc bias acress the wnit excert
when leakage resistance and capacitance as
funcitions of dec voltage were measured. Te
meacure leakagse resisiance, a dz pover supply
wras connected to the capacitor in series with
an altra-~sensitive mderommeter. The voltage
seross the umt was read on a vacusn tube volt-
nieter having an inpul resistance of 11 mopoiws
and the resistancce was caleulated from Clim's
zair, A plot of leai:ape resistance versus de
voltage for two srnecimers made from forrmue-

Table V

Effect of varying the firing time at 800° C. on

the capacitance per unit area and the dissipa-

tlon f?cs,or of layerized reduced titanate capa-
a

citors ; sllver palnt electrodes.
Semple Time, Capacitance/area, Loss,
No. min. ufd/in2
1 1.5 0.67 12.4(P)
2 0.86 37.6(b)
3 0.60 2.6
4 0.67 3.1
5 0.66 25,9(b)
[ 0.58 2.9
7 0.56 2.9
Av. 0.60 3.0
8 2 0.55 12.1(p)
g 0.50 2.9
10 0.50 2.4
11 0.51 2.4
12 0.40 2.2
Av. 0.49 2.5
13 4 0.35 2.0
14 0.34 2.1
15 0.38 3.1
16 0.33 2.2
17 0.34 20.9(v)
Av, 0.3 2.6
18 4,25 0.28 2.0
19 0.28 2.0
20 8 0.22 2.7
21 0.18 3.6
22 0.20 2.9
23 0.18 2.8
24 0.20 2.8
25 0.24 2.7
Av. 0.20 2.9

(a) pormulation BA, film epecimens O.l-inch
squares. All ssmples reduced In dry hydrogen
for 10 minutes at 1200° C.

(b) These velues were not included in the
averages fince these units would normaliy be
rejected for use in an actual clrcuit.

lation 3A can be found in Mg. 3.

of variation of voltage onnj{.le ;esiginecie.fir%g
cetermined Ly measuring the resistance first
at cne volt, then at a somewhat higher voltage )
then again at one volt, and then at a voltage
greater than the provious maxirasn. This pro-
ccaure was contirmied to nine volts, each time
returning to one volt after the increase. The
results of tiese measurcrents are GFHven in
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Table VI
Effect of additives on the capacitance and loss

of layerized reduced titanate capacitors at
1 ke.

Type Additive Capacitancs/a.rea , L;as B

ufd/in

BA None 0.48 4.1
0.59 2.4

0.50 2.5

0.54 2.3

BB Cel, 1.1 3.6
1.0 3.2

1.1 7.6

0.9 3.2

BC Smy0z 0.82 2.7
0.76 2.9

0.87 2.8

1.3 3.0

BD Nd.,0 1.4 4.5
2% 1.1 7.0

1.1 4.5

1.0 11.6

BE Lag0x i.1 4,2
1.2 4.1

1.0 4.1

1.0 7.2

Sintering conditions -- 1 hour, 1350° C.
Reducing conditions -- 10 minutes, 1200° C.
Reoxidation conditions -- 2 minutes, 800° C.
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Table VII lmoow i Y
Effect of increasing voltage pretreatments on
leakage resistance at one volt. 2000 e
Type BA Type BC g o oisuration Facron™| *°
1:_ © CAPACITANCE "
Volts Resistance, Volts Resistance, 3 . 8
megohm megohm 3 foooor 2 @
H H
¢ 9,000~ s g.
1 10 1 10 s
3 35 3 3 o
1 6 1 9 #0500
4.8 0.06 5 1 oo 1"
1 1 1 ¢} °
5.8 0.06 6.2 0.7 no00 - 1,
1 1 1 b3 \
7 0.03 7 2.6 °
1 0.03 1 5 6,000 L 1 1 1 ) 1 °
8 0.01 8.2 0.5 ° R
.1.. 0'03 l 4 G L ®as vGLTAGE, vOLTS
9 0.01 Figure 4.-Capacitance and loss as a function of
1 0.2 ds voltape for luyerized canacitors oi type BD.
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Table W in the order in vhich they were detcr- —— REDUCED
nined, Uhen capacitance and loss as a function
of dc voltage were measured, the power supply
and a large inductor in scries were placed
across the urdt. The purpose of the inductor
was to prevent the bridge from being loaded by
the bias supply. The rcsults of these measurc-
hments on a unit of type ED can be found in Fig.

L e @I

- — - NOT REDUCED

The specimens were placed in an insulated
bax for measurenment of the effects of lempera~
ture on the electrical parametcrs. A fan
circulated air over small pieces of dry ice to . . ,
cool the test chamber to about =40°C. To raise s 40 20 © 20 40 e e 100
the temperature,warm alr obtained from a heater .
contained in a separate compartment waos circu~ TEWPERATURE, °C
lated through the box. The ambient temperaturc Figure 6,~Percent charge of capacitance of re-
of the test box was controlled automatically duced and unreduced type BB capacitors as a
by a thermocouple attached to the heater con- function of temperature, percent change of capac—

trol. The capacitors were mounted on a cersmic itance calculated from e refersnce point at 25°C.
plate by means of a conducting plastic cement(12

3 3 ° 3 &
] | | |

CHANGE IN CAPACITANCE, %

and embedded in an epoxy resin to prevent con- o'
densed water vapor fron shorting the uxlis. — AN
The lecads were attached iwrithin the box to elec-
trodes vhich srere ccnnccted externally to the
neesuring circuits. The results of the temper- SO
ature study can be found in Figure 5 which TESTJ IUN” y
17 h
80 — e BA v h RECORDER
N
3

—{l|

Figure 7.-Test circuit for continuous measurenont
of de resistance as a function of time.

damaging the inslrurcnt by rickup whonever ie
unit was removed {ron the test circuit. This
linited all measurcienis to slightly less than
107 ohms.

Capacitance as a function of tire (agin{,—').

- vas determined sinply Uy measuring the capaci-

! ! ! ! ! ! ! ! tance of a given unit at Prescribed times up to
1300 hours.

Capacitance and loss of several capacitors
cut from the edges of the 7/16~inch squares are
Figure 5.-Percent change of capacitance of all ghown in the upper half of Table VIII. After
formulations as a function of temperature, per- abrading the edges of the capacitors, the same

cent change of capacitance calouwlated from a clectrical properties are shown in the lower
reference point at 25°C, half of Table VIII.

CHANGE (N CAPACITANCE, %

TEMPERATURE, °C

Table VIII

indicates percentage chasge of ca;acita.n]ce as Effect of abrading away the sides of edge pleces
?lﬁmc%ogh:ﬁstiﬂgc:;ﬁ:n:c:;:xﬁ ni: . d:tiﬁns' from & 7/16-inch-square of a type BA layerized,
B g o~ * : tanate capacitor
both a reduced and an wnreduced sarmple of reduced titanste capac
forrmlation 33. . Coniition of Unit Capac;(ti.}u;lcs/area Lo;a,

Resistance as a funciion of Lime at constan capaoitor No. u n'
de voltage was neasurcd with an automatic
voltage recorder using the circult shown in

Fieure 7. The resistor 2 vas adjusted to bring Before abrasion 1 0.60 18.6

the indicator to the recion of the scale where 2 0.88 30,6

the deflection was at a meodrmum, and then was z 0.92 34,5

not charged during a run. Resistors of knowm

value were subsitituied for the test wnit to After abraelon

calibrate the chart. 1 0,53 240
A 1070l resisior was perranently connected 2 0.49 2.€

across the capacitor bcing tested to avoid 3 0.51 6.6
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To determine whether the capacitance is a
volume or surface phencmenon and to estimate
the thickness of the surface layer, one elec-
trode and adjacent cxldized surface were re-
noved by abrading with 600-mesh carborundum on
a glass plate. An electrode was then put on
the exposed face both by vacuum deposition and
by painting on an air~dry silver paint. Eleo-
trical measurements were then conducted on the
specimens. Results are discussed below.

Several units were embedded in an epaxy

" resin and a oross section was out with a saw.

The surface was polished with fine emery and
examined wder a £fifty-power binocular micro-
scope with retlected light.

DISCUSSION

It was found that capacitors with a high
capasitance~to-volume ratio could be produced
from ceramic formulations consisting predomi-
nately of BaTiO3 by sintering, redusing, and
recxidizing wbiie flring-on silver paint elec-
trodes in air. Gold electrodes applied by
vaouum deposition did not produce capacitors
but instead ylelded low-value resistors.
Neither gold nor silver reacts chemically with

‘the ceramic, It is unlikely that the glass

partioles in the silver paint had any effect,
since the paint normally produces low-resistanm
bonds, or that the organic hkinder in the paint
had any effect because it would be completely
ocembusted. Therefore, the differences between
the capacitors bearing the twe different types
of electrodes must have resulted from the fact
that the application of the silver electrodes
required heating of the material. It was

found that the reduced ceramic could be reoxi-
dized throughout its volume by continusus heate
ing in air for about 15 minutes at temperatures
suitable for electrode firing,.

It was concluded that the process of firing
the electrodes resulted in formation of a thin
£ilm 1ike the oxdiginal umreduced ceramic, and
having a high dielectric constant, and that it
was this thin insulating £ilm that becams the
capacitor dielectric. It is of interest that
no previous theory has been found in the liter-
ature that explained the capacitive action of
reduced titanate capacitors by means of such a
reaxidized layer. However, the presence of
such a £ilm wonld permit an explanation of the
properties of t he capacitor, in particular the
frequency dependence, by m?a.ns of the early
theordes of J. C. Maxmell (13)and K.W.Wagner(H)
which treated the capacitance of multilayered
dielectrics. When the units with gcld elec~
trodes applicd by vacuum deposition were sub-
sequently fired for 1.5 minutes st 700°C., high
capacitance and low loss resulted, as expected.

For the oapacitor to have low sories re-
sistance, the inner layer of redused titanate
should have high conductivity. Since the con-
tuctivity is a result of the reduction process,
there ahould be an optimum reduction time and
temperature. From Table II it can be seen that,
over a broad range of reduction temperaturea and
times, there is no detectable difference in

®

dieloctric properties. Apparently the con-
duetivity inoreases rapidly early in the re-
duotion step so that further treatment produces
no real improvement. It is important that the
reduced unlts be ccoled in the hydrogen atmos-
phere and not be permitted to come in contact
with oxygen until near room temperature. If
these precautions are not cbeerved, uncon-
trolled reccidation will oocoux.

Table III gives some representative values
for the finished capacitors which were reduced
in both wet and dry hydrogen. The lower oapasi~-
tance and higher loss of the wet-hydrogen-type
compared with that of the dry-hydrogen~type
suggests that the reaxidized layer of the
former type is thicker and that the series loss
is greater. This effect can be explained by

2740, + :{2 — '1‘1.203 + H20
When & crystal of the oxide is exposod to hydro-
gen, the entire crystal is not converted to
Tiz03 (which mey be written T10, o) but rather
pradually loses oxygen atoms an]d' Passes through
such non-stolchicmetric structures as TiO 8.
The rondnetivity of the reduced material h—
oreases with increasing removal of oxygen. Al-
though '13.02 does not oxist as such in the crys-
tal lattice of barium titanate, the removal of
oxygen atoms by the hyurogen gas,with the re-
sultant formation of water,is still the essence
of the reduction process. At high temperatures
the above reaction is known to be reversible
with equilibriun lying to the rifht. If water
is removed by constantly flushing the system
with fresh hydrogen, the reaction will go to
completion to the right. However, if the hydro=~
gen 1s wet, the equilibrium is reached with less
of the reduced titanate present, i.e, with less
oxycen removed fram the lattice. This means
that the conductivity of the reduced material is
lower and incrcases ‘he serics resistance and
hence the loss of the unit. Since there is now
partially reoxidized,d,e, incompletely reduced,
material on the surface,tiic rec:didation that
occwrs dwring firiag of the electrodes produces
a thicker insulating la;er. This decrcases the
capacitance 38 was ouserved. The increase in
parallel resistance duc to the preater thickness
1s, however, overshadowod by tho increase in
serles resistance and the net loss would in=~
croase as obaerved.

Using the formwla for capacitance of a
parallel plate conderser, and assuming that the
diclectric consiant of the layer is several
thousaii?, 2 thickness fer the reoxidized surface
layer of about one tentnh ‘o one half il is ob~
tained. Tids is in aprecment with the amount of
iaterlal wideh mnst he abraded away to remove
one of tiie series capacltances., However, exari=
nation by rcflecicd 1i-iit under a fifty-power
microacope shkows no film of this thickness. It
is conceivable that the film cannot be seen by
rcflected light, It i3 also possible that the
film is thinner and the dielectric constant
lower than expected or that no well-defined layer
exsts. That is, <ie larer would fradually
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merge into the conductdng body of the unit,
since the capacitance and alsc the loss due
to leakage resistanceare a function of the thick-
neas of the film and, therefore, of the tima
during which the film is being formed, it was
necessary to determine the optimum fiving time,
Fran Table V it can be seen that two minutes at
800Y C, glves high capacitance without excessive
loss. The magnitude of the loas of the poorer
units is of no real consequence since these units
would be rejected from the lot before a capacita
was chogsen for a circuit. A high percentage of
rejects is obtained with a firing time of 1-1/2
minutes with only a 203 increase in capacitance
above that obtained by firing for 2 minutes,
Therefore, on an economic basis, the two-minute
firing time is more advantapeous. Table IV in-
dicates that at 700“C. the capacitance can be
more than three times as preat although this is
at the expense of higher loss. For example, of
the twenty units listed in Table V only 8ix have
a loss of less than 10% and thesc six units have
a capacitance more nearly equal to that obtained
for a firing time of two minutes at 800" C, It
is clear that if a highui capacltance unit were
desired, it could be made at the lower tempera=
ture although the material waste would be greaten
The high loss for all rejects examined has heen
found to be due to decrcascd leakage resistance.
Units having a loss of 25% or greater invariably
had a resistance of less than 100 kilehms at
1-1/2 voltsy that of tho normal units with lower
loss was usually on the order of geveral megohms,

A very significant observation was nade
from these experiments. Dofore any aystematic
experiments were performed to determine-
optimm firing conditions, the units were al-
ways fired at 700° C, for 1-1/2 minutes, These
conditions were employed for several months with
arcat success although Tablel indicates that
difficulty should have Leen experienced, In
order to understand this anamaly it should
first be realized that a high temperature 1s re-~
quired for reo:ddation and that,when the unit
is placed in the furnace,it ig at room tempera-
ture, It is to be expected that a thermal in-
sulator (the ceramic) and a thermal reflector
(the silver) will not equilibriate with the
furnace very rapidly. In addition, the salvent
in the silver paste mst evaporate and,in so
doing,cool the sample, It was found that when
a sllvered recducdd sample was placed in a fure
nace at 700°C for a seriss of fifteen-second
expogures, liitle or no recmxddation occurred,
as evidenced Ly no decrease in conductivity,
From this the conclusion arises that more than
fifteen meconds is required for the uni? to
attain the reoxidation temperature, This
time vas increased by the addition of excess
solvent to the silver paste.

It was found that the only part of the pro-
cedure that had been changed at the time units
could no longer te fabricated at 700° C, had
been that the silver paste had been diluted with
turpentine. Although it has not yet been
proven, it is suggested that this astep was the
source of the Hirfficulty. Turpentine contains
among other things significant amounts of

unsaturated structures, which in the presence af
atmospheric n form polymors at room
temperature. ese polymers are quite invola-
tile and at 700° C, they would tend to char
rather than bwn away. The resu.t is that
probatly the silver and the ceramic face would
be covered with £films of hirh polymeric carbo-
naceous regiduecs. Carbon has been used by -bup
and Butler' reduce the titanates. It is
clear that,in the presence of the carbon and
the polymers films, formation of the readdlzed
film is severely hampered, Table IV indicates
that Increasing the time to eight minutes still
does not improve the situation, However, it is
well known that the time required to remove
polymers by combustion at elevated temperatures
is often much longer. The question then 1s

why the turpentine docs not seem to interfere
when the units are fired at 800° C. The ex-
planation is,doubtless,that at 800° C., most

of these high polymers tend to undergo

complete combustion rather than thermal de-
gradation. In any event,at 800° C, the reducirg
carben and the polymer sludge are not pressnt
on the ccramic face and proper ovxidation occurs,

Fron this discussion it can be seen that
reaxidation conditions are critical and may not
remain constant from one batsh to another,
VWhen difficulty is experienced, it is suggested
that the optimm firing conditions be
determined,

It was likely that each unit consisted of
two capacitors, since both sides of the plate
are reaxidized in scries with each other, and
with the conductor botween them (Figure 1),

To verify this, one of the silver electrodes:
was ground away,removing as little of the sur-
face as possible, The alm was to eliminate
the insulating layer. A gold electreode was
then vacuun doposited onto this side, The ca-
pacitance was remcasured and was found to be
nearly doubled,as would be expected if one of
two equal capaciters in seiics werw shoried.

Table VI shows the effect of various ad-
ditives on the capacitance and luss measured
at 25° C, The spread of values for supposedly
identical units is still sufficiently great
that a statement cannot be made to the effect
that one additive produces a substantially
greater increase than another. However,a valid
conclusion is that the capacitance can be in-
creased considerably by addition of rare earth
oxides to the oripinal mixture.

Since in some circult applications, a ca-
pacitor has a dc voltage across it, the effect
of this voltage on the unit must be determined.
Figure 3 indicates the effect of this voltage
on the leakage resistance, The immediate ob~
gervation is that the units are definitely non-
olmic. The graph gives data on only tw samplen
There is much individual variation but the
general property of aliernmating flat and sharply
dropping rcgions is characterisiic of all. It
is thought that these drops are due to a succes-
sion of partial dielectric breakdowns or pinhole
formation in the insulating film.

It has been obscrved that the leakape of a
sarple depends to a great extent upon its elec-
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trical history. Tatle VII indicates for two
different samples that the resistance does not
return to its low-voltage value after 2 high
voltage has been applied; that is, the unit is
not only non-chmic but also not reversible,

Sach variation does not swem to follow a regu-
lar pattern and differs from one unit to another.
It was of interest te determine whether

the capacitance of one of the O,l-inch-~square
units was in any way dependent upon the part of

- 7/16-inch square from which it came, It was

found that edge pieccs from the larger square
were considergbly more lossy than those in the
body of the square, It was found that often in

- the silvering operation same of the silver

slipped around the edge and had shorted the
units, However, there were many cases in which
no gilver on eithsr side of the larger square
reached the edge and the loss of these edge
units was still axcessive. In such cases the
high loss was usually acocmpanied by higher
capacitance than normal, It was found that if
the edge of the wnit was abraded away, the loss
and capacitance assumed the normal values, Ta-
ble VIII shows the capacitance and loss of
three suoh unite lLefore and af¥er abrasion, No
explanation has as yot been glven for this
phencmenon, It is recommended that for produc-
tion purposes the edge pleces be made very narrow
and discarded,

Mgure 4 illustrates the dependence of ca-
pacitance on voltage for a single typical unit.
The details of the curve vary from sample to
sanple but the sudden increase in loss and the
continual capacitance decrease arc character-
istic. No explanation has been glven yet for
the general shape of the curve,

The temperature~-capacitance characterig-
tics of units contal ning various additives can
be seen in Figure S5 which shows the percentage
change of capacitance fram the room=-temperature
value ags a function of temperature. The mate=-
rial with no additives, BA, shows the least
variation. Of the additives, Ce0, produced the
least change., Although for most %urposea a
perfectly flat cwrve would be ideal, 1t should
be noted that a controlled amount of temperature
dependence can be obtaincd by proper cholce of
additives, Such slements may be useful in
special apnlications.

Figure 6 indicates the percentage change of
capacitance as a function of temperature for the
formillation conteining CeOp, If the insulating
layer is unreduced titanate as has been proposcd,
then it would ve expected that the -.rwes for
the wnreduced and for the reduced and recxidized
specimens would be identical. The close simi-
larity indicates that the hypothesis i~ probably
correct. The differcnce between the iwo curves
is pogsibly due to interfacial polarization.

Any usable canacitors must be relatively
stable with tire, The resistance of several
units was observed at constant voltage for as
long as eighteen howrs. It was found that, up
to two-volts ujas, the l:ckage resistance never
dropped below one megohn, For higher values, up
Lo 4.5 volts, the leakape resistance often drop-
ped to as low as 200 kilohms,

The variation of capacitance with time with
no apnlied voltage (aging) was found to be 2-3 %
per decade, This followed the typical exponen-
tial decrease with the most rapid decrease oc-
curring du~ing the first few hours after the
temoerature of the umit vas raised above the
Curie-polnt temperaturs.

Studies of the characteristics of the ma-
torials used and of the phenomena involwed in
the preduction techniques described above are
being continued, There is same evidence
that the sintering operation may be unnecessary
and that sufficient sintering can occur during
the reduction process provided that the temper-
ature is raised to approximately 1L400° C, It
is also possible that chemical reaxidation and
subsequent chertical deposition of electrodes
will produce units having greater uniformity,
Other additives remain to be tested, including
bdsmuth stannate which is known to flatten the
temperature-capacitance curve, It is knowm
also that titanium diccide can be rendered
semiconducting by addition of small yuantities
of tri~- and pentavalent oxides, It 1s possible
that the titanates can be sinilarly affected by
antimonates, tungstates, and molybdates. The
insulating film could then be formed by chemi=
cal removal of the accepter or denor atems from
the surface of the plate, There is seme evi-
donce that the capacitance can be increased
substantially by roughcning the surfaces of the
reduced unit before reoxidation, in so doing
increasing the effcctive surface area.

COICLUSICHS

ideroniniature ceranic cagacitors having a
capacitance of about lufd/in? and lesses of 3
+o 57 have been made from a very thin Jayer of
raterial conoisting predominantly of BaTliO3,
The wnlts were made by: (1) casting a thin
film by a doctor-blade technique, (2) sintering
a plate cut crom this £ilm, (3) reducing in
hydropen to make the plate semi-ccnducting, )
recxidizing the surfaces wille firing-on the
gilver electrodes to form an insulating di-
eloctric, and (5) cutting the plate into O.l~
inch squares. The steP providing for surface
reovidation (Step Mo, &) was Lhe most critical
and care in selecting the time and temperature
for tiis oweration must be exercised.

Because of ithe stren: wreltare dependence
of the lecakafe resistance of these capacitors,
the recammended raximum voltage rating is 2
volts,
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A FAMILY OF STANDARD TRANSISTOR SWITCHING CIRCUITS

Thomas A. Prugh
Diamond Ordnance Fuze Laboratories, Wushington 25, D. C.

This paper describes the progress to date in designing e compatible set =f
standard circuits for use in experimental breadboard systems. The circuits,
such as multivibrators, binary counters and inverters, are simple building blocks
which can be interconnected to perform complex functions. The circuits, which
are shown in detail, are I .lgued~fuiuse at fTequencies up to approximately

15 KC and temperatures up to hs° ¢,

Design changes are presented for modi-

fying the limits as may be required for a specific applicstion. An electronic
timer is described which illustrates the use of the standard circuits to gener-
ate time istervals of 5, 10, or 15 seconds followlng an initiating trigger.
Future effort will be directed toward adding wdditional circuits to the avail-
able types wid obtaining more complete theoretical and experimental data vu

present and newly added circuits.
INTRODUCTION

Standard circuits and modules are being
increasingly considered by the electronics
industry. Thie interest is understandable
vhen the amount of time spen® in designing
a given type circuit over and over again is
added up. Also trom the standpoint of mass
production a few videly applicable standard
circuits would permit low unit cost and high
reliability.

The microminiaturization program adds an
additional incentive. As the circuits get
. smaller and are manufactured by printing or
vacuum-deposition methods, the system de-
signer will become primarily interested in
the functioning of logical blocks rather
than the individual component part values.
In order to achieve reliastle building blocks,
the circuit design can and should be con-
sldered in detail only during the overall
design of the particular wafers or modules.
These modules then are stocked as the small-
est component to be handled in development
and production activities,

In connection with research and develop-
ment work of the Diamond Ordnance Fuze Lator-
atories, it has been found that the circuits
to be described are useful for rapid assembly
of working systems. The circuits are pri-
marily of the low power level, informaticn
handling type. Typical aprlications include
digital computing and timing operations. The
circults are restricted to thosc using the
transistor as an off-on or relay-type device.

SPECIFIC CIRCUITS

The circuits are listed In Table I ir the
order they will be discussed., The particular
circult types were chosen, in part, because
they have been studied extensively. As a
result, detailed information is available or
calculable on the design, performance, ard
liritations of the circults. Specific compo-
nent part values are shown in the schematics.
From the standpoint of presently used tech-
rniques of meking micrcminliature assemblies,
the resistor elements are the easlest to
handle. Accerdingly the circults are de-
signed to use ro inductors and as Tew
capacitors as possible.

(1) Inverter (IN)

The Inverter circuit(l),shown in Figure 1,
as its name implies, inverts the input sig-
nal. For - 1.5 volts in, the output is 0;
for ¢ in, - 1.5 volts out. One inverter
stage can drive several other inverter
stages or similer type loads.

(2) Inverter Less Loadl (INLL)

A degenerate form of the Inverter is
shown in Figure 2, The load resistor of
1 X ohm, normally found in the collector
circuit, 1s omitted. This circult ic
used to couple a signal to o common
load resistor fed by several circuits.

(3; NOR

a)

The NOR circuit(g’ 3) is similar to the
Inverter except for the number of inputs.
The NOR shown in Figure 3 has two inputs.
In principle, any number could be used.
In practice, the two-input version is a
compromise between versatility and non-
criticalness. The two-input NOR has many
similar logical properties to the two-
grid pentode gating circuit., The loglcal
functicn performed by the NOR is shown
beside the schematic of Figure 3. When
neither A nor B is present an output
exists. Tne NOR is an elemental bullding
block. With one or more NOR circuits
all the logical functions including NOT,
AND, OR can be performed.

TABLE I
LIST OF STnNDAPD CIRCUITS

Inverter (IN)
Inverter Less load (1L)
NOR (NOR)
Flip-Fiop (FF)

Binary Counter (BC and BCR)
Monostable Multivikrator (MMV)

Free Running Multivibrator | (FRMV)

Lamp Contrcl (Lc)

Pcwer Switch (PS)




|

THOMAS A. PRUGH

() Flip-Fiop (¥F)

A bistable circuit can be formed by connect-
ing two Inverter CIriHitB together to form a
toggle or Flip-Flop. The scheuatic is shown
in Figure 4, Information can be coupled into
the Flip-Flop by connecting the collector of an
INLL circuit t0 one of the collectors of the

(5) Binary Counters {BC and BCR)

The Flip-Flop can be modified by the addition
of input pulse ?teeg}ng ¢ircuits to obtain a
Binary Counter 5 as shown in Figure 5.

The added capacitors, diodes and resistors prc-
vide alternate feeding of the input pulses to
one trarsistor, then to the other.

When initial conditions rneed to be set into
the Binary Counter, diodes coupled to the base
of each transistor can be added as shown in
T e
Pigure 6.

(6) Monostable Multivibrator (MMV)

The Monostable Multivibrator(7) is used to
generate a gate or time delay follewing an
Initiating trigger pulse, The design shown
in Figure 7 has the delay time adjusted by
choice of the coupling capacltor between the
two transistors. The start trigger is coupled
into the "normally-on" transistor by means of
a capacitor, resistor, and dlode network.

(7) Free Running Multivibrator (FRMV)

The Free Running Multivibrator(8) of
Figure 8 is a source of two symmetrical square
waves of opposite polarities. The freguency
is set by the cross-coupling carpacitors.

(8) Lamp Control (IC)

The Lamp Control circuit cf Figure 9 is used
when visual indication is required of the
binary cstate of Flip-Flops or Binary Counters.
A two-stage circuit is used because the lamps
have a drein of about 50 milliamperes. A
single transistor could not relisbly glve
enough current gain. Both this circuit and the
rollowing Power Switch circuit are designed
to be driven by an output signal from one of
the previously described circuits.

(9) Pover Switch (ps)

The Power gwitch circuit of Figure 10 1s
similar to the Lamp Control vircuit except for
the output load. The Power Stiteh circuit will
provide a heavy duty positive step in voltage
at its output. One use of the circuit is‘to
get or reset a number o Dinery Ccunter stages

sigul taneously.

COMMENTS ON DESIGN AND PrHFURMANCE

Flaboration of several points concerning
these circuits will now be male under tae fol-
lowing headings:

).. Choice of transistor type
2. Transistor specifications
3, Choice of diodes

Lk, Choice of supply voltages
5. Upper frequency limit

6. Upper temperature limit

(1) Choice of Transistor Type

The specific circuits shown are designed for
pnr- transistors. Simple changes in the polar-
ities of capacitors, diodcs, and power supplies
would permit the use of npn types. The pnp
allecy germanium types are the mest ~ommon
transistors manufactured and are well suited
to the circuits. Typical transistors are the
2NT77, 2N105, and 2iz07. The latter transisior
has been used extensively in making small
etched board modules. Higher frequency types
include the 2N139 and those of the series
2N1i2-2M114. The microalloy 2N393 1s a type
of even higher frequency. For high-tempercture
nperation, u silicon alloy type would be
necessury.

(2) Transistor Specifications

Two parameters are of major importance to the
rroper vperation of the circuits: common
emitter current gain (B) and collector cut-off
current (ICB ). The drop ir P with decreasing
temperaturé sets the lower temperature limit
of circult operation. The increase in I
with increasing temperature sets the upper
temperature 1irit for the circuits. Beta
values of 50 or greater are required for all
transistors except the output transistor in
the Lamp Control Circuit. This latter transis-
tor was chosen to have a B greater than 100.

The B of the 2N207 drops to about 50% of its
room-temperature value at -40° C. The circuits
should perform properly down to this tempera-
ture although experirmental tests have not
verified the fact., The circuits are designed
to operate with transistors having an I
value up to 30 pa, For the 2N20T ¢ e,c%gis
vaiue 1s reached at approximateiy 60° C.

(3) Choice of Diodes

The diodes used in the Binary Counter are
non-critical in terma of the characteristics
of presently available dicdes. Point contact
gernaniw diodes of minimuz guality have been
used. The 1N9O is typical. It has a minimum
forward current of § ma at 1 vclt and a maxi-
mum reverse current ot 500 ua at 5C volts.
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Junction diodes of equivalent dc characteris-
tics should operate as well as point contact
types in the low-frequency circuits considered
e0 far. If the maximum upper operating temper-
ature is desired for the circuits, the diode
should be chosen for minimum reverse current
at the upper temperature poirt,

(%) cnoice uf Supply Voltages

The circuite are designed to ~perate from
two single cells, one for the negative source
and one for the positive source. Either 1.3-
volt iiercury cells or 1.5-volt dry cells
are satisfactory. Two-volt lead-acid cells
can be used if the Lamp Control Circuit has a
2-volt lamp (No. 48 or kg).

(5) Upper Frequency Limit

The circuits have not been designed for opti-
mun frequency’ response. Circuit simplicity
and reliable low-frequency operation were
stressed in these designs. The Binary Counter,
using transistors such as the =N(7( or 2N207,
has an upper input counting rate of approxi-
mately 15 ke. The input capacitors were
chosen for these transistors and would need to
be reduced in value to‘permit higher counting
rates with higher frequency transistors. The
Lamp Contrsl circuit is limited in speed by
the thermal resronse-time of the lamp. Obser-
vation of several switching cyecles per second
1s possible. The other switching circuits
have a transient respor.sze-time of about 20
microseconds.

(6) Upper Temperature Limit

If 2N207 transistors and 1N90 diodes are em-
ployed ir the circuits with other component
parte as shown, the upper temperature linit
is aprroximately 45° C. Tt is stressed that
the particular design-values are not chosen to
glve high-tcemperature performance.

TECHNIQUES FOR IMPROVING PERFORMANCE

The circultis presented in the schiematics
have upper lirits in frequency of tens of
kilocycles and 1n tempcrature of approzi-
mately 45° ¢, The natural quest! .n is how
to improve these limits, if necessary, ror
a particular application.

The upper freguency limit can be raised by
twc apprecaches. The first is to keer the
previously described circult topology and
use higher frequency transist?g? and cor-
respondingly lower capaclters in the
Binary Counter stages. Most of the circuit
speeds are limited by the translstors and
not by wiring capacitances. The upper speed
is roughly proportionul to the alrha cutoff
frequency of the transisicrs.

The second,approach is to use a more com-
plex circuit and more efficiently utilize
a particular transistor-type. Speed-up or
commutating capacitors can be used to pro-
vide better coupling between stages. The
transistors can be operated in a non-satura-
ting mode; thus reducing switching time ap-
preciably. Complementary-symmetry operation
can be used to obtain positive drive in the
rise and fall times of a waveform.

In an analogous manner, the upper tempera-
ture limit can be improved. Keeping the same
circuits, transistors with lower I cur-
rents can be used (if available). Be s111con
alloy types will prove attractive as they
become more readily available at modest prices.
The base bias resistors and/or positive supply
voltage can be modified for higher tempera-
ture operation. More involved circuitry can
be used to boost the upper temperature limit.

A REPRESENTATIVE APPLICATION OF TIE CIRCUITS
TO A SYSTEM

An example of the use of the standard cir-
cuits to construct a more involved aystem is
shown in Figure 11, Thc system i3 an elec-
tronic timer for generating 5, 10 or 15 second
intervals following the activation of a push
but.ton.

One-second pulses are generated by dividing
down the 60 cps line voitage through a six-
stage binary divider (BCR-1 through BCR-6)
with feedback to reduce the division ratio
from 64 to 60. The input power line voltage
is shaped to drive the binary counter by
feeding through the two inverter stages
(1N-1, 1N-2). The NOR block is a gate
described later cn,

The basic counting register is another set
of birary counter stages (BCR-7 through BCR-10).
Three time-periods are provid:d, i.e., 5, 10
and 15 seccnds., Using the one-second pulses
as an input, the k-stage binary counter has
sufficient capacity {16 counts) to count the
maximum time. The four stage counter is preset
to the proper count to permit reaching its maxi-
mun count at the desired time. The "SET TIME"
switch sets up the proper path for preset pulses
at the start of the time interval,

The time interval is 1lnitiated by pressing
the "START" push button. This flips BCR-12,
used as a flip-flop, to a poeition which causes
the NOR-I circuit to pass 60 cps pulses to the
5C:1 divider chuin. This change in state of
BCR-12 zlso triggers a monostable multivibrator
(MMV) of aprroximately 1 ms duration. This 1
ms pulse is amplified in the power switch (PS)
and used to preset all the BCR stages to their
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proper positions. The preset pulse is fed
through the "SET TIME" switch to the proper
terminals of the BCR stages in the counting
register to give the desired time interval.
For example, to gzuerate a 10-secund interval,
BCR-8 and BCR-9 are preset to their non-zero
positions. Since BCR-8 has a value of 2 counts,
and BCR-9 has a value of 4, a total of § counts
1s subtracted from the total capacity of the

L stages. Thus, 16 less 5, or 10, one-second
pulses are required to cycle the countcr to a
point where BCR-11 is flipped.

The fifth stuge (BCR-11) of the counting
register is used as a temporary memory to show
that the time interval is over. This stage
flips at the end of the time interval and flips
back again 16 seconds later., This second change
is used to reset BCR-12 and thus stop pulses
fron passing through the NOR-1 circuit. This
completes the cycle of the timer. Pressing
the START button initiates a new cycle.

Visual indication of the counter cperation is
provided by the lamp control circuits (LC-1
through LC-5). One is coanected to each of
the binary counter stages in the counting
register (BCR-7 through BCR-11). The stages
LC-1 through LC-4 indicate the instantaneous
binary count in the register, LC-Y operated
by BCR-11 indicctes the end of the time
interval.

CONCLUSTONS AND RECOMMENDATIONS

The family of circults described herein rep-
resents u preliminary cffort to solve the
standard-circult problem for those applica-
tions requiring low-frequency switching oper
ations in a moderate temperature range. Fo
the present, no attempt has been made to ex-
tend the frequency range above 1% k¢ or the
temperature above 45° C although techinigues
for extending these ranges have been sug-
geasted., The use of several standard circults
in the construction of an experimental digi-
tal timer Las been demonstrated.

Two directions for additicral work appear
attractive. First, an investigation should
be made of circuits which may use the transis-
tor in a more efficient fashior than present
circuits. BSecond, linear circuits such as

PRUGH

amplifiers shouldi be examined for possible
inclusion in the family of standard ecircuits.
However, before adding any new circuit. to the
family, detailed theoretical and experimental
work should be carried ocut to assure a com-
plete understanding of its capabllities and
linitations. '
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THE ROLE OF SEMICONDUCTORS IN THE ARMY MICROMODULE PROGRAM

Jo Ross
U. 8, Army Signal Research and Developuent Iaboratory, Fart Mommouth, N. J.

ABSTRACT: The technical requirements for the Micromodule Program, as it is
applied to asemiconductors, are described in detail. Five major groups vere
established to characterize electric parameter requirements for transistors, and
six major groups for diodes and rectifiers. The types of transistors to be
modularized lnclude low power audio and switching, very high frequency at 12.5 Mc
to 30 Mc, and 70 Mc, and a pover oscillator with one-watt power output at 70 Mc.
The diodes include rectifier-detector, computer, regulator (zener), reference, AFC
&ud M modulator, and reactance tuning types. Similarity to commercial types is
shown. The entire program is geared to the current state of the art in semicoun-
ductors.

Various approaches to repackaging semiconductors with hermetic seals are shom
and described,

The transistor program is initially limited to germanium types; however, silicon
will be used in later pases. Silicon is used almost exclusively in the diode
portion.

Work now in progress is desoribed,

INTRODUCTION: TABLE II
TECHNICAL REQUIREMENTS FCR MICRCDIODES
Semiconductors play an impressive and
significant role in the Army Micromodule Pragram, Oroup Application Iypical Types
Because of the inherent advantages in sise and L
power requirements of these devices, the initial Fl Low Frequency Rectifier- iNe77
effort was geared to the use of transistors and Detector
diodes as active elements, F2 Fast Sw Computer 1R643
Silicon Junction
The mresent rrogram aims at the re- GL Regulator 1N665
packaging of existing transistor and diode types 1N667
into wafer form factors, the dimensions of Ge KReterence 1N430
which have been tentatively set as .300 x .300x H1 Reagtance Modulator V39
+030 inches, AFC and ™M V56
H2 Reactance Tuning V2B
For the purpose of defining the character- V58E

istic requirements for parameters and oirouit
ucage, the microtransistors and microdiodes, as
they will hereafter be called, are separated
into distinot groups. At present, there are

five major groups for microtransistors, and six The above technical requiremants are for the
major groups for microdiodes. 1PS Program. All work is geared to current state
of the art, ard little or no ressarch and
TECHNICAL REQUIREMENTS: development is permitted. The initial phase of
the microtransistor program is directed towsxd
The technical requirements or objective gernwnium devices, but silicon microtransistors
gpecifications for these devices are shown in will certainly be incorporated into the program
Tables I and II: later on, Except for one germanium group, the
miorodicde program is an all-silicon program.
TABLE I
TECHNICAL REQUIREMENTS FOR MICROTRANSIST(RS The initial work is directed toward ambient
temperatures of ~-65°C to +85°C, and junction
Group Application Iypical Types temperatures of +100°C for the germanium micro-
A Audio SN140 elements, With the advent of silicon into the
program, these t-wrerstures will be raised to
® @
8 Switching oN404 +125°C ambient and +200°C jJunction temperature,

" In addition to testing electrical parameters
¢ 12.5%t0 30 Me IF 2Ns84 extensive 1ife tests will be conducted at high
storage temperatures, ard tests for mechanical

D 70 Mc IF 2N700 ruggedness and operation under different en-
e virommental conditions will be carried out.
*E 70 Mc 1 watt ]g:“dfr 0 These tests will be performed only on devices
velopmen which have passed hermetic seal tests,

#Group E represents the upper limit.
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Por parsmeter oharacterisation, only one
nicrodicds or misrotransistor per wafer is contem-
Plated; however, it is anticipated that multiple
mountings per wafer can be acoomplished,

The wafer material or substrate has not been
definitely selected, It may be necessary to
utilize different substrate materials for each of
the groups praviously mentioned. Substrate mater-
ials now under test include alumina and glass,
beryllium oxide, and synthetic ceramics such as
Nycalex.

SEMICONDUCTOR MICROMCDULE PROGRAM:

The semicondustor micromodule program is
divided into three phases in terms of samples.
These are designated mreliminary, prototype, ard
final samples,

« The prelimirary
samples (see Figure 1) are constructed in the
following manner: Electrically tested and satis-
faotory pellet assemblies ars used, The con-
nector wires are reinforced with s silicone resin,
and ,003 inch nickel lends are welded to the

base tab and existing olipped emitter and col~
lector leads., After suitable bakeout, the pellets
and base tabs are glued in place on the wafer
substrate with an epaxy resin. The collector
lead is threaded through a hole in the side of
the wafer, and the base lead is soldered to its
terminal, The collactor is then soldered to its
terminal, The assembly of the two wafers is
accanplished by using an epoxy resin for the
adhesive, These "in plastic”" sampiss (see

Figure 2) will not be evaluated in life tests,

but will be used as tools by circuit designers
altempting to translate circuits pertaining to
specific equipment subassemblies into the miocro=
module concept, To accomplish this treadboarding,
sufficient quantities of the different groups
will be assembled,

Prot. eg. Frototype samples (ses
Figure 3) will aim at true hermetic sealing., The
pellet assembly (which has been tested electri-
oally, or life tested at high storage tempers~
ture for inoreased reliability) is positioned in
the vafer, and the tase tab is held by solder to
one corner, Connection to the emitter and sel-
lector is made by using drilled inserts to
accoumodate solder, The use of a dielectric
coating over the pellst assembly im being con-
sidered to shield it from the solder poured intec
the connsctor holes, The base lead, which is
normally attached to a side terminal of one wafer,
could be brought through the top wafer to reducs
ecapacitance if neceasary,

The main seal uses a sclder ring (see Figure
4), and xay be made by using hot technigues in-
volving simple heating, cold techniques in-
volving molecular bonding of metals, resistance
heating, or RF heating. Since the transistor
elements ars sensitive to fluxes, no fluxes will
be used in any of the sealing approaches, With
the use of a cold swaging sesl using indium
soldera, additional mechanical strength can be

achieved bty injecting a plastic having the same
thermal expansion coefficient into the space
between the wafers, but external to the seal.

If resistance heating is used, the unused
portion of the wafer will serve for electrical
contacts, and direct hesting will melt the
solder. An alternative approach is to have many
holes in the waler to achieve contact resistance
soldering,

In connection with thiese methods, work is
in progress on ceramic-to-metal and metal-to-
meta)l bonding using various metallising com=
pounda,

Other possibilities for hermetic sealing
include a molded-in contact point for either
emitter or collector connection, or deformation
of an indium or solder-filled insert making
contact with a resin-coated shaved dot. An
alternative procedure is to fill the hole with
solder, making contact to the shaved dot. The
third approach is to utilize a metal shell in-
st for solder filling. Still another method
is to use copper tubing solderei to the main
seal anl brought through holes in one of the
wafera, The mstal-to-geramic bond has been
e;alusted and fowd to be hermatic (sen Pigure
5 .

Fina) Samples. Ths final samples will un-~
doubtedly be developments of prototype samples,

MICRODIODE PROGRAM:

The miorodiode program is also in three
pases, The preliminary samples phase consists
of remounting available dicdes in wafers, Class
silicon diode envelopes are fractured, and a ,00L
inch diameter copper lead is welded to the alumi-
nun stud, For germanium diodes, & small hole is
out into the glass envelops, and an epoxy resin
is placed at the wire-to-germaniuwn surface for
mechanical rigidity.

Prototype samples of hermetically sealed
miorodicdes will be worked on by subcontractorsj
therefore, no information is available regarding
techniques other than those used in the transis-
tor effort,

CONCLUSIONS AND RECCMMENDATIONS:

The semiconductor micromodule program shows
great promise for achieving workable devices in a
new form factor, Consideration should be given
to utilizing the hermetically sealed semiconductor
wafer configuration or package as serarate or dis-
orete devices outside of a stacked micromodule,
;‘.hia would require the attachment of terminal

eads,

The successful completion of the repsckaging
prase of the program will repreaent & major ad-
vance in semicondustor electronics,
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Flgure 1. ~ Miorotransistor, Preliminary Sample, Oroup C

Pigure 2, = Plastio Sealed Module Samples
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DEVSIOATNT OF MINIATY t°

SLACTRIC DATGIATSNS

Jonald E, Seeger
Ficatinny arsanal, Jover, New Jersey

A minimum effort has been exponded on the developront of ainiaturized detonators,
Work has not progressed rapidly in this field becau:e definiie rejuirements, which
are now essential before developnent of a specific initiator can be startod, were

lacking.

Under the project "Sunporting Research for Fuzes'" a series of detonators having

a dlameter of 0,147 inch is being developed.

These detonators were to be developed

with the thouszht in mind to save space or rrovide a wav for the fuze desi-zner to
proiuce 2 more versatile fuze utilizin: esseniially the same space.

In the miniature (.147-inch diamster) detonator series development has been com-
pleted on the carbon bridse detonators of wire lsad and "hutton" lead types, Further
davelopmenta in this miniature detonator series will include spark tap and wire

bridie type detonators,

In the paper entitled "ixplosive Trains for
Miniature ilsctric Initiators™, discussion was
centered around the physicel limits of propaga-
tion of the detonation wzve of explosive troing,
It car be stated that, from the point of view of
the initiator desisn, these lower limits of
design have not yet been reached, especially the
limits on diameter, This is true principally
because the requirements for the smaller
initiators have not been made known. At present,
the smallest electric detonators developed by
the Ordnance Corps is a family of four 0,147~
inch diameter detonators. These detonators, for
lack of specific requirements, were not
developed for any one particular fuze applica-
tion but were designed; based on the best judg=
ment of what the initiator designur Lhought the
fuze designer misht require in the way of a
smaller detonator,

These U,147-inch diameter detonators, which
are designated as the T6U, T61, T62 and T63
electric detonators (ref 1, 2 and 3) all utilize
the so-called "carbon bridie" as the transducer
of electrical energy into 8 form of eneragy
required for the initiation of primary hinmh
explosives.

The explosive train of the T60 and T62
detonators consists of a apot, intermediate and
base charges of colloidal lead azide, lead azide
and RDY, respectively., The explosivy train of
the T61 and T63 detcnators is identical to that
of the T60 and T62 except the colloidal lead
azide used as the spot charge is replaced with
milled lead styphnate., This change renders the
detonator somewhat more sensitive but increased
their functioning time.

All four detonators are housed in stainless .
steel cups approximately 0,006 inch thick., The
T60 and T61 detonators are wire lead types
utiliziny a Bakelite pluz to hold the wires,
whereas the T62 and T63 detonators have the so-
called "button" type contact. The length of
these detonators, excludinz the wire and button
contacts is 0,342 - ,010 inch, The resistance
of the bridge circuits ranjes from 1,000 to
16,000 ohms. The functioning characteristics
of these detonators are as follows:

Function Time
Functionin~y Level Requirement

Electric Capacitor Jischarge less than,
Jetonator Microfarad Volts irge microseconds

T60 L0022 300 1000 5
T61 .CO4L 100 300

.021 65 L50 50
T62 L0022 300 1000 5
Th3 .00% 100 200

021 65 450 50

dach of these detonators is capable of initiat-
ing an RDX lead high order across an air gap of
0,090 inch,

Detailed information on the development of
the T60 and Tél electric detonators can be
found in Ref &4,

As mentioned above, each of the detonators
Just discussed is assembled with a carbon bridze,
Durin~ the past 10 vears considerable amount of
work has been coniducted in studying the
mechanism throush which such a bridge initiates
an exnlosive matarial, As a result of work
conducted principally throuch contracts of
Ref 5, a much better understandinz of the ecarbon
bridge has been made available,

It is believed that the mechanism of the
bridze as applied in initiating explosives is
two-fold devendirs principally uporn the
chiaracteristics of the functioninz energy;
more specifically, on the magnitude of the
voltaze used, At relatively low voltages, the
bridre reacts similarly to a carbon resistor
in that it dissipates the electrical energy into
heat eneray in accordance with Joules law, I*Rt.
At relativelv hish voltases, howevar, it is
postulated that conductive praths throush the
bridee are heated to such an extent that the
nasative temperature coafficlent of resistivity
of graphite becomes apparent. As a result
the bridre becomes hotter and hotter finally
resulting in the production of an ionized path
with subse-uert arcing. The production of the
arc colncides with t' e initiation of the
explosives, Details of this work is included in
rearorts of the contracta of Ref 5,
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During the past two years, a limited amount
of work has been conducted in the study of
unrinted circuit” bridges. These bridges are
made in a manner similar to those used to lay
down resistors in the conventional printed cir-
cuit practice. Results of preliminary work indi-
cates that such bridges can be used in the design
of elsctric initiators. Through the use of such
techniques and materials presently available,
it is visualized that a bridge of an initiator
can be developed with almost any resistance
characteristics (both static and dynamic) to
match any power source with any desired
sensitivity level,

In line with the work being conducted
towards miniaturization of fuze components,
thers is no overwhelming reason why we cannot
expect to utilize printed circuit techniques in
the application of fuze explosive components,

Of course, due to the hazardous nature of
axplosive materials (especially when assembled
as a fuze component), certain precautions will
have to be taken,

Some work has already been conductad in
providing multi-purpose detonators. While this
may not reduce the size of present day fuzes,
it will enable the fuze desicner to produce a
more versatile fuze of the same size, 7wo such
detonators, under development, are the T29 and
T4, These detonators can be initisted directly

by either mechanical or electrical energy, The
intermediate and base charges of these detonu~
tors are common to both iritiatinz aystems, The
maximum diameters of the T29 and T.i8 detonators
are 0,2,]1 and 0,192 inch, respectively, Further
consideration for the desiqn of multi-purpose
detonators, including delay components, is

under consideration,

REFERENCES

1. Ordnance Corps Drawing FXP-94405 dated
2 May 1957, "Detonators, flectric, T60 and T61,
Assembly and Details",

2, Ordnance Corps Drawing FXP-944L05A dated
2 May 1957, "Detonators, Electric Té0 and T61,
list of Parts, List of Specifications and
Standard",

3. Ordnance Corps Sketch PX-98-1507 dated
15 November 1957, Datonators, Electric, Button
Type (.147 dia). Contour Drawinas,

4. R. E, Trescna and D, E, Seeger, "Devalop~
ment of Electric Detonators T60 and Té1lY,
Picatinny Arsenal Technical Report - in
preparation.

5. Picatinny Arsenal contracts with The
Franklin Institute, Laboratories for Research
and Development, Nos, DAI-36-034-501-ORD-(P)-
29; DAI-36-034=0RD=2142; DA-36~03L=501-03D=-73




ANTENNA MINIATURIZATION

John A. Seeger, Robert L. Hamson, Andrew W. Walters
Naval Ordnance Laboratory, Corona, GCaliformia

The reduclion of the resonant length of linear antennas by various loading
methods is described. It is shown how folding may be used to improve the impedance
and bandwidth characteristics of loaded antennas. Methods of reducing the size of
slot antenna systems are also considered.

One of the more important problems confronting 40
the designer of antennas for military applications
is that of finding sufficient space for efficient
radiating and receiving systems. The problem is 38| s
particularly scute aboard ship, on aircraft, and - € //
on missiles. One phase in the solution of this W - /] A
problem {s the inveatigation of methods of reduc- AYMON s" \\
ing the physical sizc of an antenng system with- 30 7
out seriously degrading the electrical character- RESONANT REBBTANCE
istics. L&m

Let us first consider methods of miniaturization
of the dipole (or monopole) type of antenna. The
classical methods of reducing the length of linear
antennas has been either inductive or capacitive
loading. Capacitive loading is accomplished by
placing a conducting surface at the extremity of
the radiating element. When a large degree of
loading is desired, the rvssulting configuration i:
generally so ungainly that its use is limited to a y
few special applicatioms. Inductively loaded an- /
tennas are, in general, more compact, since loading 1o~ 7
is accomplished by placing a solenoidal coil in /
series with the radiating elements. Inductive /
iloading ohshe monopole was investigated experi- 14 L A
mentally. Several test monopoles between //
0,065\ and 0.171\ were loaded to resonate at
100 + 1 mc. 0

RESISTANCE, IN OHMS
[
-]

0. [ 0.8 0. . -
ANTENNA HEIGHT, IN WAVELENGTHS

Pigure 2. Resistance at resonance vs antenna
height for series of inductively~loaded monopoles.

An unloaded monopole, .228)\ high was used as a
standard of comparison. The unloaded monopole and
one .072A in length are shown in Figure 1. Meas-
urements show that as the antenna is successively
shortened, the radiation and bandwidth are reduced.
In Figure 2, Curve A shows the radiation resistance
of the antenna as a function of the antenna height
in wavelengths. Also shown is the resistance of
shortened unloaded antennas and, for comparison,
the radiation resistance of similar capacitively
loaded mnowles(!}ot;ed from data published by
Raymond and Webb'"’. It can be seen that for
heights less than 0.16\, the loaded antenna, be-
sides being resonant, has more than twice the re-
slstance of Its unioaded counterpart.

[€ There will be power dissipated in the windings
it of the inductor. This power loss, along with the
decrease 0f bandwidth and resonant radiation re-
Figure 1. Standard monopole and 0.072) test sistance, limits the extent to which finductive
monopole. loading can be employed in shortening the antenna.

g

oo il -
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has a radiation resistance of 47 ohms at 11 gy,
although its height is less than .10A. This type
of antenna has appliication aboard ship and at air
stations where large vertical structures are pro-
hibitive. Por example, the main mast of a destroy-
er could be used as part of such a system, produc-
ing an antenna system resonating at about 1 MC.

I

]
f
g

5

AET

RELATIVE POWER DISSIPATED IN LOADING COIL, IN 0B
o
»

-
0.2
L
[+] — -
D 0.08 00 0.8 0.20 028
ANTENNA HEIGHT, IN WAVELENGTHS
—=iD d-Q—
Pigure 3. Relative power dissipated in loading —e{ D fo—
coil vs antenna height for series of inductively-
loaded monopoles.
The position of the coil affects to some degree I }{
power dissipation and radiation resistance. It
was found that coil losses were minimum when the
distance from the top of the antenna to the lowest Figure 4. Inductively loaded, single-folded
’

terminal of the inductor is about one-third the monopole.
total height of the antenna. The amount of power

dissipated in the loading coils of the shortened

antennas was determined by comparison of their

power radiated with that of the unloaded standard.

The results are shown in Figure 3. The .065\

loaded antenna radiates about 807 of the power fed

it, which is satisfactory for most practical appli-

cations. - -
® O
The impedance and bandwidih of an antenra may be =

increased by folding, {.e., placing one or more
elements in parallel with the driven element.
Figure 4 shows ?3giagrnm of an inductively loaded,
folded monopole . By varying the ratfio of D /Dd'
the diameter of the folded element to the driven
element, a range of radiation resistances is avail-
able. For example, the resonant resistance of an
antenna .072A long, which was tested, had a range
of resonant radiation resistance of from 20 to
several hundred ohms.

Dy = 178"

N

The capacitively loaded monopole, although re- H=24 3/16"
quiring more space, has the advantages of no coil Ground Plane
loss and better handwidth. Figure 5 shows a typ-

{cal capacitively loaded, folded monopole. BE. W.

Seelcy has reported that it is possible to build

efficient antennas of this type with a length of

only .03\ with a resonant resiiﬁynce of 50 ohms ftim
and half-power bandwidth of 8%' ’'. A practical o
form nof the capacitively loaded monopole at low
frequencies 18 the guy wire-loaded, folded momno-
pole pictured in Figure 6. The antenna pictured

.\\\\\\\\§\\\\\\\\\ MWW
IR MNNANY

,

50-ohm Transmission Line

Figure 5. Capacitively loaded, {olded monopole.
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Height - 8.66 ft
Diameter of grounded conductor - 1.0 tn
Diameter of feed conductor - 0.156 in
Resonant frequency with 3 guy wires - 14.15 mc
Resonant frequency with 6 guy wires - 11.82 mc
Resonant frequency with 6 guy wires

and skirt jJoining guy wireg 8.5 ft

down from the top - 9.2 me

P
FPI7 77777777777 A7 777777777777 7777777777 777727 77

figure 6. Guy-wire-lcaded, folded antenna.

In addition to inductive or capacitive loading,
it ie also possible to decrease the resonant length
of an tgsenna by surrounding it with a dielectric
sheath . This, too, will reduce the radiation
resistance by an amount proportional to the degree
of loading. There will alsu be power 16335 due
to the dielectric.

Ferromagnetic materials may be similarly used.
Figure 7 shows experin?tal monopoles used to test
ferromagnetic loading Models 1 and 2 {n this
figure were loaded with a cylinder of ferromagnetic
material around the metal radiator. Model 2 alse
had ferromagnetic blocka stacked around the base
which provided additional loading. The effects of
loading are shown in Figure 8. It can be seen that
the resonant frequency is lowered by 10% and 207 in
the two models and that radiation resistance is
slightly lowered. Ferromagnetic loading has been
found to be particularly effective used with loop
antennas.

The slot antenna has applicatfon in flush mount-
ed systems of missiles and aircraft. Here reduc-
tion in size is very {important. The reduction of
slot antenna systems can be approached in two ways:
1) shortening the slot length by loading, and
2) reduction of the cross-section or volume of the

transmission line or cavity associated with the slot.

Let us first consider reducing the slot lemgth.
The simple slot 1s operated at resonance where it
is physically one-half wavelength. Methods of re-
ducing the length of the slot anterina and making
compensating changes in the electrical character-
istics are suggested by considering methods which
have been used with linear antennas.

MITALUC CONOUCTORS

LI i il 7

1

Figure 7. A standard monopole and two ferro-
magnetically loaded monopoles.
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Figure 8. Resistancc and reactance vs €
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for two ferromagnetically loaded mOnopolea?:::cy
unloaded standard monopole. o
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A method which has bean used to load the slot is

to deform the slot to a dumhell shape shown in
Figure 3. The length L tor & particular frequency
is shortened as a the dlameter of the end circles
is increased and b the yap distance is decreased.
A‘dielectric cover used in practical applications
also loads the slot and shortans its electrical
length. The amount of vhortening depends on the

dielectric constant and the thickness of the cover.

Similarly ferritaes may be used to load and shorten
the length of the slot.

Figure 9. Dumbell shaped elot.

Folding may be accomplished by cutting a slot
parallel to the driven slot and conmecting them at
the ends. PFolding will, in general, decrease the
radiation resistance and can be used for matching
purposes. Experimental investigations have been
rade at NOLC to determine the possibllities of
loaskyg and folding methods applied to slot anten-
nas + A slot was cut in a sheet of copper~clad,
Teflon-impregnated fiberglass, Figure 10a. This
was mounted in a copper ground plane and fed at the
center with a 50 ohm transmission line. Impedance
measurements were made to determine resonant fre-
quency and radiation resistance. The 90% and 50%
power bandwidths were found by means of the Smith
Chart. The simple slot was resonant at .4 wave-
length due to the loading of the dielectric. The
50% and 907 power bandwidths were 32% and 12% re-
spactively, The slot was deformed to the dumbell
shape keeping the physical length the same,

Figure 10b. The regonant length was reduced to
about .24 wavelength which {8 a reduction of over
50% from the 1/2 wavelength of an unloaded slot;
however, the 907% power bandwidth was reduced to
5% and the radiation resistance i{ncreased to

2000 ohms, too high for pood matching. Next,
folding was tried, Figure 10c. Por a folding
slot of the same width as the driven slot, the
507 and 907 power bandwidrhs were increased to
60% and 1a4%, 1.e., greater than the simple slot.
Regonant resistance was 300 ohms and 30 ohms at
first and egecond resonances. Variation of the
ratio W./W,, the folded slot width to the driven
slot wiSth? gives a range of values for the rad-
iation resistance as shown in Figure 11, making
efflcient matching possible. Varying the ratio

W. /W, has relatively little effect on the band-
widtfi or resonant length of the slot. Loading
and folding does not seem to have too great an
effect on the radiation pattern. A check was made
on the polarization. The maximum E field was per-
pendicular to the loaded folded slot, with the
cross polarization down 30 db.

-

“‘ls.s“l':_l
1 1/32"

Coaxial Feed

(a)

1/32"

(b) ‘ (c)

Pigure 10. Slot configurations.
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FPigure 11. Resonant resistance vs folded slot
width,

The alot antenna being scmewhat comparable to an
elongated loop wuuld seem to offer good possibilit-
ties for ferrite loading. Some experimental inves-
tigation has ?esn carried out at NOLC using ferrites
to load slots(3)., The commercially available IRN-8
and IRN-9 ferrités were used. Strips were cut to
be inserted in the slot. The slot was fed at the
center and impedances plotted by the standing wave
method. The loading reduced the resonant length
of the slot by 39% ard 43% for the ferrites used.
Radiation resistance increased from 3200 tc 495q
and 5457. Bandwidth was reduced from 9.4% to
3.9% and 3.3%.
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As was stated before, a slot antenna system may
be reduced in size by decreasing the volume or
crogsa-gection of the associated cavity or trans-
mission line used in practical applications. The
cavity does not need to be resonant at the same
frequency as the slot, -so this does not reatrict
the size of the cavity. However, the cavity pre-
sents a parallel reactance to that of the slot,
the value of which depends on the cavity dimen-
sions. Therefore, a reduction in cavity size

. could affect the resonant length of the siot. It

has been reported that this effect is negligible
1f the cavity is about £\ deep. 1f the cavity

depth is reduced to less than this the slot will
be loaded so as to increase its resonant length.

0.580

=
{ ] o[,/

Slot Width = }/32* /
0.570

N

0.560

0.550 /

Resonant Length of Slot in Free Space Wavelengths in Inches

”
O.SML
0

0.025 0.050 0.07% 0,100
(x) = Slot Offset in Inches

Figure 12.
waveguide.

Longitudinal shunt slot in ridge

There are two ways which have proved satisfac-
tory in miniaturization of the transmission line
section; these are use of TEM line and the use of
ridge waveguide. It has been shown that the
series inclined slot can be used in TEM guide and
the assoclated volume reduction as compared ulia
the standard TEO -mode guide i3 as much as 100 )
Figure 12 ahous‘; ridge section using X-band wave-
guide at C-band with the resonant length plotted
as a function of the slot offset. The maximum
reduction in volume of the cavity has been 10 for
this configuration.

In summury, it can be stated that it is possibple
to considecrably reduce the resonant length of
lincar antennas without seriously degrading their
electrical characteristics by various loading and
methods used in conjunction with folding. An
example given, a capacitively loaded, folded
monopole, had a length of only .03 wavelength
with satisfactory electrical characteristics.

The length of the slot antenna may be shortened
using loading methods similar to those used for
linear antennas and a cavity behind a slot may be
reduced in size, but for depths lesa than #\ it
will load the clot so 2g5 to increase the resonant
wavelength. Use of TEM line or ridge waveguide
permits a reduction in volume of the feed line.
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SURVEY OF EQUIPMENT ADAPTAHLE TO MICRGMINIATURE GIRCUIT TECHNOLOGY

John E. Sensit®
Diamond Ordnance Fuze Laboratories, washington 25, D. C,

Bocause of the small physical size and delicate nature of the component parts
in microminiature circuit assemblies, special probloms will arise in proocessing
and orienting cach alement in the circult during assombly operations. Elemonts
to be consldered include dielectrio base piaies, conductors, resistors, capacitors,
transistors, diodes, induotors, and protective coatings.

This paper presents several medes of handling each of the above oloments. The
equipmont desoribed is either currently veing used for fabricating microminiature
eleotronio circult units or is currently being used for fabricating larger
assemblies but appears to be adaptable to microminiature assomblies. Both hand

and automatic oquipment are considered.

INTRODUCTION

In recent times there is an increasing demand
for greater versatility in military electronic
devices and hence for more comple? iifgyitry
with an accompanying greater bulk 1),(2), Micro-
miniature circuits permit the use of electronic
assemblies that otherwise would be too large to
incorporate in missilee and satellites. Circuit
assemblies having component densities of over
two thousand components per cubic inch are con-
asidered miorominiature for the purposes of this
paper.

It is encouraging to hear of the strides
vhich are being made in the microminiaturization
of electronic assemblies by hand methods in the
laboratories. This is a necessary first step,
but in order to fully realize the military and
civilian potential of microminiaturized devices,
optimum means of producing these devices in
large quantities are necessary. For max!mum
caving of space, each component ot the circuit
is plaig? %n a module without any individual
caeingl\o/, ):( or other protective element
and is dependent on the protection afforded by
the final circult package. Eech element of the
circuit is, therefore, small in physical size
and extremely delicate in nature. Due to the
small dimensions of each element, extreme pre-
cision must be employed in placing each compo-
nent in ite proper position in the circuit since
only a minute misalignment of any element may
cause an lmproper contact with the rest of the
circuit elcments. At the present time, micro-
miniature mocdules are being assembled by tedious
hand methods. By mechanization, these uuits can
be produced more efficiently and with increased
reliability(G) eince the error due %0 the human
clement would be minimized. In this paper,
equipment adaptable to the assembling of micro-
minigture circuit assemblies will be discussed.

Several types of elements that must be
handied in the fabrication of a microminlature
electronic circuit are as follows:

i. Dielectric base plates
2. Ccnducters
3. Resistors
4. Capacitors
S. Trarsistors and diodes
6. 1Inductors
7. Protectlve coatings

*Present address: Glass Research Center,
Pittsburgh Plate Glass Company.

Each element will be discussed as to type,
general physical characteristics, status of the
art in handling the component, and equipment
that could be adapted to handiing the compenent
in production. PFigure 1 illustrates a micro-
miniature circuit assembly and also the indivi-
dual components used in the circuit.

NN

. .
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Figure L. Lower right, a microminiature elec~
tronic module which will permit a component
density of 2800 components per cubic inch;
upper .eft, the base-plate wafer with con-
ductors and resistors printed on it; lower
ieft, top to bottom, a transistor, a diode,
and a capacitor - for insertion in the holes
in the base plate.

b=

ielectric base plates

In a sense the base plate is the nucleus of
a micromiriature electronic unit; it is essen-
tially the matrix. The base plate is a thin
wafer ¢f dielectric materiel and upon it are
attached all the components of the circuit. In
an effort to miniaturize, the physical dimen-
sions of the base plate are xept so small that
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it in 1tself is fragile, but the finished unit
becomes rugged because of the addition of a
protective coating and the arrangement of the
components on the base plate At the Diamond
Ordnance Fuze Laboratories, an electrical grade
of steatite is usned for this wafer which is
usually twenty thousandths of an inch thick and
either onc-half iunch square or one-quarter inch
square. Holes are placed in the wafer to re-
ceive the transistors and diodes, and cavities
are made for capacitors. The fragile wafers
are at present handied by hand methods with the
aid of tweezers and micromanipulators. In
mechani zing the assembly-operation of micro-
miniature electronic circuits, one of the most
formidable problems is the handling and index-
ing of these wafers witnout damage during the
successive operations involved in producing a
finished unit. The operation to be performed
on the vafer is an important factor in the
selection of a mechanism for conveying and
positioning the wafers. Because of this,
detailed descriptions of handling and heolding
devices for the wafers will be glven in ihe
sections which deal with the attachment of the
particular componente to the cilrcuit, rather
than in this section.

Certain phases of the handling are, however,
basic and can be spplied generally to all
operations, for examp'e, the feeding of the
wafer to the conveyor before processing and the
removal of the wafer from the conveyor after
processing. The conveylng device for all
operations could be elther some type of endless
vell or an indexing rotary wable. Wg. 2 is an

INDEXING BLOCK — CARRIER NEST

XVACUUM LINE

Figure 2. Carrier assembly for conveying and
indexing wafers, showing spring that holds
indexing block in raised position.

iliustration of a conveyor carrier assembly that
could be used with elther of these conveying
deviceur. The wat'er is dropped into the carrier
nest and is hence oriented with the indexing
cones that orient the printing head with the
wafer. The wafers can be picked up from a
stack arnd placed on the ccnveyor carrier

by az arm with a vacuum finger (Plgure 3). If
there is any particular desired orientation for
the wafers, they should bte put in the stack
oriented. Vacuum could aiso be used to nold the
waler on the conveyor before, during, and after
the particuwiar operation. Because the wafer is
very llght in weight, the vacuum technique is

particularly adaptable in “hat a relatively low
vacuum applied to a small area will te able to
support the weight of the plate.

VACUUM LINE-—. m
\% CAM ;&

SPRING FOR HOLDING LOWE!
FINGER IN RAISED VACUUM
POSITION

Figure 3. Vacuum-finger-type mechaniem for
feeding dielectric wafers from a stack 10 a
coaveyor.

a4 a ot

A vacuum arm may nub be practical as a take-
off mechaniem for a wet printed wafer because
the vacuum tinger would smear the wet pattern
on the top of the plate. A device which would
appear suitable for the removal of the wafer
trom the conveyor is an ark with a tweezer-type
end, Figure 4. This arm would pick up the
wafers by their edges and place them on the
conveyor that will carry them to the next opera-
tion.

SOLENOID ~ {

Figure 4. Tweezer-type-arm for feeding or
rewoving wafers to or from a conveyor.

A straight pusher-type ¢f take-off mechar’em,
vhere a linger pushes the wafer off the conveyor
and onto some nhorizontally moving receiving de-
vice, can alsc be empioyed. Another type of
take-off mechanism can te used where the carrler
is made so that at the take-off position a mem-
ber of the carrier assembly raises the wafer
vertically; a fork-like firger can then pick up
the wafer and transfer it to a positicn cver s
second conveyor where the wafer is dispiaced on-
to the conveyor by a pusher In the fork arm
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mechanism, Figure 5.

LEVER FOR
DRIVING PUSHER

Figure 5. Fork-tyre arm for transferring
printed wafer.

?. fonductorg

In a microminiature electroric circuit with
component densities in excess of two thousand
per cubic inch, the conductors, except for
terminal leads, arc usually of the deposited
metal type. The ccnductor patterns can be de-
posited on a dielectric material by ascreen
printing, spraylng, or vacuum deposition. Term-
iral leads are attached to the unit by soldering
or by conductive cements.

Hand operated equirment is currently being
used for screen printing conductive patterns on-
to dielectric circults. Screen gfinting has
been carried out for many yeare( . Automatic
machinery for screen printing is currently avail-
able for large plates and appears to be adaplubie
to small wafers. Here the probiem is nol so
nuch in the print!ng operation itself as in the
reeding, conveying, indexing, nolding and take-
off of the fragile wafer.

An example of an automatic high-speed screen
printing machine ‘s shown in Figure 6. This
machine is capable of printing conductive

rigure u. icp view of screen prirnting machine
showing (~1ght tc Lefi): feed, csnveving, print-
ing head, end teke-off mechanisszs.

patterns on dlelectric plates at rates of six
thousand plates per hour. The dimensions of the
plates currently printed on this muchine are one
inch wide, one and one-quarter inch loung and cne
tenth of an inch thick. This machine appears to
be adaptable to printing the microminiature
wafer. The printing head of this machine wculd
be maintained essentially as is. Tue stack feed
with the pusher on the bottom of the stack is
not desirable for thin wafers because the bottom
wafer would be carrying the weight of the stack
and this, coupled with the force of the pusher
necessary to push the wafer onto the conveyor,
would probably break the wafer. A stack feed
could be used where the wafere are reenved from
the top of the stack and the level of the top of
the stack is maintaincd by a rod which is driven
upward a distance equal to the thicknese of one
wafer for each cycle of the machine, see Figure
7. The wafers can be taken from the top of the
stack by either a tweezer-type arm or a vacuum-
type arm similar to the ones described earlier
in the section on base plates. Power to

operate this arm can be ottained by linking to

S

WAFER~ |
i

Figure 7. Stack feed with mechanism for main-
talning tcp wafer at constant level.

‘he same mechanism that drives the pusher ir
the present machine. Vacuum instead of spring-
ioaded levers can be used tc hold the wafers
during the printing operation. Although a
pusher-type take-off could possibly stili be
used, a fork-type or tweezer-typc arm, as
previously described, appears to have excellent
adaptability to this take-off operation. The
plates taken off the machire would protably be
piuced on trays or a conveyor belt instead of
the racks shown in Figure €. This machine
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definitely eppears to be adaptable to micro-
miniature applications.

In the redesign of a screen printing machine,
such as the one shown in Figure 6, an indexing
rotary teble, instead of an endless belt con-
veyor, chould be considered, because it probably
will be necessary to have mwore complex carriers
than thoee preseniiy employed and a rotary
table requires only a few carriers. In order to
eliminate the requirement that each carrier be
indexed precisely with respect to the printing
aeud of the machine, and to provide for precise
indexing of the pattern on the wafer, the print-
ing head and conveyor could be modified. Figure
8 illustrates schematimlly s possible modifice-
tion. The portion of the printing head that
carries the patterned scrcen can be made to
float, that is, to have some movement in the
plane of the wafer surface, angularly and in two
directione perpendicular to each other. The
patterned screen frame can then have two members
with tapered holes which will mate with tapered
pine that are a part of the carrier unit, and
are precively located with reference to the
wafer indexiag mechanism. 7This modification
would oplimize the indexing accuracy of the
machine, which, in its current form, produces
ninety-four percent acceptable plates.

Figure 8.
motior in the printing plane, angularly, and
in two directions perpendicular to each other.

F.cating head showing freedom of

Conductors are aieo deposited on d%eiegtrlc
wefers by vacuum deposition methods(8),(9). a
bomt containing the metal to be evaporated, and
then deposited on a dielectric, is heated in a
hign vacuum chamber. The metal molecules are
deposited on the dielectric in a pattern govern-
ed by the mask which ls piaced on the dielectiric
wafer. At the present time, vecuum deposition
is genersally & batch-type procues. Several
properly masked wafers and the boat zontaining
the metal to be evaporated are placed ina
vacuun jar, the jar is evacuated, the metal
source is heated, the metal is vapori 2ed, and
herce deposited on the warers. The vacuum is
released, the Jar is raised and the patterned
wefers are removed. This batch proress could be
asde continuous by placing e supply of blank
wafers in the bell jar and, by the use of
remotely contrclled wecharnlsms, the wafers could

‘be continuously fed and indexed behind masks

containing the desired patterns. The wafers
would be shielded from the unwanted metal vapor
poth before and after the depasition of the
metallic psttern. Vacuum deposition appetrs to
be adaptable to microminiature applications.
Conductor patterns cen be pluced on dielec-
tric wafers by spraying techniquca. A mask cone
taining the desired pattern is placed over the
wafer and a spray of silver paint is directed
aver the mask. A silver pattern similar to the
one on the mask is left on the plate. Spraying
is not as widely used as screen printing. The
masking problem becomes somewhat difficult in
the spraying process and hence the pattern
definition is sometimes not sharp. Smearing cof
the mask with the wet peint also coniributes to
poor pattern definition. This is & problem in
the larger patterns, and will become an even
greater problem in the microminiature applica-
tions. It appears that vhere silver palternms
are to be applied & screen printing process vill

generally be employed.

Wire is used for terminal leads as shown in
Figurc 1. The wire is approximately twelve
thousaendths of an inch in diameter. The wires
sre now piaced in the circuit sssemply by hand

operations. They are attached to the circuit
either bg goldering or with a conductive
cement(l ). Soldering presents problems in the

small wafers: the heat applied to components,
such as transistors and resistors, can modify
their electrical characteristics, and the
thermal shock on the thin wafers, due to local
applications of intense heat required for solder-
ing, may cause the wafer to crack.

In production, wire could be fed from spools,
through dies, cut to size, and attached to the
circult with conductive cement. The wire is
placed in slots in the wafer as shown in Figure
1 and the conductive cement is applied. The
viscosity of the cement is such that 1t holds
the leads to the circuit until the cement 12
cured.

3. Resistors

Methods which have been employed to apply
printed resistors to circulte are ae follows:
1. 8creen printing
2. Injection molding

3. Pen
4. Vacuum evaporation
5. Tape

The same screen printer as that shown in
Flgure 6, and described earlier for applying
conductive patterns on dielectric materials,
csould be used for printing resistors simply by
using an appropriate pattern and a resistor ink
formulation, rather than silver paint. Hand
screening methods are presently being used in
the laboratory production of printed resistors
for microminiature circuits. Screen-printing
of resistors has proven to be satisfactory but
the method is not ms versatile as scme others
which allow greater cortrol inthe depth of each
resistor.

The injectlon molding method for reslster
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prioting is btased on the pressure £111ing of an
appropriste matrix with resistor ink and trans-
fering the ink from the matrix to the surface
of the dielectric plate(ll), A schematic
diagram £ this brocess 18 seen in Figure 9.

AR PRESSURE ——
1

MOLD

DIELECTRIC WAFER

Figure 9. Echematic diagram of water-jacketed=
injection mclding printer showing delivery of
ink from three reservoirs to a three-cavity
mold.

The value of the printed resistors is conirolled
by varying tae resistor ink formulation used,
and by varylng the dimensions of the matrix-
cavities which in turn define the length, width,
and depth dimeneions of the resistor. Figure 10
shows an injection molding-type machine for
printing reeistors. This machine is desigred so
that it can simultaneously print up to twelve
resistors on & dielectric plate, each having, if
necessary, & different formulation of resistor
ink.

At the feed position of the machine, cams
open the spring loaded levers vhich hoid the
dielectric plates indexed with respect to twc
perpendicular edges on the conveyor carrier. At
present each blank plate 18 wanuelly placed in
the carrier rest. The conveyor carrles the
plate to the printing poseition. The printing
head of the machine floats, i.e. it can move
parallel to and perpendicular to the conveyor
and it can aleo move angularly. When the plate
js indexed in the printing position, the print-
ing head 18 ilowered by two positive displacement
cams, one on each aside of the machine. Wher the
printing head approaches the conveyor carrier,
two cone-shaped holes engage two cone-prongs on
the carrier sssembly. Since the cones on the
carrier assembly have been precisely iocated
witn respect to the edges used tc index the asi-
electric plates, the matrix is precisely indexed
with the dielectric plate. The matrix, which is
usua'ly made of & resiliert material, makes con-
tact with the dielectric plate wiih encugh
pressure go that the resister irk will no%t sccy

but with not so much pressure that it will die-
tort the shapes of the cavities in the matrix.
When the matrix is in contact with the plate,
air pressure is applied to the ink reservoirs
s0 that ink flows into the cavities in the
matrix. The pressure is applied for the length
of time required to fill the matrix cavities.
The part of the machine cycle during which
pressure is applied to the ink is made variable
by using & sclenoid valve and a vuaa-actuated

I3
%

Figure 10. View of inlection molding-type
resistor prirnting machine showing {tcp to
bottom): ink reservoirs, flcating head, cone
veying mechanisms, and positive diaplacenment
cam for raising and lowering printing head.

switch to control the air pressure. When the
filling time I8 up, the pressure is releaved
frcm the ink reservoir and the printing hesd is
raised by the positive displacement cams. The
printed plate then eventuaiiy advances to the
take-cff position where cams again release the
pressure of the spring loaded levers on the
edges of the plates permitting them to te re-
moved from the carrler nests. This machine ls
designed so that there can bte variations ir the
preesure of the priating irk, the temperature of
the printing ink, tae pressure of the matrix,
the speed of the machine during the printing
rhase of the cyclie, arnd the speed cf the machine
during the transfer phase of cycle.




J——"

JOHN E. SENSI

With the nicrominiature wafer, conirol of the
pressure belween the matrix and the vafer may
become critical because too much pressure may
break the wafer aand y=L sulflcient prescure is
required to obtain a seal between the matrix and
the wafer surface. This machine can print two
plates at a time and appears to be readily
adaptable to microminiature circult appliecaticua.
As in the screen printer, the primary problems
arise in the haadling of the base plates. Here,
also, the previcusly described feed mechanisme
of tweezer-type or vacuum-type transfer arms can
be used to place the wafer on the conveyor
carrier nests from the top of a stack like that
shown in Pigure 6. The motion for actuating the
transfer arms can be obtained by linking to the
up-and-down motion of the printing head. Carrier
nests similar to the ones described in the base-
plate section of this paper may be employed.
Vacuum can be used to hold the wafer during the
printing cperation. Take-off mechanisma similar
to the ones suggested previously in this paper
can be used. Here also an indexing rotary table
could be used very effectively.

The pea method 1s ano‘zhes process by which
vesistcrs can be printedl)2), The mechanisa,
a8 illustrated in Figurell, 18 essentially a
tube cortaining reeistor ink. The tube has &
hypodermi z-needle-like outlet. The ink 1s
forced out of the outlet by air pressure. The

AIR PRESSURE

Figure li. Schematic diagram of water-
‘acketed pen-type printer showirg delivery
of ink 1o a moving plate.

+ip of the needle 1le passed acrosa the surface
cf the dielectric plate leeving a rithcn-like
layer of we' resistor irk on the plate. 1In
ihls process, a pen asserbly is required for

each different resistor to be printed. There-
fore, the wafer must be conveyed end indexed to
as many pen stations on & machine as there sre
reeistors on the plate. This method permits
control of the length, widih and depth of the
resistor. The speed at vhich the pen passes
over the plate, the temperature of the ink and
the pressure applied on the ink can all be con-
trolled. This method has been used for large
plates and has worked quite satisfactorily. It
requires a separate priniing operation for each
resistor but appears to be adaptable *o micro-
miniature applications.

Thin-film resistors produced by vacuum
evaporation Lechnlques can alvo be used in
ricrominiature circuit assemblies. In the
vacuum depcsiilon of resistive malerials, as
with conductive materials, batch processes are
presently used but, as stated previously in
this paper, a continuous-type production opera-
tion could oe obtailned.

Another type resistor that can find applica-
tions in micromird(at ¢ circuit assemblies is
the tape resistor 13). Tne resistor ink !s
plarced on a thin asbestos tupe by a continuous
spray process and the reaultant resistor tape
is ther cut Lo the desired dimensions and
piaced on the cliculs piate. This process has
been used in the produciion of large printed
circuit mssemblles with satislactory results
and could be applied to the mlcrominiature
applications dy adapting similar machinery.

4. Capacitors

An example of & typicai capacitor(14) used
in microminiature circults is the one shown in
the lower left hand corner of Figure 1. It is
& wvafer one tenth of an inch square and one
hundredth of ar inch thick and has a cajacitance
of one hundredth of e microfarad. Siliver elec-
trodes are screened on each side of the wafer.
These wafers are attached mecharicaily and
electrically to the circuit with conductive
cerent. In the DOFL units, & cavity for recelv-
ing the small capacitors is placed ian the wafer
with a cavitron after the conductcr pattern
has been fired on the wafer. The capacltor
could also be attached to the ecircuit by
soldering, but in that case therma. shock may
be a problem and, since the capacitor is
placed in a cavity in the wafer, a conductor
would have to be applied in the cavity and
contact mede with the rest of the eircuit.

These amall capacitors could be placed in
the circult with a machine having similar feed,
conveying, indexing and take-off mechanlsms as
discussed previously 1n this paper. ith the
wafer indexed in the machine, a mechanical arm
could meve preclseliy over the area where the
capacitor is to be attached and appiy conduc-
tive cemert to the area. Then & vacuum type-
arm could pick a capacitor from a stack and
precisely place it in the circuit. This
Insertion cf the capacitors could be dore by a
twn-station only machine or by two stations of
a machire which also inserted transistors,
dlodes and inductive componertis.

Another approach to the capacitor insertion
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probiem 18 Lo use a body with high dielectric
conotant as the base plate and let it serve as
the dielectric of the capacitor. This would
eliminate the capacitor insertion problem and
require oanly the printing of the electrodes
which would be done during the conductor print-
ing operation.

5. Transistors and Diodes

Transistors and diodes, as seen in Figure 1,
are similar in physical size and nature and,
tnerefore, they will be discussed here as one
type of cumponent.

_ The micraminiature transistors used are pro-
duced by applying photolithographic and
vacuum deposition tcclilques to a germanium
vafer forty-five thouszndths of an inch
square and ten thousandths of an inch thick.
A more detalled description of the fabrication
of these trﬁsisﬁﬁ is available in the
literature b4 . These transistors are
pregently being Ergduced by hand methods in
the laberatory (16), but can be mass produced
by implementing photolithographic and vacuum
deposition tochniques for large scale pro-
duction.

The {findshed trausislors and diodes, as
seen in Figure 1, consist of the processed
germaniwm wafer. Thoy are soldered to a thin
metal base plate in order to facilitate the
insertion of tho corponent in the circuit
asserbly, The transistor is placed in a hole
in the dielcctric base plate and the thin
metal base plate which Lus been soldered to
the transistor overlaps the hole odges and
locates the transistor so that tho surface
of the transistor-contacts are in the plane
of the base-plate surface. Voids in the hole
in the ceramic wafor between the transistor
and the wafer arc filled with a suita-
ble resin prior to depociting leads comnecting
the transistor with the rest of the circuit.
Contact between the transistor and the rest of
the circult is made by vacuum cepositing
alumimm leads from the contacts on the tran-
sistor to the proper points on zhe conductor
pattorn on the ceramic wafer.

Ir a mechanized assembly operatinm, the
base wafer wouid first be indexed on a con-
veyor and, by the use of vacuum finger-type
arms, the transistor or diode would be placed
ir the proper hole in the base wafer. Con-
ductive cement would be used to make contactis
between the tasepl.ate of the transistor and
the circuit. After the conductive cement had
cured, a supp.y of the semi-finished electronic
assemblies would be piaced in the chamber of
the vacuut deposition machine sc that, by re-
mote controlled arms, each assembly would te
placed in position behind a mask and the
necessary .eads vacuun deposited to each
asserbly. As the successive componente are
piaced cn the base wafer, the assembly may
become awkward to handie. In some irnstances,
it may be desirable to time the placing of cre
of the ccmponents so that it can be used for
orienting the assembly in a succeeding

operation.
6. Inductors

Inductive components tend to te large and,
although considcrable progress has been made in
miniaturizing them, there does not exist at the
present time an inductive component that meots
the size requiremonts of the microminiature
cirsuit assemblies being considered in this
paper. Atterpts by some laboratories to pro-
duce microminiature inductive components have
not as yet produced satisfactory components.
&mall inductive coils have been dewveloped by
the manufacturers of hcaring alds and although
they represent great accamplishment in micro-
minlaturization they occupy greater wolures
than entire micro-miniature circuit assemblies.

The approach tacen at tho present time, in
order to realize optimum space savings, is to
substitute R~C circuits for inductive circults
wherever possible. A paper will be presented
at this symposium which will consider some
aspects of this a.ppro?c% A7), In some cases,
coils can be printed 1 ), but they require con-
siderable surfaco aroa of the base plate and
only a very lirdtod range of values from one
tenih to one dcerchieryy can be achlceved, In
the limited number of cages where printed coils
can be used, the same printing methods de~
scribed carlier for printing conductors or re-
sistors can bo applied.

7. Protective coatings

Protective coatings ave an essential part of
any printed circuit assembly. This is es-
pecially so of a fragile micreminiature circuit
assembly for opcrational military applications
which must undergo extrere envirommental and
handling condilions. Units are protected
against moisture, hcat, pressure, shock and
vibtration, arcing botween components, and 1ot;f
periods of storage under adverse conditions
Each microminiature circuit can be protected
intividually, or wherc the individual circuit
i3 a stage of a largor assembly, the entire
unit can be protectedd

liethods which are generally used for
applying protective coatings to electronic
circuit assemblies are as follows:

1. Screen printing

9)

2. Spraying
3. Dipping
L. Potting

The same screen printing equipment that ie
uecd for printing conductors and resisters can
be used for applying protective coatings.
Screen printing is generally used when certain
portions of the circuit are to te electrically
irsulated prior to completing the assembly
operations.

A plastic protective coating can also be
sprayed on cither the findished unit or at some
intermediate stago during the fabrication of the
electronic assembly.

Protective coatings can be applied to a unit
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ty dipping the entire unit in an appropriate
coating material, Care must be taken that the
coating material can be applled and cured at a
temperature sufficiently low that it will have
ne 111 effects on the components in the circult
In selecting a dip-coating material it is also
desirable that 1t jell at room temperature so
that it will not run off prior to curing. In
production, the coating can be applied to cach
unit by using an endless bolt comveyor to which
the units will bo fed and the conveyor will
convey the units through the dipping and curing
oneration, The conveyor can be made to index
over a pot containing coating material at
proper temperature. The pot thon would raise
to Lmmerse the wnit and lower at a dcsired

rate to produce a satisfactory coating.

Potting is & process that will be egpecially
useful in protocting larger ts such as
stacks of emall assemblies ( The stacks
can be placed in reuseable molds or in casings
that will stay with the unit. The potting
material can thon be poured into the mold or
casing as it is conveyed by resin dispensing
equipment. Descriptions of equipment and
techrdques for applying cas are
availlable in the :Ltteratmﬁ(gf)ﬁﬁf

CONCLUSIONS

There is littlo doubt that many problems
mst be solved in mechanizing the fabricatlion
of microminiature electronic assemblios, but
none of the problems appoar to be insurmounta-
ble. In general, most of the operations have
btesn employed successfully in applications
degling with largor units. The methods and
equipmment must bo extended to cover the micro-
miniature asseably.

Caution should be exorcised in deciding the
degree of mchanizati?? j.ha.t is economically
dosirable to achieve ‘<3 A certain amount of
mechanization vill be essential to the pro=
duction of large quantities of electronic
agsemblies, However, since microminiature
technology is so new and there is almost day-
to-day change in the type of components used,
machine develomments should not be underz on
where the equipment cannot be omortized'24! In
all cases equipment should be designed so that
it can be adapted to meet new requirements.
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A STUDY OF THE ELECTRONIC PARTS & ASSEMBLIES OF THE HAWK, LACROSSE I, & NIKE HERCULES MISSILES

Alvin Steinberg
Reliability Branch, Research & Development Division
Arxy Rocket & Guided Missile Agency, Redstone Arsenal, Alabama

The HAWK, LACROSSE, and NIKE HERCULES mdissiles represent the latest in Army
Ordnance. Each contains oamplex electronic packages requiring high reliability.
In order to enhance the missiles survival during severe operating enviromments
and to reduce the size and weight of the missiles' payload, present state-of-

the-art miniature parts are being used.

This study will compare in the above missiles:
a. The relative number of miniature electronic parts

b. The use of printed wiring
¢e. The use of machine assembly

d. The efficiency in the use of available space.

Surmary:

My subject deals with the present day selec-
tion and application of electronic parts in
guided missile systems. In particular, the
nissile eleotronics of the HAWK, NIKE HERCULES,
and LACROSSE I systems will be reviewed, Al-
though this material does not cover radical .
innovations in the field of miniaturiszation, the
program chairman has seen fit to include this
paper on the program. Perhaps an understanding
of present applications would enable those of you
in design work to get an added feel for military
requirements.

Introduction:

Greater demands in acouracy and reliability of
nissiles are changing the appearance of the
rissils olectronic package. Our first generation
of systems, the NXKE AJAX and CORPORAL, used JAN
or commercial parts with conventlonal World Wsr
II wiring in typical black boxes, In the present
day systems, NIKE HERCULES, HAWK, LACROSSE, and
DART, & transition is evident by the admixture of
some printed wiring boards, encapsulated sub-
assemblies, and & wide use of non-standard parta,
The nexi generation may use guidance packages of
throve-sway aioro-ainiature assemblies where space
restrictions are imposed by waveguides amd
hydraulic systems, rather than by electronic amd
electro-mechanical assemblies,

Problem Area:

To define our problem in packaging electronics,
consider the CORPORAL, A CORPORAL battalion is
authorized some 320 vehicles of equipment TOLE
6-545D. Both operators and maintenance techni-
clans are highly skilled and well trained for
their mission. Obviously, the use of micro-
minlature parts, modular packaging amensble to
machine assembly, and a revision of operation and
naintenance cncepts to &llow more replacement
and less repal: would reduce the complexity of
present operaticns,

Slide one shows a typical CORPORAL wiring and
layout. Note the lack of heat sinks, the absence
of support ribs in the chassis, and the maze of
wiring.

Slide 1: CORPORAL

The CORPORAL system is not to be written off
beceuse of outdated packaging. Readiness dates
prevented the designers from incorporating new
techniques during R&D, The CORPORAL III system
bas moderm ground equipment and would correct the
outdated features in the ground equipment as noted
by this slide. Furthermore, in field test firings,
the CORPORAL IIA has demonstrated a higher relin-
bility than any other Armmy missile system., This
rellability has been the result of many fastors
including a product improvement program whereby
over half the missile electronic circuits as noted
in slide one, were converted to configuration as
shown in the following slide.
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HAWK;

A picture of our prcz:sc can be portrayed by a
look at our present day developments, The HAWK
missile-borne electrounics is packaged principally
within two units: the seeker and the autopilot.
Many parts aave heen made non-standard by addi-
tional environmental requirements; that is, by
further selection processes at the plant.

The HAWK missile electronics part breakdown is
approximately:

Capacitors:
Ceramic Lo
Mica L6
Tantalum 35
Paper
Glass 3
Electrolytio 3
Titanium Dioxide 8
Total 367
Tubes: 6

Crystais and Crystal Diodes: 81

Transformers: 55

Resistors:
Composition 484
Wirewound 1
Deposited Carbon 313
Total 868

Induotors:
AP Reaotors 3
AF Toroids 3
RF Coils L6
RF Toroids 3
Others 4
Total 53

This total count is over 1520 electronis parts
exclusive of cables and connectors,

The parts are laid ocut within the cylindrical
saction of the missile for ready accessibility.
Batteries, dynamotors, and large heavy hardware
are mounted along the longitudinal axis whereas
the oircuit parts are neatly mounted on curvi-
linear laminates in periphery and purallel to the
missile aldn. Raytheon was dirscted to provide
for repair by part replacement and & more accessi-
ble layout for the electrunic parts would be hard
to visualirze, The following slide showa the
nature of the assembly of the cylindrical platters,
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The electronic part density in the HAWK missile
is in the vicinity of 2,000 per cutds foot, The
present day maxima using printed wiring boards is
around 50,000,

HERCULES:

The NIKE HERCULES missile guidances package has
undergone a recent packaging redesign. The new
package is a "modular® one with subassemblies more
readily acceseible and is commonly called "the
“mushroom guidsnce package.

The HERCULES missile eleotronic parts count is
approximately:

Capacitors:
Mioa 25
Paper 9
Tantalum 8
(lass 7
Ceramic 15
Others 17
Total 169
Resistors:
Composition 1o7
Wirewound 12
Deposited Carbon 120
Variable k8
Total 270
‘Tacuum Tabess Lo
Crystals and Crystal Diodes: 80 . 814de L: A HERCULES Module
RF Induoctorss 18
Audio Coils and Transformers: 15
Other Parts: 10

This total count is approximately 602 parts.

Adotually, for a tactical operation, the parts
count for the HERCULES might be considered less
than the 600 items asgsembled. Over half the parts
are mounted in printed wiring boards and therefors
would not be subject to individual replacement.
The Western Eleotric process for assuring good
solder joints to printed wiring boards requires a
3 cysle thermal shock after soldering, Field
replacement of an item to the board where solder-
ing 4s involved is not plamned., The high failure
items, vacuum tubes, are mounted on the cast
frames that house the printed board assembly and
are replaceable if need be, although even this
item is considered better replaced at Sth echelon.

There are 22 printed wiring boards in the
HERCULES guidance package. Relisbility tests
showed no general necessity for encapsulation,
therefore, only one subassembly is sealed in epoxy
resin and a second unit in silastlic rubber, The
majority of the coils, however, have been encap-

sulated for better configuration with respect to Slide 5: “°°k"‘t‘p of HERCULES "Mushroom"
asserbly in the modules and for envirommental Instrument Side
protectiocn,
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LACROSSEs

The LACROSSE I missile guidance paokage in con-
trast to HAWK, provides all presently available
techniques of assembly. The five missile olec-
tronic Ord 7 assembliss contain 20 potted sub-
arsemblies and use 18 printed wiring laminated
boards.

The LACROSSE eleotronic parts count for the
nissile is as follows:

Sapacitors:
Mica 102 .
Qlass 32
Paper Lo
Tantalun 2
Ceramio 3
Variable 5
Total 17
Resistors:
Wirewound 23
Composition 207
Deposited Carbon 53
Variable
Total 256
Inductors, 4F: v
Inductors, RF's 109
Dlodes & Crystais: 30
Tubess L7 Slide 61 A LACROSSE Chassis Wiring
Relays: 10
Miscellaneouss 26

The total count then is appraximately 697. The
following slide shows the layout.

The LACROSSE guidance package is subdivided
into five chassis, replaceable by an operator when
failure is evident as indicated by an automatic
tester, DTiece part repair within the five chassis
is accomplished by back-up Ordnance Corps mainte-
nance tecinicians, Parts density in the LACROSSE
I missile is of the order of 1,000 per cubic foot,
Many RF cavities contribute to the relative low
part density.

In ocomparison, the three missiles compare
thusly:

Missile Electronic Parts

SE
Total Parts
Non-Standsxd
Type Maintenance- Part &
Keplacement Part Module Potted Assy

Until early this year, the maintenance philo-
sophy promulgated by the Ordnance Corps for missile
systems was based on AR 750-5, that is, the
treditional five echelms, By interpretation,
field repair meant test equipment for fault
isolation to the piece part and repair by part
replacement., Slide 7: Topr View of LACROSSE Chasais
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This maintenanco philosophy has been modified,
and repair is now permitted by replacement of
modules. Accordingly, the SERGEANT, NIKE 2EUS, &
LACROSSE MID I systems will be packaged in modular
form and a reduction in field repair and main-
tenance skills is evident in their TOKE's.

The use of non-standard parts is of great
concern in the industrial phase of a missile
program. Esch part peculiarly atooked as a re-
placement part adds an &iditional burden on the
supply system. Furthermore, if the part is a new
development which may be inadequately tested, it
is also a threat to reliability. Many of the
parts in the systems discussed have been made non-
standard by the addition «: specifications for
envirormental extremes of iemperature and shock
not contained in the Mil Speo of the comparable
part.

A part selected by envirormental testing does
not necessarily have a greate- resistance to
fajlure than one not so selectud, However,
complex missiles can hardly be expected to
funotion unless constructed under extreme condi-
tions of quality control and this begins with
incoming inspection of slectronic parts. Relia-
bility takes precedence over standardisation.

By the reliability formula, or the produce rule,
the overwhelming number of missile-borne electronic
parts makes the guidance package the most suspect
for in-flight failures,

When initiating this study, I expected to find
a relaticnship between reliability and missile
electronic part selection and assembly. However,
no trend was evident. In field test firings the
missile with the greatest part-count has shown the
greatest reliability. Factors other than complex-
ity must be more influential in field operations.

The electronic package in one guided missile is
only 2% of the total weight of the missile and 24
of the volume., Miniaturization of components in
gservo or hydraulic systems would pay off greater
dividends in space savings than in the electronic
area,

Miniaturization efforts on electronic parts and
asasemblies will be the trend for our future systems,
The oriteria of reliszbility and ruggediness point
toward miniaturization as a possible solution for
better performance., Although the HAWK, HERCULES,
and LACHOSSE I may derive no benefit from the
miniaturization efforts described at this
symposiun, our missile designers are anvdous to
incorporate new features in the next generation
of sysiems now in the planning stage.
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THE STABILITY OF SEMICONDUCTORS IN MICROELECTRONIC ASSEMELIES

J. Maxwell Stinohfield and Owen L. Moyer
Diamond Ordnance Fuse laborstories, Washington 25, D. C.

Ao progress is made in the direction of microelectronic circuii development, the
problems of stabilization and protection of the components and wspecially the semi-
conductors assume a major role. The seversl processing stepes leading toward the com-
pleted and stablilised unit and the determination of the extent of the semiconductor
stability are considered. A description is given of the use of the “FPield Effect®
technique for repid observation of stability. The measuremant and analysis of the
effects of some semiocnductor surface treatments are desoribed.

Introduction

The need for stable and dependable sloctronic
devices in fuzing and other ordnance assemblies is
self-evident, For stability in microminiaturiza-
tion, careful consideration should be given to the
components of the assembly. The close physical
association of the many components sach with ex-
acting electrical and material requirements makes
nocessary a detailed understanding of the proper-
tles of these components. This is especially true
of the semiconductor components of the assembly.
These are by their very nature sensitive to a dis-
turbance of their properties by slight contamina-
ting influences. their preparation the semi-
conductor material is sone purified to the highest
purity attainable and is then deliberately contam-
inated, This controlled eontamination (doping)
introduced during the process of growing a single
crystal produces the desired degree of imperfec-
tion which determines the electrical properties of
the device to be fabricated from the material.

The control of these and other imperfections are
essential for a good semiconductor device. :

In a transistor fabricated from such material,
the circuit designer looks for high and stable al-
pha, low and stable saturation current and high
and stalle breakdown voltage and other properties
sufficiesnt for the application. The device de-
signer knows that the desired stable electrical
characteristics can be obtained only by starting
with a properly prepared material. For example,
the reccmbination lifetime of the current carriers
in the prepared material must be appropriate to
the particular device to be fabricated. Recambi-
nation lifetime is not fundamentally a material
property tut varies rather with the gode of prep-
aration (imperfections grown in ths crystal and
surface imperfections) and the impurity. Even
when the device has been prepared frvm a good sta-
ble single-crystal material, the inhersnt imper-
fection of the surface, affecting the recombination
1ifetime, exerts a strong influence cn the charac-
teristics cf the device.

Assuming a well prepared bulk material, we will
be concerned here principally with the stability
of the semiconductor surface.

Desired Surface Provertles aud Thedir fontrol

it the surface of the semiconductor device it
is desired to have a small surface recambination
velocity S and a small surface conductivity G.

These are controlled by elactrically (or shemical-
ly) shifting the surface potential (difference in
potential betwesn the bulk interior and the sur-
face) and by forming layers with small mumbars of
recambination centers. Surface recombination ve-
locity and surface conductivity are intor-related
in such 8 complicated fashiion that it appears

best to obtain pre tsr experimental confirma-
tion of the theory*s»< before discussing

Ite It wilr be sufficient to say here that

the general shape of the conductivity curve as a
function of surface potential is a U-shaped curve
and the recombination velocity versus surface po-
tential is an inverted U-shape curve. Experimen-
tally the recombination curve (to the extent to
which it has been verified to date) is a super-
position of several curves of this last described
simple inverted U-shape curve. Despite the great
camplexity of recambination theory required to ex-
plain the bshavior of the semiconductor, it is
possible to obsarve patterns of behavior that are
quite reproducible within a certain range of ex-
perimental or ambient conditions. Some of these
&re illustrated by the experiments to be described
following the initial discussion of the surface
conditions.

The scope of this paper will be limited to a
description of the processing steps which might be
used to obtain a good stable semiconductor surface,
the surface properties observed, and the technique
of measurement. This is followed by experimental
data {llustreting the behavior obssrved on a mum-
ber of samples of n-type germanium with various
surface treatments.

Surface Recombination Velocity

The symbol S will be used in the following
discussion to denote surface recombination veloc-
ity in em/sec. This 48 of the same significance
&s velocity of carrier flow as used to calculate
the current density flow in the usual sense where,

Jmgns
q = charge on one carrier (1.6 x 10719 coulombs)
n = mmber of carriers/ca’
6 = average velocity of carrier flow in cm/sec.

J = resulti.ns density of current flow in am-
peres/cm
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For & thin 3lab of germanium, the carrier life-
time T o obtained by observing the decay
of a photoconductive current after an instantane-
ous flash of light is,

S R
T Ts Tg

Usually “Tp, the bulk lifetime is large
enough to be neglected in comparison with Lg,
the surface rec::nbimt;cg lifetime. The surface
recombination velocity??® for a thin slab (with
all dimensions large compared to the thickness
and with the thicknoss saall campared to the
diffusion length constant of tho material) is

ven
glven by 8 =x/2T

where X is the thicknens of the slab, Figure 1
shows this relation for the sxperinental germanium
samples, with dotted curves indicating the change
for a plus or minus 20 percent change in the 10
mil thickness.

10000 — - T
N N\
\;\‘ I

6000

Figure 1. Surface Recomblnation Velocity 3
versus Charge Carrier Lifetime T.
(for 10 mil thick elab of semiconductor)

10° 0*

0! 108 10,
s, 2&./Bec.

Figure 2. Grounded Emitter Current Gain (3
versus Surface Recombination Velocity 8.
(for assumed conditions (3 = 50 at 8 = 1250)

The offect of S, the surface recambination ve-
locity, on the beta or alpha c-b as it is often
called, is illustrated for an assumed case in Fig-
ure 2. Variations in S up to 200 produce rela-
tively small beta varistions. However, a beta
drop to 70 percent occurs when S goas to 500,

While the value of S is important, most of
the detalled information about the surface is ob-
tained from the field effect! oxpcriment.

R.eld Effect

in this experiment, a small bar (width about
8 x thickness and length about L0 x thickneas) of
germanium has leads attached to its ends tirough
whick a small d=c current is passed, (See Fig.3k
Over the surface of the bar, a plate electroda (P)
is located ag closely as pogsible but insulmted
fron the bar, An a~c voltage in the frequency
range of 50 to 3000 cps connected to the plate
electrode causes changes in the conductivity of
the surface which appear as a medulation of the
d=¢ current, This conductivity change is observed
by neans of the oscilloscope as shown in the teat
circuit in Plgure 3, "he effect of the capaci-
tance cwrent through tho sample is balanced out
bty an equivalent capacitance Cp and resistor KBe
The curves appearing on the oscillescope show the
change in snrface conductivity G versus surface
charye (surface potential Y is related to surface
charge through the capacitance of the plate P to
the surface) due to the field effect. When a min-
imum appears in this curve, this point is related
to tie theoretical curve of C versus Y {or G vermus

Figure 3. Field Effect Erperiment.

surface charge) shown in Figure 4 so that the
space gharge and the charge in the treps is then
known. ! The theoretical curve of Figure 4 gives
the true conductivity of the surface when the ef-
fect of traps is negligible. The trap is probably
a crystal imperfection which withholds an electron
from the conduction band or a hole fram the val-
ance band. The experimentally cbserved curve is
wider due to charge held in traps which is not
able to contribute to the conductivity of the sur-
face, Hence, the horisontal difference between
these two curves (plotted with surface charge as
the horizontal coordinate) when the minimum points
are coincident will give the charge in the traps,
Thia is the charge in the so-called fast traps.
The slow traps are so unresponsive that they only
exsrt a fixed bimsing potential which requires
seconds to minutes or hours to change. With this
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Figure 4. Trap Pree Surface Conductivity G
versus Surface Potential Y for 8.0 Ohm-Cm
N-type Germanium.

information plus the recombination data, the ex-
perimental results can be correlated with the
theorys Due to complexities menticned earlier, no
attempt at correlation will be made hore. The ex-
perimental results will be used to monitor surface
stability.

Surface Stabilitv

In the field effect exporiment the patterns
appearing on the oscilloscope (See Figure 5) show
clearly the type of surface present on the semi-
conductor, The type of surface conductdvity
(either n-type or p-type) is shown by the slope
dircction of the curve for the surfaco conductiv~
ity, since near the minimun point in the curve &
change from n-type, through intrinsic, to a p-type
surface is indicated. The untrcated semiconductor
surface is observed to change from a strong n~iype
surface to a strongly p-type surface and back again
as the gasecus ambient surrounding it is changed froem
wet nitrogen through dry nitroren and dry axygen to

FIELD EFFECT

AMBIENTS OSCILLOSCOPE PATTERN

AMMONIA @ [
WET NITROGEN
WET AR @
WET OXYGEN
DRY NITROGEN @
OZONE @
CHLORINE Y
Figure 5. Ambients Arranged According to

DRY AIR
DRY OXYGEN

the Degree of N-type or P-type Surface

Produced on Germanium.

N-TYPE
SURFACE

P-TYPE

HYDROGEN PEROXIDE SURFACE

ogone and back again. The senaitivity of the
semiconductor surlace to such an Mambient cycle®
is made use of here to test the surface stability.
The degree to which the surfacs is resistant to
disturbance by the "aoblent cycle™ (a simllar cy-
cle known as the “Brettain-Bardeen cycls® is re-
ferred to frequently in ths literature#) will te
used as a measure of surface stability. Soms
changs is usually observabls even with specially
treated and coated surfaces. Figure 5 shows the
relative tendsncy of varisus«ambients? or chemi-
cals to produce n-type or p~type surfaces and the
corresponding patterns observed on the osacillo-
scopes The patterns are sections of the corre-
sponding surface conductivity curves produced when
the semiconductor surface potential (or surface
charge) is artificially shifted back and forth by
& high voltage (audio frequency of 50 cps to 3000
cps) applied to & small metal plate located close
to the saemiconductor surface.

The observed pattern is not uniquely related to
the ambient since the previocus history of the sur-
face leaves a residual effect. The patterns shown
in Figure 5 are normal for the nearest group of
ambients and change in the direction shown as the
ambients shift the surface toward more n-type or
p-type conductivity.

Experimontal Curves

A photograph of cscilloscope tracings for a
piece of untreated 8.0 ohm-cm n-type germanium is
shown in Figure 6, Curve a i3 for a dry oxygen
ambients Curve b showing a strong p-type sur-
face occurs for 10 ssconds spark discharge pro-
ducing ozone in the oxygen. The surface potential
drifts back t0 curve ¢ 3 minutes after the
sparking is stoppeds Curve d in Figure 7 occurs
after 5 minutes in dry nitrogen. Curve e showing
a strong n-type surface cocura whan the nitrogen

is passed through water for 10 seconds. Curve f
results 1 minute after retuming to dry nitrogen.

a
DRY Op
b 03 10 SEG.
DRY Oz 3 MIN.
¢ AFTER 03
Figure 6. Bxperimental) Surface Conductivity

versus Applied Field for (xygen and Ozone.
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d DRY N 5 MIN.
e WET Ng 10 SEG.
DRY Ny | MIN.
1 AFTER WET N,
Figure 7. Experimental Surface Conductivity

versus Applied Field for Dry and Wet Nitrogen.

This illustrates how readily the amblent atmos-
phere can shift the surface from strongly p-type
to strongly n-typs.

Figure 8 shows eimilar curves on this sample
after it has been coated with & silicone resin.
The center curve k obtained after 5 minutes ex-
posurs to ozone showe only a slight change in the
p-type direction campared to a chenge completely

to a p-type surface in 10 seconds when the surface

is uncoated.

DRY 0, 5 MIN,

DRY O3 5 MIN.

DRY Ny 5 MIN.

Figure 8. Experimental Surface Conductivity
versus Applied Pleld for a Stabiliged Surface
Exposed to Qxygen and Ozone.

The surface recambination velocity S is showm
in Figure 9 for this sample, After coating and
drying it was bsked for one hour in room air at
120°C. A change in S from 250 te 320 occurred
during the bake. It remained stable in room air
for 20 hours, when it was Mambient cycledm. A
change from 320 to 250 occurred during the 24 hour
period immediately following the "ambiant cycling"®,
but no furthsr change was noted,

400
GOATED ROOM AIR YGLED
SILIGONE
3300 Faaxep &
14
cm., /
Bec.
200
IOOm 1 10 100
HOURS
Figure 9. Surface Recombination Velocity S

vorsus Hours Tims in Room Air for Silicone
Coated N-typs Germaniume

Some typical curves illustrating several sur-~
face treatments under study at DOFL are shown in
Figures 10, 11, 12 and 13.

In Figure 10, & piece of the ssme 8 olm-cm
n-type germanium which had been cleaned with
_household cleanser (Ajax) showed an 8 of 830,
Etching in superoxol etch bath (1 part HF, 1 part
H02, 4 parts Hz0) plus a U-P (ultra~pure de-
icnized water) wash reduced the S to the neigh-
borhoed ol 200. When tambient cycled" S ine
cressed to 420. Cleaning again in household
clesiser increased S to 700, 4 U~-P wash reduced
S from 700 to 500. ZEtching again reduced S to

180,
700
: | !
so0 3~ ﬂ,—<-—»)— !
B
&
wolfd -t 1 ) |
= T a0 omucw w-rree otnuanun |
s 3 S | N-TYRE suReact !
o’ 7 r i
BeC Y l '.,:'Iunn PDLV!I]!RCM b
/ 1 evcuen fiE I
200 [P ———1f |- orn Eﬁ{ — e an T
i3 OM_AIn
100 ' I r\r -

[X] 1 iol 108 100 0
HOUNS

Figure 10, Surface Recombination Velocity 8
versus Hours Time in Roam Air for Polystyrene
Coated N-type Germanium.

A coating of polystyrene was then applied. The
3 decreased to 170 and remained there for 16 hours.
On fambient cycling®, the 38 increased from 170
to 2800, A U-P wash reduced 8 fram 280 to 155.
Over the next 24 hours, S rose to 180 but was at
155 after 1200 hours in roam air.

Germanium pisces #7 and #8 from this sams cry-
stal slice (8.0 olm-cm n-type) were etched,
washed and dried. Number 7 was coated with an
epoxy and dried. Number 8 remainsd uncoated.
Baking for 1 hour in air at L10°C {Ses Figure 11)
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Fdgure 11. Surface Recombination Velecity 3
versus Hours Tme in Room Air for (7) Epoxy
Coated and Baked and (8) Baked, Bpoxy Coated,
and Baked N-type Oermanium.

changed S from 320 to 630 on the coated sample
#7 but made no change in *he uncoated sample #8.
After the bake, the #8 saaple was similarly coated
and dried. At 18 hours, the S of this sample
had decreased from 350 to 320. Four hours later,
it had increased from 320 to 410, It was then
baked for 1 hour at 110°C when the S increasad
to 430. In Pigure 11, it is seen that #7 shows a
continuous improvemeni over & perded of mors than
1000 hours. Sample #8 remains at & constant value
of S = 360 for over 1000 hours. The value of 3 near
250 is best for the #7 sample tut the stability is
best for #8. Apparently, the oxidation due to the
initial bake of the uncoated #8 resulted in bettsr
stability after coating.

200 ) | , | —
I I N —
TR
800 ||z —- - e --
w l !
gﬁhooo (- e e —e ] e S
, s_ﬁcfil'::m:; T_' g “% [
i TeH % v Tal
mPW\M A
| [$ILICONE O0M _Al 1 |
moall * I IJO' [ Iér 10

HOURS
Figure 12. Surface Recombination Velocity S
versus Hours Time in Room Alr for Silicone
Coated N-type Germanium.

Figure 12 for sample #9 shows the 35 reduced
fyam 1250 to 360 by an etch in superoxol. A U-P
wash reduced S from 360 to 100. An electrolytic
etch (in 10% XOH) raised 8 to 210. Another etch
in suparoxol reduced S to 140. This sample was
then coated with a silicone resin and dried. Over
a 60 hour period S changed only slightly(l40,
135, 155 On baking, S increased fram 155 to
315, The S remained constant at 180 for over
1000 hours after the bake. "Ambient cycling" &t
1362 hours showed no detrimental effect although
ozone shifted the surface fram strong n~type to

slightly p-type.
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?gure 13. Surface Recombination Velocity S
versus Hours Time in Room Air for N-type
Germanium Treated with Tn-BT and KPR Coated.

The data of Figures 11 and 12 sugrest that a
coating of silicone recin is more offective than
an epoxy ccating in maintalning surface stability,
This is not necesaarily true since the treatments
to which the samples were subjected were not
otherwise identical.

Same chemical treatments have besen observed to
render the germanium surface insensitive to am-
bient conditions. I’é the DOFL laboratories,

Dre M, Schwarz found® tetra n-butyl titanate
(Tn-BT) to restors and in some cases improve the
alpha of & group of transistors. Further investi-
gation shows a strong n-type surface of low 3
and with resistance to ™amblent cycling®. Fig-
ure 13 shows ans change from 125 to 180 due to
fambient nyeling® although the surface remained
strongly n-type throughout. Some small. change
occurred also after coating and developing &
photo-resist (KPR) layer on the surface. The sur-
faca remained aubstantially stable.

Another chemical treatment observed to improve
surface 5tability involves the methylchloro-
silanes.? Observations mads so far show a surface
with stable S and considerable resistance to
Mambient cycling®.

Geners), Digcussion

In the study of semlconductor surfaces a num-
ber of general observations and tentative conclu-
siona have been made. Some of thess will be list~
ed here.

Hany of the gormanium etching baths (for exam-
ple the supercxol etch bath) leave weak n-type or
woak p-type surfaces on the semiconductor. Thess
sur{aces are easily disturbed by slight traces of
str.y contaminants. Vapors encountered during re-
moval froum the bath, the rinsing, the drying and
;he room ambients all can easily change such sur-

aces.

A semiconductor surface remaining stable for
hundreds of hours in room air can show a large
change due to a few seconds exposure to nearly
pure oxygen, a small percent of ozone, a high rel-
ative humidity, or a slight amount of chemical va-
porse.
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A semiconductor having a strong n-type surface
on an n-type tulk material if "ambient cycled® to
& strong p-type surface and back again will usual-
1y show a net increase in surface recombination
velocity after this cycling.

Strongly n~type or strongly p-type surfacen both
can show low surface reccmbination velocity on ei-
ther n-type or p-type germanium bulk materisl; but
surface conductivity tends to be high, with result-
ing surface currents or channels.

A value of recombination velocity should. be
chosen for the particular device with the rurface
potential held stable at & campramise valus such

‘that surface conductivity and surfice reccmbinatian

velocity are not too high.

A slight oxidation of the semiconductor surface,
such as produced by & low temperature bake in air,
or merely sgeing in air of 50 pervent relative m-
nidity plus & coating such as phoio-resist, u:li-
cone resin, or low catulyst epoxy, improve sami~
conductor surface stability.

Chemical treatments of the semiconductor sur-
faces, forming highly stable axides or silicntee
direstly cn the surface, produce stable surfaces
resistant to aumbient fluctuations.

Gopclusions

A combination of chemical treatment plus coating
shows promise for producirg stalle microminia-
turized assemblies. In the final stages of fah-
rication the semiconductor dovice should be
etched, clesned, and processed to produce the
desired surface. This surface should be made
resistant to ambient disturbance co that sur-
face properties do not change over the poriod
of normal life expectance and in any of the
enviromments to which it might be exposed.
These enviromments include assembly, testing, pot-
ting and encapsulstion procedures during micro-
electronic circuit fabrication as well as the ap-
plications environment of the equipment.

The progress made to date gives hope that the
early ™aystic" approach to the camplex chemical
properties of the surface are yielding to im-
proved scientific understanding.
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EXPLOSIVE TRAINS FOR MINIATURE ELMCTRIC INITIATORS

Paul B, Tweed
Picatinny Arsenal, Dover, New Jersey

The use of standard explosive train components now available creates a minimum
sizo barrier below which such components are valueless. In order to reduce the
size of a miniature electric initiator explosive train to a level where it would
be of value in the miniature components now desired, new explosive devices are
required. These devices will require selective sensitivity to be capable of self-
propagation in the desired size ranzcs while maintuining safety, and have enough
output to successfully transmit the detonation. The use of 0,040-inch outside
diameter low-energy detonating cord together with miniaturized detornators now
urder development at Picatinny Arsenal will bo a major break-through in this
direction, A similar development,"string imniter) promises equal miniaturization

potential for propellant imnition trains,

Ideally the fuze desisner would like to
eliminate the explosive portion of his fuze
altogether, Since he cunnot do this and
initiats the main explosive charze of the muni-
tion, the next best thing is to meke the explo-
sive train as small as possible, Until quite
recently, it was believed that the minimum
diameter for propagation of tetryl, RDX and PEIN
in light confinement. was 0,125, 0,100 and 0,050
inch, respectively, Miniaturization of explo-
sive trains was considered to have reached a
limiting value, Recently, however, there have
been some developments that are changing the
picture, I will discuss some of these briefly,

The most important break-throush in this
field was the developncg? of low-energy
detonating cord (LEDC) by the joint efforts
of the Ensign-Bickford and duPont Companies,
L&DC consists of a very small continuous
column of explosive in a metal tube, A number
of different explosives have been found satis-
factory. Core load:c in a wide rangs can be
prepared, The metal tube can be reinforced witn
plastic or textiles to resist abuss, 1EZOC
can be used for a roiseless mainline, for
bottom initiation of cap sensitive powders, fer
short delays, as a propellant igniter, for
explosive disconnects, for crimping of metals,
for de-icing airplane winas and for conveying
detonation throush explosives or through
mechanical devices with little or no shieldine.
It has beern made in production in loads of ,01
grain per foot and experimentally in desizns
involving & million feet per pourd of explosive.
The rate of detonation, if PZITN is wsed, is
about 650C meters per second and the value is
uniform with 1%, _

Although LEDC has some rerit as a propellanth
igniter, a variation known as "string igniter"‘‘
is miuch vetter for this purpose, This is a
small diameter continuous metal tubineg con-
taining a detonating isnition core composition,
It can be supplied in various diameters ard its
ignition characteristics can be tailored to a
specific application. It can be supplied having
velocities raneine from 3000 to 65CC meters per
secopd, depending on the tyre ard azount of core
composition, The detonation of the explosive
disperses radially hot metal particles both from
the core and from tre metal ‘acket which have
excelient ignition properties, W“hile LEIC
requires black powder, or similar material to
ignite propellarts, "string isriter" can ignite
certain rropellants directly when sli~ht con-

)

’

finement is provided,
Initiation for both LEDC ard "string igniter”
can be accomplished Ly low enerpgy elsciric

‘initiators. The wea?e t duPont low-tner

elsctric end primer (2), the X-257D, is 1£" long,
.240" diameter and contains 0.5 grain lead azide
The smallest diameter duPont LEDC electric cap 3}
is 17/32" lons, ,190" diameter and conteins 2,0
erairs leaa azide, There is no resson why (%)
desiens ot this kind cannot be made smaller‘™’,
Information concernine smaller items will be
presented in a paper entitled "Development of
Miriature Zlectric Detonators”, Since there
undoubtedly are applications where LEDC or
"string igniter" could be used if its initiator
were of the same diameter, it appears that
iameter of initiator is the bottleneck in the

develomment af miniature sxplosive trains,

The most commonly used explosive in initiators
18 dextrinated lead azide. This material is
required to channe the wesk impulge from the
primine charne into a detonation so that the base
charge can be initiated, There are now available
other materials which are more efficient,
especially in small items, than dextrinated lead
azide, Amon: these are polyvinyl alcohol (PVA)
lead azide, developed by the Olin Mathiesen
Chemicel Co., RD-1333 lead azide, and RD-1343
lead azide, both of which were developed in
Znpland. To shew the greater efficiency,
£5 milligrams of dextrinated lead azide is
renuired for initiation of RDX in the ,128¢
inside diameter MA7 detonator, while 25 milli-
grams of 0-1333 does ar equivalent job, This
#nans that detcnators can be made chorter to do
tre same job, The smallest standard Ordnance
Corps detonator, the M55, has a diameter of
.Li5" and & length of ,140", This represents
what can be done in stab-type detonators by use
of PVA lead azide, Electric detonators, which
have more confinement due to the design of the
1etonator, should offsr even greater possibili-
ties in reduction in %e?gth.

Under Contract 537(5) between Diamond
Ordnarce Fuze Laboratories and the American
Cyanatids Co,, it was shown that tetryl, RDX
and PETN, when mixed with zirconium or titanium,
can be initiated by means of & spark gap using
1000 volts and less thar 10,000 ergs, Work of a
sirilar nature hoth with and without primary
exrlosives is underway at Fort Halstead, England,
under the Mutual “eapons Development Program and
monitored by Picatinny Arsenal, There is
definite eviderice that insensitive detonators
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requiring no primary explosive can be developed
and this may lead to smaller exvlosive trains
by slimination of some components or explosives
as well as elimination of out-of-line devices,

Work a% Picatinny Arsenal during recent
years has ‘shown that copper chloretotrazole(é)
can be initiated by stab action and can also
act as a base charge, Stab-type detonators
cortaining this material are being studied and
if the preliminary results are borne out in
engineering-typs tests, a smaller detonator for
the 20mm M505 fuze may become available. It is
entirely possible that a miniature electric
detonator containing an clectrossnsitive
explosive in combination with copper chloro~
tetrazole can also he developed,

Another Pic?%inny study has involved the use
of sensitizers with explosives, which could
lead to reduct.ion in the number of explosive
charges in an item, It was shown that 95/5 FVA
lead azide/tetracene loaded in M26 percussion
primers will function prorerly, Althouegh such
a mixture will not stand up under adverse
storage conditions, it 1is entiroly possihle
that. mora stahle senaitizers can he found and
that they can be used in miniature electric
initiators by proper choice of spot charge.

In conclusion, there appear to be numerous
methods of raducing the number ¢f explosive
charges 1in initiators and thers are devices
available which will transm.t detonation in
very small diameters. Combinations nf these
device2 and emphasis on deveiopment of smaller

initiators should certainly lead to miniature
and even microminiature explosive tralus.
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SHIPBOARD GUIDYD MISSIIE WEAFON SYSTEM SIMUIATORS

Anthony P, Vigliotta

U, S, Naval Training Device Center, Port Washingtom, Nev Yark

Extensive and corplex simulator systems have baen developed for training of Armed
Foroes personnel at shorsbased schools in the fielde of Fleet Air Defense Weapou Sys-
tems and CIC training, With the advent of Shipboard Guided Migsile Weapon Systems,

a new comoept of instelling simulator systems aboard Naval vessels has bsen imple-
mented, Dus to the oritiosl need for minimum weight, size and power requirements
for shipboard installaticns, extennive redesign and new techniques have been inves-

tigated in the areas of transistorization and mioro-miniaturizatiom,

trace the trend in transistorization and assembly miniaturization from shorebased to

shipbosrd weapon system traimers,

will bo reviewed in detail.

- The U. S. Naval Training Device Center, Of-
fice of Naval Research, conducts reseasrch, de-
veloment and rroduotion of training equipmente
in the fields of aercnauties, armaments, elsc-
tronics, opties, graphics, weapen systems, ste.
This paper will discuss the specific area of

shorebased and shipboard Guided Missile Weapon
Systens as it applies to the Operatiomal Fleet

requirenments,

Circuit, comporent and assembly package designe

This puper will

proficiency of the ginnery, missile and CIC teans
in the phases of target detection, acquisition, -
tracking, synthetic firing and assesmment of op-
erator and system performance.
based type treiner, overall system block diagrem
ac shown in Pigure i, generates six maneuverable
air targets which are fed simultanecusly to air
search and fire control radar simulators. The

A typlosl shore-

videoc output of the air seerch radar simulator 1z

The prime function of a Guided Missile Wea-
pon Syster trainer is to develop and mauintain

fed to operational FFI apd Designation Indicators.
The Fire Control Radar Simulator outpute in twrn
are fed to the radar equipments of two different
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tyres of Firs Control Systems. Operators of the
desigmtion indicatores obtain simulated video tar-
get dats and tranemit designated information to
the Fire Control Directors to assist the Fire Con-
trol redar operators to acquire the targets, The
Fire Control Radar system sontinuously transmits
repeat beck data to the designatior indicators to
indicate director position and procesds to aoquime
the target in automatic track. Aocquisition and
tracking phases are completed upon the "locking
on” of the target ard tranamission of target po-
sition data to the Gunnery and Missile Computers.
The synthetically generated problem is continued
to the point of synthetis firing. Asseasment of
resulte is made by tine measurements of disferent
phasss of problem generation, acquisition, track-
ing, firing and target kill probability determin-
ationm,

The equipment as described in Figure 1 consis-
ted of 4 mejor consoles with a total weight of
appreximately 3,000 pounds, Table I is a chart
vhich shows the relation bstween opsratiocnal
equipment to be activated and oonsole and weight
requirements for both shorebased and shipbeard
trainer systems,

Baged on the above analysis and a reviev of
relative degres of design complexity, it was es-
tablished that in onder to mest the shipboard re-
quirements, an appreximate shrinkags in veight
and size of 50% would be required. To accamplish
this shrinkage, it wvas agreed with contractorl
personnel that the following areas would be in-
vestigated.

a, Trarsistorisation.

b. Conversion from 60 cysle power to 400 oy-
cle powsr.

¢. New assembly and sub-assembly design con-
copta,

d. Develommert of new techniques.

A program was instituted for the complete in-
vestigation of the simulater design to achieve a
maximm degree of oircult transistorization and
miniaturisation, Munotionzlly a rodar simulator
system consists of thres basic sub-systeme; nanels
Tapget Motion Generation, Radar Camparators avd
Radar Simulators. The detail design of thia type
similator is covered in the following paragraphs
to clarify the type of englneering technigues em-
ploysd in simulation equipment, and Figure 2 indi-

SIMUILLATOR EQUIPMENT

RN

OPERATIONAL SHORE BASED

OPERATIONAL SHIPBOARD

AJR S8EARCH

S8IMPLE BASIC TYPE

COMPLEX DEJIGN

HE4OHT FINDER

NOT REQUIRED

COMPLEX HEMISPHERICAL
SEARCH TYPE

TIRE CONTROL OR
MISSILE GUINANCEF
[ B}

GUNNERY FIRE CONTROL TYPE

COMPLEX MISSILE
ACQ-TRACK SYSTEM

FIRE CONTROL OR
MISBILE QUIDANCE
2

GUNNERY PIRE CONTROL TYPE

COMPLEX MISSILE
ACQ-TRAZK SYBTEM

PERFORMANCE ASBESSMENT

RECORDER UNITS, TIME
EEQUENCE EVALUATORY

TIME OF PLIGHT COMPUTER
PROBABILITY OF
KILL COMPUTER
S8CORING DEVICE

4 - CONSOLES - No. .
LIMITATION 2 osONsOLES
ACTUAL WEIGHT 3006

NUMRER OF CONSOLESB AND
WEIGHT LIMITATIONS

COMPARISON OF BHIPBOARD . SHORE -BASED 8IMULATOR

TABLE
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cates the type circuit assemblies involved in the
transistorisation and miniaturization program.

8 g jag ]

TYPICAL CIRCUTT PACKAQE
Flgure 2

The funotion of a target generator is to gen-
erate synthetically the action of a moving target
such as an airoraft, sutmarine or surface oraft,
Figure 3 is a flow diegram of the functions in-
volved in a typloal target generator umit.

Target

Rate

Turn —
T 4
R St <1
Target
_2}---*-' ranoeT
TRUE BEARING
TARGET
ANGLE 'l

HOR.DEFL.
RATE

F’U‘.ﬂl’-
| g ’

Target course is manumlly set by msans of a
controllable input, For course changes, 2 rete
of turn unit utiliring a nsohanioal integrator
is provided, The output from the mechanical in.
tegrator together with the target course output
produces target angle shaft Aata, This output is
oompared with trus target vearing through a dif-
ferential to the shafi of the dearing resolver.
The insertion of target speed to the bearing re-
solver will provide an ou’put of horizomtal gu-
flection rate, Thie quantity multiplied by
putentiomster will produce horisomtal besring
rate, To compute the truc target bearing rete,
horizontal bearing rate must be multiplied by the
secant of the elevation angle. This is acomm-
plished bty feeding horirzemtal bearing rete into
an inverse function amplifier, whose feedback is
derived from a cosine potentiometer driven by the
target elevation servo. The output of the inverse
funotion amplifier is then fed into the trus tar-
get bearing integrator servo amplifier.

The integrator servo amplifier is often called
a rate servo amplifier. In this type of servo,
the rate of rotation of the integrator motor shaft
i{s made proportional to the input voltags,

The quantity of horizcntal rangs rats aleo ob-
tained from the bearing resolver is fed into a
booster amplifier whose output drives omne stator
of the elevation resclver. The other stator of

Target

B e = =

Rate of
CHmd

Dive

-———d
Elev
1 rarge
Cos.E L Elevation

----’

T

I
!
S U S |

TARGET POSITION GENERATION CIRCUIT

Figure 3
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thig reaolver 1e fed from a voltage derived from
the target rate of olimb and drive control poten-
tiometer, The spaft of this resolver is driven
by target elevatioc angle which can also be & mar-
ual input, Ths resultant outputs of this resolw
vill be slant renge rate and elevation deflection
rate.

elevation deflsotion rate is multiplied by
the 1/ function and rosults in angular elevation
rate, This quantity is then fed to the frue tar-
got integrating servo smplifier whose output sheft
is truc target alevation angle,

The output of slent range rate is fed to the
range integrating servo amplifier whose output
shaft is target range,

Thus we see that the rrime function of the
target gensration syetem is to provide input ca-
pabilities of bearing, rate of tura, course, spmd
and elevation and outputs of target range, bear-
ing and elevation. The next phase to review is
the comparator assemblies, The prime function of
the comparator unite is to matoh positicn data of
the synthetioc target in space with the positiomal
data of tho radar antenna and theoretical redar
baam charactericties and present sigmls to the
operational radar indicators when they normelly
would display target information.

Ths funotion of the bearing errcr comparater,
Figure 4, is 40 compare the shaft rotation of the
trus target bearing obtained from the target gen-
srator unit to the shaft of the radar director
bearing, through & mechanical differential, "The
output shaft of the differential is coupled to a
thres rection bearing comperator potentiometer
which provides target boaring error electrical
signals,

The elevation error comparator unit compares
the shaft rotation of the trus target elevation
{target generator wnit) to the shaft rotation of
the direstor elievation through a mechanical dif-.
ferential. The output shaft of the differentiasl
is coupled to & three seotion elevation compara-
tor potenti~meter vhich provides target elevation
electrical signals, In additien the video gates
as shown are utilized for adjustment of bean
width charasteristics of radar equipment. The er-
ror signal voltages and video clamp (beam charac-
teristic) wnit= are then fod to the radar simula-
tor mits where they are converted from voltage
signals to appropriate IF and video for display
on appropriate indicator wmits.

The bearing and elavation voltages and gates
and target range obtaired from thy target posi-
tion generation and oamparatur assemblies are fed
to the rajar simulator assembly as shown in Fig. &

3:&-' |s§T > & N ( ) ) m 4 < | < g::'rlni
$

Video ~a 1
Qate ’.b_‘_ _‘_._1 —-p = .’—1 B Outputs

<
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v

Figure 4
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RADAR SIMULATOR DIAGRAM

Figure §

Target rangs D.C. voltage is fed to the phanas-
tron cireuit which 18 used as a squere wave gon-
erator, The master trigger ia utilised to initi-
ate the phanastron cirouit anmd the level of D.C.
range voltage determines cut off time. The re-
sult is & positive square weve pulse, whose width
is dependent on the range voltage, The square
wave is differentiated to obtain the video at the
correct range or time diesplacement from the master
trigger. The raw video pulse is fed to the mixer
stage where all targets are mixed, Blooking os-
e¢illator circuits are utilized to sharpen pulse
shapes, The raw targets from the mixer umit are
then fed to the range attenuator which deoreases
signal amplitude with range so as to rresent ty-
pical operational characteristics. Additiomal
features provided to add realism to the presenta-
tion are noise and sea return., The output video
i{s then presented to operational indicators.

Sumarizing the oharacteristics of the overall
Radar Simulator systems just reviewsd establishes
that the following assemblies and circuits are
capable of transistorization and miniaturisation:

1. Target Motlon Jeperadors - Servo, booster,
inverse function, isolation, unit gain amplifiers,
electro mechanical assembtlisa, motors and power

supplies.
2. R c at -~ Same as target mction

gensrators,

3. Radap Simulators - Electronic cirouite
such as phanastron, differentiators, sweep,
blocking osoillatorse, noise and sea return gen-
erators, multivibrators, ete.

Figures 6 ~ 8 are photographs of type construo-
tion design utilized prior to transistorization.
The units utilized miniature tubes, 60 cycle po-
wer source and £ 300 V, D.C. regulated power umits
as shown in Plgurscs 5 and 18, Dimenslons are as
shown in the above figures and weight varied from
2 pounds to 3% pounds dependent upmn size. In
transistorization of these units, nolded ecard
type and tubs type assemblies were utilivzed as
shown 4in Figures 11 and 12. The size of the
units are as shown in the above figures and weight
is approximately 6 to 8 owmoes. As a majority of
the cirouits described in FPigures 3 - 5 were tran-
sistorized, extonsive decreasing in weight and
size was realized. In the shipboard type trainer,
the tubular type transistorised assemblies are
usod extensively as campared to the molded card
type. ‘'The advantages lie in greater maintainabil-
i1ty and replacement, The disadvantages are lar-
ger size and weight, Since the units have to be
capable of replacement, it was agread that the
use of the tubular transistorised type is pre-
ferred. When one considers that aprraximately
50 = 60 of these type circuits are utilised, the
size i3 quite appreciable. In addition, the con~
gsole and chassis assembly ars decreased in sise.
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TARGET MIXER ASSEMELY - TOP VIEW

£300 V DC POWER SUFFLY - TOP VIEW
Figure 6

Figure 9

TARCET MIXER ASSEMBLY - OFEN SIDE VIEW

£300 V DC POWER SUPSLY - OFEN SIDE VIEW
Flgure 7

Figure 10

RADAR SIMULATOR CHASSIS
Figure 8

SIDE VIEW OF TRANSISTORIZED ASSEMBLIRS
Figore 11
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TRANSISTORIZED ASEMBLIE® - CASE REMOVED
Figure 12

Another obvious shrinkage was obtained in ocom-
verting the system from a oycle power system
to 2 400 oyole system, The major weight saving
was in tranaformers, filters and molor assemblies,
Figure 13 shows a ocomparison of a 60 cycle and a
400 cycls servo motor, The welght ant size slrinle
age ratio was approximately 4:1.

COMPARISON OF 400 CYCLE & 60 CYCLE COMPONENTS
Pigure 13

Another area of miniaturization was the care-
ful investigation of design techniques utiliszed
and poasible use of other techniques. Figure 1,
shows the electro-mechanical asrsmbly which is
utilized as the bearing gate simulator desoribed
in Pigure 4. After careful study, a design tech-
nigus utilizing target input to the rotor of a
control tranaformer ard antenna position data fed
iv the ntator leads w»= devcloped, The error sig-
nal was fed to a D,C. leval comparator circuit as

shown in Figure 15. Bearing width is readily
Bﬂjﬂ!tﬂbh bty ohanging the D.C, level, The
weight and shrinkage ratio gained was approxi-
mately 101l.

BEARING GATE COMPARATOR CTRCUIT - MECHANICAL
Figae 1,

BEARING GATE COMPARATOR CIRCUIT - ELECTRONIC
Figure 15

Another typical example of cirouit redesign
was the replscement of CRT tubes apd asscolated
circuitse utilized for simulation of campler comn-
ical and spiral scan eimulation of fire control
simulaters with ring modulators, Figure 16 shows
a 4 target conical spiral simulator chassis util-
12ing CRT as compared to Figure 17 which is a pix
target chasris utilizing ring modulators., Size
and shrinkage accomrlishsd was approximately 3:l1.

Another extonsive saving in weight and size is
realized in power supply wnitc utilized with tran-
eistors. Regulated power supply units am shown in
Figure 9 were decreased in voltage and current
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requirements. Power supply shrinimge ratio
varied from 531 to as high as 1011, A complets
analysis of tho simulator system showed that ap-
mroximately 80 - 85€ of the oirocuits involved in
this type design are capable of transistorization.

CRT TYPE CONICAL SPTRAL SIMULATOR
Figare 16

RING MODULATOR TYPE CONICAL SPIRAL SIMUTATOR
Plgure 17

In sumiary it can be stated that shrinkage of
S0f wes accomplished by use of the following rules
which wnpe discussed previocusly, namely as followst

a. Complete analysis of circuit design. Tran-
sistorize only when warranted and conforms with
good design pructices, In soma specific cases it
was found that conventiomal miniature tubeo were
vetier sulted and provide the most efficient Ge-
sign.

b, Use 400 oyole supply in lieu of €0 cysle
vhenever possible.

¢. Investigate altermate design techniques .
vhen poseible and warremted. It must be realized,
gentlemun, that iransistorization and miniaturisa~
tion are not the panacea for all deamign probleme.
Its application is ueually expensive and time con~
mming. However when the ultimate requirement is
a maximum shrinkage of siza and weight, these fac~
tors can be realized using the above analytical
approash without the sacrificing of good Aanipn
practicos and equipment reliability and maintain-
ability.

1 Belock Instrument Corporation, College Point,
i= prime contractor of shorebased apnd shipboard
simnlaters.
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IJINTATCRE MICHOWAVE MAGNITRONS

armold L. Winters
U. S, Army Signal Research and Nevelopment Laboratory, Fort Monmouth, Few Jersey

ABSTRACT:
are descrided.
vibration, and constani accsleration.

Minjature mlorowave magnetrons developed undar Signal Corps sponsorship
These tubes are capable of operating under conaitiors of extreme shook,
Mechanical and eleotrical operating churacter-

istice are given; limitations in the use of these miniature magnetrons and operating

restriotione on equipuments utilizing the tubes are disoussed.

Finally, the outlook

for the future in the field of ruggedized miniature microwave magnetrons is presented.

troduot.

For many years the magnetron has been recog-
nized as a highly effioient generator of micro-
wave energy. In the past the majority of tubde
uses have required the relatively high outrut
powers produced by the magnetron. Racenily, with
the advent of complex electronio airborne systems
such as radar beacons, the magnetron, becuuse of
its struotural simplicity and high efficiercy,
has gained additional importance. In this paper
I shall describe several magnetrons which were
designed for aprlications requiring tubes of min-
imm aize and weight, maxicum efficiency, and ex-
tremely rugged constructiorn. The tubes discussed
were developed under Signal Corps sponsorship,
and are presently being used in a nurber of ex-
perimental systems.

Description

Minlsture megnetronz, like standiard-size mag-
netrons, oan be divided intc two types, the
pulsed and the cw. At present, because most sys-
tems use the pulsed magnetron, many core tubes of
thia type have been developeds

Pulged Magnetrons

The general configurstion of a j;ulsed magne-
tron can be seen in Flgure 1. A tube of this
Lype generally has a cylindrical geometry with no

.- radial protrusions, thus making it ideally ruit-

able for use with oylindrical modulea.

The puleed magnetrons to be described are the
RBL-211 and the BL-212, manufactured by Bomec
Lahoratories, and the W-3624 and the K~-530,
wemufaotured by the Raytheon Manufaoturing Con-

pany.

The BL-211 and BL~212 magnetrona 2re uvleotric.
ally and nechanically sinilar, both tubes having
the same oxternal configuretion and the sane size
and weight, The essential difference hetween the
two is one of fabrication technique. <Clioser con-
trols during production of the BL-211 and slightly
different agsembly procedures allow ti:ls tube to
withstanl more severe envirommental conditinns
than the Bl-212.

The ¥.-%62 and 31-530 tubes are similar elec-
trically, but differ mechanicually. BResides being
slightly larger and heavier than the .}x-362, the
Y-S50 employs a mora rugged tunexr, which assures
operation at a relatively constunt freguency
under extreme envircrmental ooniitions,
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Fig. 1. Senerel Confjguration of
fulsed Hiniature Magnetrons

Tae woat =!mf eunt charncteriatics of these
tubes are shown in the following tatrie:

TABIE 1
Signtfioant Cluractesdstics of
iulged 3eacon Magnetrons

Charecturistic g-362 . | gi-530 31~211 | BL-212
v ucncy 7200 9300~ 940C- 540C=
(1i0) 95¢cC 952C 520C 55G0
I ol lower 63 G0 10C 16C

Cutiut (.i-itin,)

Life 250 250 250 250
(Hrs-iin,)

Jeleht 4 < 6 3
(Ca-Aporuss)

cize (i)
Length 2,00 2.5 5.25 3.25
Diawetor 1.25 1.25 1.29 1.25
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Pulsed beacon magnetrons operate, in general, at
a prak voltuge of Trom 1.2 to 1.5 kilovolts with
pulae durations of 0,25 to 1,0 microseconds at
repetition rates ranging from 100 to 40CC pulses
per second.

The BL-211 and the (}k-530 tubes can be consi-
dered companion tubes, since they axe both de-
signed to operate in the same types of equipment.
The major differences botween the two are their
physioal construction and frequency ocoverage.
The tubes are shown in Figures 2 and 3.

Fg. 2. BL-211 Mlnlature Beacon iugnetron

Fig. 3. F-030 Ministure Reucon Mumetron

3oth tutes have been evaluated thoroughly by
enginecrs at the Airmy 5ignal Research and Sevelop-
mert Laboratory at Fort Honmouth, and are ocapable
of ogperating uaier conditions of extreme shock,
vibraticn, and constant aoceleration,

One test uged to eviluste the ability of these
aagnatrons te withstand extreme shocks waa the
following: The tubes weve placed in = cylindiieal
package within ar orsillery shell, and the shell
fired vortically, The tutes successfully with-
stocd acceler:tinns between 12,000 end 13,00C g.

The tubes have ulso survived centrifuge tests
where the applied acceleration was in the order
of 20,000 g, and have operated aatisfuctorily
when subjected to vibrations at a 30-g level from
5C tc 2000 cycles per second. In 2diiticn, they
alsc passed all tests simulating the environmental
oconditions to which they will be subjected when
in actual use.

Like the BL-211 and the :X-530, the Bi-?12 and
the ¥-362A ocan also be considered companion tubes
with the same differences (physical construction
and frequency coverage). Thepe tubes have also
baen thoroughly evaluated at USASRDL, and are
capable of performing satisfactorlily when sub-
jected to vibrations of from 55 to 20CC cycles
per second at a constant acceleration of 12 g.
“hen centrifuged, the tubes are capable of wlithe
atanding 100 g in o plane parcllel to the axds of
the tube.

C% Magnetrong

In generul, ov magnetrons are not voltage tuna-
ble; that is, the outjut [requency is eansentially
indepeident of the cathode-to-ancde veltege, How-
ever, in this paper we shali deucribe & unigue
tube, the ~529G voltage-tunable magnetron, devel-
oped by the Geueral kleuctrio Company. The tube
utilizes an all-ceramic and metal sandwich, allowe
ing operstion in terperatures of 2000C without
cooling. (The tube could probahly withstand muoch
higher temperatures.) Tae ceramic sandwich ocon=
struction provides a very rugged tubc. Unfortune
ately, the environmental capabilitiec of this
tube have not yet been thoroughly ovajuated, al-
thouga the standard tube vibration tests have boon
rade with satisfactory results. The tube and an
eperimental package are shown in Figure 4.

Flg. 4. 25299 Voltuge-Tunable lagnetron
and "xrerimentsl 5282 luckage

nlike the pulsed magnetrous previously dise
cussed, the voltage-tunible magnetron does not
eontain the aicrowave circuit und :mignet, dut in-
stexzd utilizes a microw:ve circuit which 18 ex-
ternal to the wacuum envelope, The wethod cf
opernticn and the »pplication detemilne tie sive
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of the microwave oircuit. In some applications
the total packnge size could probably be reduced
to that of a baseball,

Significant charaoteristice of the 25283 volt-

age-tunable packege are given in the following
table:

TABLE II
Significant Characteristics of
25283 Voltage-Tunable Magnetron Package

Frequency 2200-3850 mo
. Peak Power Output 1 W (Min.)
Life 250 Rrs (Min.)
Weight 5 Lbs (Approx.)
0.3 0z.*%
Size
Length 5 In.
0.66 In.*
Height 4 In.
Depth 3.50 In.
Diameter* 0.71 In,
*Tube Only

From the data in the above table it can be seen
that the output frequency is a function of the
applied cathode~-to-anode voltage; in fruct, the
frequency actually approximates a linear function
of the applied voltage. In applications requiring
a frequency-modulated mi:rowave source, the
vcltsge-tunable magnetron can be used to great
advantage.

Cperating Limitations

Theve are certain restrictions in the r=ner
in which miniature miecrawave magnetrony mny be
used.

In order to avoid ojerating instabilities, tue

®
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load to which a miniature .
ghould be as well mntched *
not excecd a V'R of 1. 5;1
isolator should be used Wn‘ '

|
Because the shape of th° 1,
4

- 10 the miniature pulsed mﬂgn'

critical, the rise time of
very much the same as that
netrons (approximately 0.1

top portion of the pulse sh
possible. ‘faile this rpqu:.
larger magnetrons, it is evel$
ministure tubes sincze the cat |
their small size, must opzrat®
ture-limited emission region<, .
cant advantage of the’ niniatﬂ

pulsed voltage can de appheﬂ‘
impessible in standard magn® ' |
higher operuting voltages. '5’!

ré

In standard magnetron typv '
ble, and in fact neceseary, "4
voltage during operation and M
bombardment to supply the poh/
ode. However, we cannot rely -
in miniature tubes because of
and because of the variation 1
rates during operation. .

Zince the mass of the perme}
devices is relatively small: ”e
easily reduced to the point ¥ /‘
t5 operate the tube. Theref®
that 211 magnetic materials b,
possible from the tube while A
or operated.

Tuture Treﬂdﬁ
e
It is foreseen that vith ¥ g
efficient magnet end cathode Ue
ceranicy, gres.t styides will 'O
of miniusture microwave magne
‘hz\. ot @etronﬂ of thls .ype

ci enCJ. Imprrvco (o
ander study will aler ms
rugged" magnetron.
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