Linear integrated circuits

The decade of the 1960’s was a time of remarkable advance in elec-
tronics, particularly in information processing systems of great variety.
In this period the integrated circuit moved rapidly from an expensive,
limited-performance laboratory curiosity to an amazingly capable,
inexpensive building block. In the main these integrated circuits were
designed to perform digital functions and thus have been used in very
large quantities in logic applications. Digital circuits utilize two con-
duction states, “off” and ‘“on,” and are thus relqtively simple to design
and use compared to circuits in which analog information is being
processed. Consequently it has been only recently that integrated
circuits capable of operating as linear devices have become available
in production quantities.

RCA is an acknowledged leader in the linear integrated circuit field.
We have been successful in developing high performance circuits for
both consumer and industrial-military applications which are gaining
acceptance in many applications where discrete devices had to be
used previously. The papers in this issue illustrate the variety of appli-
cations now feasible for linear integrated circuits and give an insight
into the growth potential in the decade of the 1970’s for this rapidly
emerging technology.
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People generally agree that acro-
nyms are bad form—other peo-
ple’'s acronyms, that is. When
someone gives birth to an acronym
that they think is particularly
“cute,” their parental pride often
outweighs their consideration for
others as they push their weak-
kneed offspring to the forefront at
every possible opportunity.

Recently, we received a letter from
Irv Seideman of the Astro-Elec-
tronics Division which called our
attention to a particularly knotty
problem in integrated-circuit tech-
nology (the theme of this issue):
“At the moment, | am struggling with
CMOS (and PMOS). This | have seen
also as COS/MOS, COS-MOS. Next
comes SOS (silicon-on-sapphire) which,
in combination, could become CMOS
508, CMOS-S0S, C-MOS-S0S, etc.,
etc. MOS also is shown combined with
Al,0s, which could be Al,O; MOS, or
also Al,0;-MOS. What would a chemist
think? And should MOSFET be MOS
FET or FET MOS, MOS-FET, or MOS/
FET?"
In subsequent discussions, Irv sug-
gested that one solution might be
to form an AA (acronyms anony-
mous) organization. In this way,
whenever an engineer feels the un-
controllable urge to coin an acro-
nym, he could make a telephone
call and all available members
would come over and drink with
him until the urge goes away.

As appealing as lIrv's solution
sounds, we feel that a more formal,
organized approach should be fol-
lowed. Our recommendation is to
form a Committee for the Liquida-

acronyms anonymous

tion of Acronyms (CLA), which
would be headed up by a Director
(CLAD) and several Managers
(CLAM’s). Each manager would
have the support of his own Staff
Secretary (CLASS)—naturally.

Probably the first order of business
would be to state CLA's Purpose
(CLAP), its National Goals
(CLANG) and its International Mis-
sion (CLAIM). Since defense work
appears so prominently in today’s
technical literature, CLA will also
have to establish its own Military
Policy (CLAMP).

Looking slightly to the future, a
Standardization Policy (CLASP) will
be established, and several sub-
committees will be formed: there
probably will be a Writer's Sub-
committee (CLAWS) and—for the
first time anywhere—a United Sub-
committee of Editors (CLAUSE).

But we should not expect that the
entire movement will be without its
problems. There will undoubtedly
be factions and splinter groups
vying for supremacy; one could
easily envision a radical group be-
coming disenchanted with the non-
violent approach to reform, calling
themselves the CLA Militant
Brotherhood to Abolish Knotty En-
glish (CLAMBAKE).

Perhaps, the ultimate simprlicity in
communication will be achieved
only through drastic measures
such as the CLA Proposal To Re-
ject and Abolish Prose (CLAP-
TRAP).

Future issues

The next issue of the RCA Engineer features
command and control equipment and tech-
niques. Some of the topics to be discussed |
are:

Airborne Data Automation {

New shipboard internal

Human factors in command and control systems
Minuteman reliability assurance

Command and control equipment

Stepper motors—design and selection
Threshold logic

IC voltage regulator

Mini

puters in tacturing

Discussions of the following themes are
planned for future issues:

RCA engineering in New York
Consumer electronics 4

Displays, optics, photochromics

Comp s: next g
Mathematics in engineering

Advanced Technology Laboratories




market

integrated circuits in both areas.

The linear integrated circuit

D. P. Heacock | J. S. Lempner | D. M. Griswold

In 1970, linear integrated circuits will make a major penetration into a broad variety
of new markets. The industrial and military markets will be served by a variety of
relatively simple ‘“building-block” circuits which supplement and support more
complex operational amplifiers, power control subsystems, and gain-block elements;
the flexibility offered by combinations of these elements permits the utifization of
linear IC’s in both high and low volume applications. The consumer market will
experience a trend toward sophisticated and complex IC’s which will satisfy user
goals of value, performance, and reliability. In each market, RCA has significant
strength. This article illustrates the increasing utilization and importance of linear

HE DEVELOPMENT OF LINEAR IC’S

lagged behind the natural appli-
cation of integrated circuits to the vol-
ume digital market. Large quantity
utilization of individual digital cir-
cuits were both an excellent vehicle
for integrated circuit introduction and
a necessity for the growth of the com-
puter industry. Advances in technology

and the fast expansion of the inte-
grated circuit industry have resulted
in a growing list of unique linear inte-
grated circuits.

The non-consumer market

Industrial and military linear 1C’s
commonly referred to as ‘“non-con-
sumer” can be placed in six basic
categories:

1) Differential amplifiers,

2) Operational amplifiers,

3) High-gain wide-band amplifiers,

4) Arrays,

5) Power-control circuits, and

6) Special-function circuits.
Although many non-consumer applica-
tions require a relatively low volume
of product, techniques had to be
found to supply integrated circuits for
those applications which would bene-
fit from the reliability and logistic sim-
plicity which 1c’s had already brought
to large-volume markets. The funda-
mental problem was to provide cost-
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effective circuits to many different
low-volume applications, when none
of these applications could individ-
ually justify the cost of a special de-
sign effort.

Initial solutions to this problem have
resulted in the components industry
providing to the equipment designer
two fundamental kinds of circuits: the
building-block circuits and the multi-
ple-application complex circuits.

The building-block circuits are repre-
sented by most of the differential am-
plifiers and arrays. These are simple
circuits which can be combined by the
user in a variety of ways to perform a
number of different functions. The
building blocks may comprise an en-
tire system or may perform the level
shifting and peripheral circuitry sur-
rounding the more complex devices.
The multiple-application complex cir-
cuits are typically more sophisticated
than the building-block circuits but
perform some function which has
common utilization in many equip-
ments. In this category are the high-
gain wideband amplifiers, operational
amplifiers, and certain special-func-
tion circuits such as voltage regulators.
Because of the flexibility of the build-
ing-block circuits and the improving
availability of certain complex cir-
cuits, the equipment manufacturer can
now utilize an increasing variety of
product in his new equipment designs.
In turn, the integrated-circuit manu-
facturer has sufficient production vol-
ume by type to permit product pricing
which represents true value to the
user.

Over the past year, RCA has intro-
duced a number of new monolithic
1c’s, several of which fall into the
multiple application category. Four of
these are discussed to illustrate the
variety of circuits that are becoming
available and the unique characteris-
tics which the linear 1c brings to the
circuit designer.

CA3059 zero voltage switch

All thyristors (scr’s and triacs) re-
quire some type of circuitry to provide
the necessary gate trigger pulse to ini-
tiate the conducting or onN state. The
RCA CA3059 (shown in Fig 1) is a
thyristor control circuit which pro-
vides the required gate trigger pulse
only when the alternating line voltage
is passing through zero and the ex-

Fig. 4—RCA custom design array.

ternal sensor circuit exceeds a thresh-
old value (compared to the built-in
reference). This minimizes or elimi-
nates the radio frequency interference
normally caused by thyristors when
they are triggered into conduction at
other than zero line voltage. The CA-
3059 also has an automatic shutdown
circuit which functions in the event
of any failure in the external sensor
and a built-in circuit (compatible with
T*L logic levels) which can inhibit the
normal gate trigger pulses. This latter
feature makes the CA3059 ideal for
use with logic-controlled incandescent
light displays.

CA3062 photosensitive IC switch

The RCA CA3062 illustrated in Fig. 2
combines a photodetector, amplifier,
and two high-current switches on a
single chip of silicon. One of the 100-
mA switches can be used for “nor-
mally-oFF” operation while the other
switch serves the “normally-oN” func-
tion. The photodetector is electrically
independent so it can be either di-
rectly coupled or capacitively coupled
to the amplifier section to suit particu-
lar needs. The hermetically sealed
package has a flat lens lid.

The CA3062 is characterized for di-

rect relay, lamp, or triac drive in such
ON-OFF applications as counting, sort-
ing, cutting, and intrusion detection.
With appropriate changes in the oper-
ating conditions, it also has interesting
possibilities for analog applications.

CA3060 triple operational transconductance
amplifier

The operational transconductance am-
plifier (0TA) represents an entirely
new type of operational amplifier. Its
output impedance is extremely high so
that its output current is primarily
a function of its differential input
voltage—hence, a transconductance
amplifier. The operating transconduc-
tance is a linear function of an exter-
nal bias current over an extremely #
wide dynamic range.

The RCA CA3060 can be used as a
conventional operational amplifier, as
a fine four-quadrant multiplier (see
Fig. 3), as an active filter element, or
as an extremely low-power-consump- 4
tion amplifier

Custom linear IC planner

Another circuit developed by RCA to
assist the alert equipment designer is



the new custom linear 1c array. The
basic array (shown in Fig. 4) consists
of 17 transistors which can be inter-
connected in many different ways by
varying the metallization mask config-
uration to accommodate special cir-
cuit requirements. This 1c is available
in several popular metal, ceramic, or
plastic packages and provides the low-
volume user with a new and econom-
ical design flexibility. To further aid
the designer, a guide booklet defining
design and layout rules, basic chip dia-
grams, packaging alternatives and
transistor design data is available.
Confining changes solely to the met-
allization pattern means that a
minimum amount of engineering and
manufacturing effort is required to
provide a custom linear integrated
circuit array that meets the design and
economic objectives of specialized in-
dustrial applications.

The future of industrial linear IC’s

The utilization of linear integrated cir-
cuits in the industrial and military
market is growing daily as component
manufacturers introduce a broad vari-
ety of cost effective linear 1c’s. Add-
ing to fundamental cost effectiveness
are the benefits of higher reliability,
improved manufacturing logistics,
unique performance, and weight and
volume reductions. For optimum uti-
lization of this powerful 1c technology,
equipment designers and component
" designers must work as a team. Typi-
cally, unique requirements in each
must be modified to arrive at the most
economical solution for total perfor-
mance. Although special low-volume

Fig. 6—An example of a high-complexity lin-
ear IC, the CA3065 TV sound system showing
the pellet and the circuit diagram.

{:f‘lue pellet and the circuit diagram.

applications requiring custom design
at premium cost will always exist, the
more common circumstance will call
for cooperative and creative effort by
manufacturer and user to establish ap-
propriate economic solutions. This
approach is becoming increasingly
evident today and is setting the pat-
tern for broad utilization of linear 1C’s
in the 1970’s. 1t will simultaneously
provide powerful tools for the equip-
ment designer and a promising busi-
ness for the 1c manufacturer.

The consumer market

Although linear 1C’s did not penetrate
the consumer market as rapidly as was
earlier predicted, there is evidence
now that usage will accelerate rapidly
during the next few years. In the Tv
segment of this market, for example,
only about half of the domestic Tv
manufacturers used 1C’s in their 1969
production instruments; whereas, in
1970 nearly all manufacturers can be
expected to use at least one or two
IC’s in a portion of their line. Three

D

g. 5—An example of a mlmman;-cor:nplexity linear IC, the CA3046 transistor array showing

major reasons for the anticipated up-
surge in Tv are:

1) The current efforts by many of the
major manufacturers to either main-
tain or return the assembly of such
equipments to domestic soil. Integrated
circuits, in their current state of tech-
nology and cost effectiveness, can be
expected to contribute significantly to
savings in instrument assembly, align-
ment and re-work expenses, as well as
the many other “intangible” expense
savings that also become significant
when the majority of small-signal func-
tions of the instrument become inte-
grated.

2) The current emphasis on ease and
simplicity of serviceability, Most manu-
facturers feel that modularization, in
one form or another, will significantly
reduce the problems now facing the
radio and TV service trade. And IC’s,
of course, are ideally suited to modular
instrument construction concepts.

3) Availability of multiple 1c sources.
Even though different manufacturers’
IC’s are not always directly interchange-
able, a good many are functionally
equivalent. Television manufacturers,
by utilizing the modular concept, are
able to design interchangeable mod-
ules, thereby minimizing the risks of
a single 1C source.

Q

03 05 Rg
4K
D¢

O




Vg (140 VOLTS)

150

CONSUMER LINEAR INTEGRATED
CIRCUIT MARKET

=3
o
T

CONTROL

UNITS—MILLIONS

REGULATED
POWER

o
O
T

ELECTRONIC

SUPPLY ATTENUATOR

TAKE-QFF
TRANSFORMER

O

SOQUND

o

FM
DETECTOR

LAl
o
—_—

*L1=16 uH NOMINAL

QUNLOADED)® 50

ALL RESISTANCE VALUES ARE IN OHMS =

Fig. 7—CA3065 in a typical TV sound system.

All major manufacturers of linear
integrated circuits now offer a broad
product line capable of providing
many functions. And in this breadth
of products, circuit complexity can
vary from extremely simple pellets
containing perhaps only a few active
devices (such as the transistor array
illustrated in Fig. 5) to an extremely
complex subsystem (such as the
CA3065 1v sound system shown in
Fig. 6). The CA3065 pellet contains
35 transistors, 9 diodes, 46 resistors
and 5 capacitors (95 total compo-
nents), and circuits are currently in
development (for consumer market
applications) that contain over 300
components per monolithic pellet.

Future of IC’s for the consumer market

The 1C’s greatest promise for the con-
sumer market is in reliability improve-
ment and systems cost reduction.
Because the anticipated production
volume is large, special-function cir-
cuits can be expected to dominate the
major portions of this market. The 1c

can be designed specifically for a par-~~

ticular application or group of func-
tions, whereby the uniqueness of
monolithic design can be utilized to
its fullest extent to minimize the ex-
ternal components needed to complete
the system, particularly those com-
ponents that require alignment or ad-
justment for optimum instrument
performance. An example of such an
ic is the CA3065 Tv sound system
mentioned previously where, as can
be seen by Fig. 7, only 12 components

0.01 _L- DE-EMPHASIS
‘ g
BUFFER ‘ ® =

in addition to the 1c are required for
the entire sound system of a typical
v receiver (excluding the output
transformer and speaker). Even the
cost of shielded cable (and its associ-
ated labor and expense) to and from
the volume control has been elimi-
nated. Now the volume control acts
merely as a pc-bias adjustment for the
active attenuator section of the IC.
This electronic attenuator is particu-
larly adapted for, and contributes
most significantly in, a remote-control
receiver, where the costly geared
motor and motor relay are replaced
by electronic components such as an
MOS-capacitor memory module. In
that case, the pc voltage stored by the
memory module can be applied di-
rectly to the IC.

In the USA alone, the conventional
segments -of the consumer electronics
market (rv, home and auto radio,
phonographs, and tape recorder/
players) represent ultimate annual 1c
sales of well over 100 million units. An
additional potential of nearly 200 mil-
lion units exists in those segments of
the market that to date have been
largely considered to be mechanical or
electro-mechanical—e.g., automotive
control systems, appliance control sys-
tems, clocks and timers. And if one
were to speculate even further into the
future, applications, such as personal
communications systems, home “com-
puters,” and control systems might
add another 300 million units to the
ultimate annual sales potential.

0
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Fig. 8—Anticipated growth rate of linear IC
utilization in the USA consumer market over
the next four years.

Fig. 8 illustrates the anticipated
growth rate of linear IC utilization in
the USA consumer market over the
next four years. In addition, the inter-
national market can be expected to be
at least equivalent to domestic usage.

The current trend has been toward
more complex 1c designs, and that
trend can be expected to continue in
the future. Because greater complexity
is generally associated with more con-
tributed 1c value, and because im-
provements in technology continually
reduce the cost penalty for the addi-
tional pellet area required, 1C com-
plexity in the next few years will
probably be restricted mainly by pack-
age limitations. Ultimately, with the
rapid advance in sealed-junction
beam-lead technology that is now tak-
ing place, one can envision a compat-
ible combination of monolithic and
hybrid techniques wherein a ceramic
substrate is utilized as the intercon-
nect mechanism for several silicon IcC
pellets. Thus the need for the conven-
tional 1C package is eliminated and the
monolithic pellet complexity becomes
primarily a function of pellet cost.

Integrated circuits represent an excit-
ing challenge to the consumer elec-
tronic system designer. Unique utiliza-
tion of monolithic techniques opens
the door, for example, to improved
system performance or additional sys-
tem features which may not be eco-
nomically or technically practical using
discrete components. Totally new and
novel mechanical and styling concepts
can emerge as a result of innovations
in the electronics portion of the equip-4
ment. But most important to the con-
sumer market is the reduction in cost
and the enhancement in reliability
made possible by total system integra-
tion.

4




ransistor circuits: discrete

and integrated

Dr. R. B. Schilling

Editor’s note: The Continuing Engi-
neering Education (CEE) program
was developed to meet the specific
needs of practicing engineers in
RCA divisions. This special industry-
centered program provides courses
that are necessarily different from
the conventional graduate-level
courses that are theoretically ori-
ented toward the needs of young
men working toward engineering
degrees.

This article presents an in-depth
look at the scope, structure, teach-
ing philosophy, and content typical
of most CEE courses. This first paper
of a series is based on a course
entitled Transistor Circuits: Discrete
and Integrated by Dr. Ronald B.
Schilling; it is particularly relevant
to the present issue on linear inte-
grated circuits because Dr. Schilling
presents a nine-transistor IC opera-
tional amplifier as an example of the
analysis technique used in the
course.

An earlier article [Dr. J. M. Bieden-
bach, RCA ENGINEER, Vol. 15, No.
3, Oct.-Nov. 1969] described the
general objectives, format, and cur-
riculum of the CEE courses. More
than 35 practical engineering
courses are presently offered, and
several more will be available in
the near future. For more informa-
tion on CEE courses, write to En-
gineering Educational Programs,
Corporate Engineering Services,
RCA Building 2-8, Front and Cooper
Sts., Camden, N.J. 08102.
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HE PRIME OBTECTIVE of this course
Tis to provide insight into the analy-
sis and design of discrete and inte-
grated electronic circuits. The course
starts with a review of basic circuit
techniques followed by a discussion of
diode and transistor circuits. Included
are Thevenin’s theorem, superposition,
voltage and current division, and im-
pedance reflection. The concepts of pc
and Ac load lines along with large-
signal and small-signal analyses are
introduced in connection with diode
circuits. When the transistor is then
studied, all the techniques are firmly
established.

Bias stability and biasing arrangements
employed in integrated circuits are in-
troduced in addition to the standard
techniques. Low frequency power am-
plifiers are then discussed followed by
small-signal low-frequency amplifiers.
The concept of impedance reflection,
established early in the course, is used
throughout as a shortcut in the analy-
sis of complicated circuits. Multiple
transistor circuits are then examined
with emphasis on those circuit config-
urations (such as the difference ampli-
fiers and other pc amplifiers) which
lend themselves naturally to integrated
circuit fabrication techniques. The
principles and advantages of feedback
are brought out by a study of gain,
sensitivity, and impedances from both
the analysis and design points of view.

Examples of feedback amplifiers stress
those which use linear integrated cir-
cuits. The fabrication and design tech-
niques of integrated circuits are
presented folowed by a detailed
analysis of an 1c operational amplifier
containing nine transistors - (outlined
below). The operation of junction and
mos field-effect transistors is studied
next. The remaining topics are devoted
to frequency response covering low
and high-frequency response of RC-
coupled amplifiers, the transistor as a
switch, tuned narrowband amplifiers,
methods for extending the bandwidth
of wideband amplifiers, frequency re-
sponse of feedback amplifiers, stability
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Fig. 1—Nine-transistor operational amplifier.

problems, and frequency compensation
techniques.

Course structure

The course closely follows the text
Electronic Circuits; Discrete and Inte-
grated by D. L. Schilling and C.
Belove.* The topics described above
are covered in three twelve-session
courses—each session consisting of
two approximately forty-five minute
tapes. The tapes combine lectures cov-
ering new material with review mate-
rial and short quizzes which aid in
both review and learning. A typical
sequence is as follows: a 15-minute
lecture—a 5-minute quiz—>5 minutes
for solution—15-minute lecture—5.
minute quiz. The solution for the last
quiz would then be on the start of the
second tape for that session. No rigid
sequence is followed; it would detract
from effective teaching. The lecture/
quiz procedure is very effective. It
keeps the student constantly aware of
his progress.

Course philosophy

Major emphasis has been placed on the
“building-block” approach. After the
basic techniques are presented, circuit

analysis proceeds as a normal out-
growth. Complicated circuits are then
built from the simpler circuits studied
previously.

Another important technique that has
been used successfully in this course is
that of “discovery”. For example,
when studying impedance reflection,
which is developed from the basic
tools, it is found that the impedance
looking into the base of a transistor
with an emitter resistor is given by the
product of (beta +1) and the emitter
resistance. When the topic of the emit-
ter follower is presented a few sessions
later, the student realizes that he dis-
covered this principle earlier. He then
feels fully confident to tackle the emit-
ter follower.

Over the years, I’ve found the discov-
ery game to be a most powerful teach-
ing technique. Often the worst thing
the instructor can do is to “name” the
topic. A more impressive example is
that of the Laplace transform. The first
time I taught a coutrse in circuit theory,
the title Laplace Transform scared
them away. The next time, I multiplied
a simple differential equation by e**
and carried out a simple integration.

The students were extremely proud to
have discovered the Laplace transform
by applying existing tools.

To demonstrate the level of this course
and the method of presentation, a
portion of one lecture has been taken
directly from the video tape and is
given below.

Sample lecture—the operational
amplifier

We now consider the analysis of the*
nine-transistor IC operational ampli- |
fier shown in Fig. 1. Transistors T4, T.,
and T, form a difference amplifier with
a constant-current supply. The bases of
T, and T; are tied to the base and col-
lector of T,, which is connected as
diode, forming a diode bias circuit for
temperature compensation. Transistor
T, serves to amplify the output signal
of the difference amplifier. The cascode
amplifier, consisting of T, and T, shifts
the pc level from a high level at the
collector of T, to approximately
ground level at the emitter of T'—the
output. This is done with negligible
loss in gain. Since T, is an emitter
follower, it provides the circuit with a
low output impedance. Transistor T..




serves a dual role: it balances the cur-
rents in T, and T, and, as shown later,
it provides a gain of 2. Note the 2.6-
kilohm resistor (R..) which is tied be-
ween the emitter of T, and the emitter
branch of T.

We will now show that R.. provides
positive feedback. Consider that Vi,
(output) increases. Therefore Vi, will
increase forcing Vs, to decrease since
Vs is held fixed. A decrease in Vg
results in a decrease in Iq forcing an
increase in Vi, and therefore V.. The
result is that an increase in Vo, results
in further increase of V, and therefore
positive feedback.

Portions of this circuit are very fa-
miliar to you. The difference amplifier,
the temperature compensation circuit,
the emitter follower, and the positive
feedback circuit were all studied in
detail in previous sessions.

Exercise

Since most of the circuit is familiar to
you, let’s start the analysis with an
exercise:
Find Ic1=2Ip in terms of Vg, Vg, and
VBm;
Assume impedances seen looking into
the base of T: and base of T« are “very
large”;
Time allotted =~ 5 minutes.
(At this time, the tape is shut off and
the class proceeds. If more time is
required the Associate Instructor can
leave the tape off for longer than the
allotted time. The tape is then put on) .

Solution

We will first find V,, and then use it
to find I,==I.,. Since we assumed the
base impedances are high, we can
neglect the base currents of T, and T
resulting in the equivalent circuit
shown in Fig. 2 from which V,, is
determined.

T \l Bi,g Rbo
AYAAY

“VEE
Fig. 2—Equivalent circuit.

From Fig. 2, using voltage division,

. Vm=VBs= [Rbs/ (Rbg
+ Res) ] ( ~Vept VBES))

From Fig. 1,
Tei=le= (Vo= Vit Vi) /Rcl

1. Overall evaluation of i

| 1 -
session Excellent Good Fair Poor
2. Material presented is { L L j
useful to your work Immediately Foreseeable Of Little No
Future Value Value
3. Academic level of l | |
material presented Too High About Right Too Low
4, Overall TV Instructor L s { |
presentation Excellent Good Fair Poor
5. Siady Guide Material ! \ | |
Excellent Good Fair Poor
6. Any TV projection \ L { |
problems? None Did not affect Had some effect Lecture
Learning on Learning Ineffectual
7. Time allotted for doing i { |
in-class exercises Too Much Satisfactory Not Enough

8, Depth and detail coverage |

Tried to cover
too much

7. Any additional comments
Fig. 3—Coure rating form.
Hence,
Io= { (Vimo— Vi) [Ruo/ (R
+R,0) 1= Vet Vs } /R,

Having determined I, we can find
In=I.. We know that for a balanced
difference amplifier

Teo=Ipy=1c:/2

We next determine I.,=I;. Consider
the loop in Fig. 1, consisting of Ve.—
R:— R~ V. Writing the loop voltage
equation, we have
V(,'(,' = Rd (101 + Im) + Roz (1(1/2) + Vmu
from which
Vrm - R«ch_R('z ([ &t /2) - V/ma

Ioo=Ics R
d

We proceed in the above manner to
find all the pc currents and voltages in
the network. Then the complete small-
signal analysis is performed. Roughly
half the effort is covered in exercises
and the other half in instructor presen-
tation. This allows for an effective
interaction “between student and
instructor.

Evaluation of the tape-teaching
technique

From the instructor’s point of view
there are many advantages with the
TV-tape media. The fulfillment associ-
ated with teaching others is present;
however, there is a delay factor. Sev-
eral weeks may go by before the “re-
views” come in. Each student fills out
a rating form (Fig. 3). Doing a good

About Right Covered too
Little

job in CEE consists not only of a fine
presentation, but more important, pre-
senting material that is useful.

I am personally satisfied that there are
hundreds of RCA engineers doing a
better job because of these courses.
Another valuable advantage of the
tape is that the instructor can have his
material simultaneously presented at
many different locations.

Teaching to a camera instead of a live
audience takes getting used to. Teach-
ing on tape calls for a greater amount
of self judgment than live lecture
where the students’ comments and re-
actions help to monitor the pace and
level of presentation. Teaching via tape
in my opinion is easier than a live lec-
ture only in so far as having to get the
material across properly only once.
When teaching something for the first
or second time, an instructor is often
more enthusiastic. He also is more
concerned with the critical details of
understanding associated with teach-
ing and learning the material. If these
items are captured on tape, the presen-
tation is significantly more effective.

The student benefits from having a
good course on useful material brought
directly to his plant location. At many
locations, it is difficult to have qualified
instructors in the many subject areas
that are pertinent to the RCA engineer.
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Monolithic linear IC’s for the
consumer market

R. A. Santilli

This paper traces the evolution of the linear integrated circuit as a device for use in
consumer products. At present, the most viable applications are in home entertain-
ment units, such as radio, television, and audio equipment. However, as the non-
entertainments consumer products become more complex and reliability requirements
become more stringent, the linear integrated circuit could also become a strong con-

tender for this market.

HE TRANSITION FROM electron-

tube technology in consumer
products to linear integrated circuits
(Lic’s) is an evolution in progress.
At present, the major inroads have
been made in home-entertainment
products, specifically color television.
The total consumer market, how-
ever, is represented by a myriad of
products, a partial listing of which
is shown in Table I. Because a few
of these products are more suitable
to integration than the others, it is
easier to assess their requirements,
timing, benefits, and economics. As an
example, it is possible to partition a
radio or television receiver, examine a
functional block of either tube or dis-
crete solid-state electronics, and fairly
accurately estimate its cost and the
contributed value that the 1c must
have to economically serve the appli-
cation.

The picture is less clear, however,
when similar comparisons are at-
tempted with systems of a mechanical
or electromechanical nature, such as
washers or dryers. In these cases, sim-
ple mechanical timers and associated
switches provide the needed power
switching and timing for relatively
low cost. However, as additional fea-
tures are added, the complexity and

cost of the mechanical timer increase, -

reliability decreases, and a point is
reached at which solid-state control be-
comes economically viable. Although
it is realistically certain that 1¢’s will
make sizable gains in this market, the
timing will vary with the specific
application because of the consumer’s
desires and the need for continual sys-
tems development for the best per-
formance/cost ratio.

Reprint RE-16-2-23 (ST-4319)
Final manuscript received July 18, 1970

The requirements that linear inte-
grated circuits must meet in order to
compete in"Tv, radio, and audio appli-
cations are as follows:

1) Contributed value—The domestic
consumer market is extremely competi-
tive. Fundamentally, unless the 1c pro-
vides functions not presently included
in the system, it is simply replacing a
function performed by tubes or discrete
transistors and will not- be utilized
unless it is cost effective. Although a
portion of a circuit considered for inte-
gration can easily be assessed relative to
its cost on the basis of such factors as
pellet size, circuit complexity, and pack-
age, true cost cannot be ascertained
until user specifications are resolved
and yields established. Despite the as-
sistance of computer-aided design tech-
niques, this user-specification problem
cannot be resolved in many critical cir-
cuits until the product is manufactured
because there are complex dynamic
testing requirements. Component manu-
facturers and system manufacturers
must be alert to each other’s needs to
assure that the 1c will be of an optimum
design. ’

Again, because of the size and -the
highly competitive nature of the mar-
ket, consumer 1c designs tend to be
“custom-circuit” oriented rather than
“general-purpose” circuits.

2) System simplicity and reliability—
The advantage of lower component and
interconnect count contributes to sys-
tem simplicity. Reduced inventory re-
quirements also provide a significant
advantage to the component user.

Improved reliability is inherent in the
1c system, provided rigid reliability cri-
teria are applied. RCA has established
mechanical and environmental require-
ments for ic’s (including operating and
storage life) which are at least as severe
as those for a single discrete bipolar
device intended for the same function.

3) Circuit advantages—Monolithic
technology provides inherent circuit
advantages relative to component
matching (active or passive), tempera-
ture compensation, and voltage regula-
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Table |—Listing of consumer products with
LIC potential.

Major category Typical applications

TV All small-signal process-
ing in color and black-
and-white receivers.

Radio AM, AM/FM in console,
table, portable, or auto-
motive receivers.

Audio Mono, stereo, tape

Household appliances  Washers, dryers, ovens

Musical instruments Organs
Visual equipment Projectors, cameras
Automotive Heating and air-condi-

tioning controls, anti-
skid systems.

tion that contribute to excellent system
performance.

4) Serviceability—Servicing is made
easier in some complex systems (such
as television) through the use of sockets
and/or replaceable boards.

Television

Considerable effort has been devoted
to 1c’s for color tv. Black-and-white
TV receivers have benefited from the
color Tv development work and utilize
some of the compatible circuits. Exclu-
sive of the vHF and UHF tuners,
. present-day monolithic 1c technology
| can provide 1c’s capable of perform-
ing all other small-signal functions in
a color television receiver. The task of
partitioning the receiver for integra-
tion can be accomplished in different
ways. One partitioning system cannot
- suffice for all users. The crosshatched
functions shown in Fig. 1 indicate
areas in which reasonable industry
agreement exists on partitioning. The
areas marked “C” indicate the cir-
cuitry capable of being integrated
today.

Exclusive of the replacement of a dis-
crete stage with a simple integrated
circuit (i.e., a differential amplifier),
the first Lic for television was intro-
duced in 1966.* This circuit, the pres-
ent RCA CA3014 shown in Fig. 2,
} consists of a sound-IF amplifier/lim-
iter, an FM discriminator, and an
audio emitter-follower output. The
CA3014 was started in production in
the RCA-CTC25 chassis, and replaced
the commonly used tube-type 1F ampli-
fier and quadrature detector. Since
that time, the sound-ir amplifier has
progressed through several 1c devel-
opments, each providing more con-
tributed value with fewer peripheral
components,
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Fig. 1—Color TV receiver block diagram.
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Fig. 2—Schematic diagram of the CA3014 sound-IF amplifier.
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The latest sound-1F amplifier, the
CA3065, is shown in Fig, 3. In com-
parison with the CA3014, the CA3065
has better limiting sensitivity (200 uV
maximum as compared to 400 uV
maximum at 4.5 MHz), and a zener
power supply. This power supply pro-
vides stable power for the chip while
simplifying the power-supply decou-
pling network by eliminating an elec-
trolytic capacitor. In addition, the
conventional double-tuned discrimina-
tor-transformer is replaced with a
single-tuned coil; the emitter-follower
is replaced by an isolated-biased audio
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Fig. 5—Block diagram of CA3035 remote-
control IC.
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amplifier having 20 dB of gain, and a
pc volume control following the de-
tector is incorporated into the design.
The pc volume control permits the use

of a single, unshielded wire to the

volume-control potentiometer which
may be bypassed, if necessary, for hum
suppression. The CA3065 is available
in a 14-lead, dual-in-line plastic pack-
age. Although interlead spacing on
this package is 0.1 inch, a quad in-line
staggered forming of the leads is avail-
able which provides a spacing between
leads of 0.14 inch, as shown in Fig. 4.

Frequently forgotten in the application
of these circuits is the fact that the 1F
gain-block portion of these circuits is
subject to stability criteria®—* to elimi-
nate regeneration. It is recommended
that the source-load conductance prod-
uct be compatible with the manufac-
turer’s recominended circuit.

A remote-control amplifier and an
automatic-fine-tuning circuit followed
the sound-1F amplifier in 1967. The
block diagram for the RCA CA3035
remote-control system is shown in Fig.
5. The CA3035 is an ultra-high-gain
(132 dB at 40 kHz), low-noise device
consisting of three separate amplifiers.
These single-ended amplifiers are
normally capacitively coupled with
small-value capacitors to provide the
required low-frequency roll-off. Inter-
nal bias circuits establish stable oper-
ating conditions for amplifiers No. 2
and No. 3 as a function of supply
voltage and temperature; amplifier
No. 1 is stabilized by pc feedback
from terminal 3 to terminal 1. The
unit is supplied in a 10-lead, TO-5

package. Because the CA3035 is basi-
cally the receiver portion of the
remote-control system (up to the relay
drivers), it is compatible with electro-
mechanical or all-electronic systems,
and thus has not suffered from tech-
nical obsolescence.

Automatic-fine-tuning systems have
progressed through several genera-
tions since their introduction. The
functions of the chips have basically
remained the same: a biased wideband
IF isolation amplifier/limiter (up to
60 MHz), an FM detector network,
and an error-voltage amplifier. How-
ever, the performance has been im-
proved and the peripheral circuitry
has been simplified. Fig. 6 shows the
first automatic-fine-tuning circuit intro-
duced, the CA3034, and the recently
introduced CA3064. The rr-amplifier
gain has been improved by 20 dB
(45.75-MHz picture-carrier reference),
a zener supply has been incorporated,
and bypassing has been simplified in
the 1r amplifier through the use of a
single-ended 1F amplifier. The CA3064
is available in a 10-lead TO-5 package.

A good deal of field history has been
generated on these functions since
1966. Although 27 million digital
monolithic IC’s were sold in 1966, no
significant field history existed for
monolithic linear IC’s in these applica-
tions; the translation of reliability
from one system to another can only
be made in general terms because of
systems-induced failure modes. Some
common failure modes which were
uncovered during this period are as
follows:

1) In Tv receivers in which the sound
1c was used directly to drive an audio
output tube, warmup tube arcing was
transmitted through the grid to the
audio preamplifier of the 1c and dam-
aged the preamplifier. Inclusion of a
series resistor having a minimum value
of 0.1 megohm between the preamplifier
and the tube grid solved this problem. §

2) Instances have been investigated
where 1¢’s “mysteriously failed” on re-
ceiver life tests. Artificially induced
picture-tube arcing duplicated the fail-
ure mode, and a simple ground layout
or lead dress solved the problem.

Current developments

The prime area of current develop-
ment in the Tv industry is chroma
demodulation. A doubly balanced de-
modulator, balanced for chroma
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demodulation as well as the 3.58-MHz
reference, is shown in Fig. 7. This cir-
cuit operates in a synchronous detec-
tion manner in which the chroma
signal is fed to the constant-current
source in a differential-amplifier cir-
cuit, while the reference voltage is
applied to the differential amplifier.
The doubly balanced configuration
provides cancellation of the 3.58-MHz
reference and minimizes the need for
filtering at the outputs. The outputs of
the two decoders are fed to a resistive
» matrix in which the color-difference
signals are developed and then indi-
vidually delivered to the outputs
through emitter-follower isolation
amplifiers.

Manufacturers have introduced 1C’s
" for other portions of the receiver also.
Examples of such 1c’s are as follows:

1) First and second picture-Ir ampli-
fiers, AGc gating amplifier, and 1F and
RF AGC amplifier.

2) Sync separator, horizontal oscillator,
automatic frequency control, automatic
phase control, and noise blanking.

3) Video preamplifier, gated Acc detec-
tor and amplifier, noise detector and
gate, sync separator, automatic horizon-
tal sync circuit, and vertical sync
amplifier.

Although the primary penetration has

been in color Tv, black-and-white re-

ceivers can use compatible devices

such as 1¢’s in the sound-ir amplifier.

Ultimately, it is anticipated that black-

and-white Tv may justify development
f some of its own custom circuits.

Radio

The immediate radio market is for
home-entertainment and automobile
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aM and AM/FM radios. Until recently,
the aM radio had few options in the
use of an 1c for AM, although an array,
a differential amplifier, or an audio
preamplifier circuit could be used. The
new RCA Dev. No. TA5640, however,
now provides a flexible and versatile
AM “front-end” circuit (up to 30
MHz) compatible with composite 1F
amplifiers in AM/FM receivers.

The TA5640, shown in Fig. 8, con-
sists of an RF amplifier with an Acc
circuit, a mixer oscillator, two IF am-
plifiers, and a 5.5-volt zener reference

supply. The Acc-amplifier portion of
the circuit, consisting of Q, through
Q,, drives Q., which acts as a variable,
unbypassed emitter-resistance for the
low-noise Rr-amplifier stage Q,. The
mixer-oscillator stage is a differential
amplifier with a constant-current
source. The RF input is fed into the
differential amplifier (either push-pull
or single-ended). The oscillator is a
common-base configuration utilizing
Q; and Qs in parallel as the active ele-
ment. Singlg-ended feedback is pro-
vided from the common collectors
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Fig. 7—Schematic diagram of a basic chroma demodulator circuit.
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through the oscillator-tuned circuit to
the common emitters. Because oscilla-
tor current can flow in either or both
legs of the differential amplifier, and
because this current is fixed by the
constant-current source, AGC may be
applied to the mixer without objec-
tionable oscillator pulling or blocking.
Thus, the circuit behaves more as a
mixer-oscillator than as a conventional
bipolar self-oscillating mixer circuits
(ie., autodyne converters). Two IF-
amplifier stages are provided, one with
unbypassed emitter resistance for good
linearity and dynamic range.

This mixer-oscillator IF configuration
provides maximum versatility for com-
posite AM/FM 1F-amplifier configura-
tions. A typical block diagram of a
high-performance AM/FM receiver is
shown in Fig. 9. The first and second
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Fig. 11—Schematic diagram of CA3052 stereo
preamplifier.
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1F-amplifier stages are Rc-coupled and
composite for AM and FM. The FM-IF
output of the second I1F amplifier is
transformer-coupled to the high-gain
amplifier block, which is a portion of
another ic, the CA3075. The CA3075,
an 1c developed and optimized specif-
ically for FM IF applications, consists
of a three-stage direct-coupled ampli-
fier/limiter, an Fm detector network
with an isolated emitter-follower am-
plifier, and an audio preamplifier, as
shown in Fig. 10. The FM detector re-
quires only a single-tuned coil, which
simplifies alignment while minimizing
cost. The —3-dB limiting sensitivity of
the 1F gain block (10.7 MHz) is 500
wV maximum, and the recovered audio
at the detector output (terminal 8) is
525 mV minimum (400 Hz modula-
tion, 75 kHz deviation).

The audio amplifier is a single-stage
amplifier with emitter-follower input
(for high input impedance) and
emitter-follower output. The amplifier
provides an audio gain of 21 dB with
terminal 13 unbypassed. No external
bias components are required for the
audio amplifier.

The TA5640 and the CA3075 allow
many AM/FM receiver options for
either mobile or home-entertainment
applications. Strings of B+ zener
diodes (of approximately 12 volts)

i

have been intentionally omitted from 4

both types to accommodate mobile or
marine applications. The TA5640 and
the CA3075 are available in 16-lead
dual-in-line packages.

Audio

In audio equipment, monolithic 1C’s

have started to pervade the stereo-
preamplifier and low-power audio-
amplifier market. The availability of
multiple-amplifier 1c’s, such as the
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stereo phonograph preampimer

CA3052 shown in Fig. 11, has per-
mitted stereo circuits with additional
degrees of design freedom. The
CA3052 consists of four identical, in-
dependent, low-noise amplifiers that
can be connected to provide all the
amplification necessary in a stereo pre-
,amplifier. Each of the amplifiers in the
CA3052 consists of a differential am-
plifier (Darlington input) driving a
common-emitter amplifier. Internal
negative pc and Ac feedback is pro-
vided from the output of the common-
emitter amplifier to the non-inverting
side of the differential amplifier. The
ac feedback may be adjusted by con-
trolling the Ac impedance from the
non-inverting side of the differential
amplifier to ground (i.e., terminals 3,
7, 10, or 14 to ground). When this
point is Ac-bypassed, a maximum gain
of 58 dB per amplifier is obtained with
a bandwidth of 300 kHz. Equalization
techniques for phonograph or tape can
easily be incorporated with appropri-
ate RC networks between the amplifier
output and the non-inverting side of
B the differential amplifier. The block
diagram and schematic (one channel)
of a typical high-quality phonograph
preamplifier are shown in Fig. 12,

Low-power audio amplifiers (up to 5
watts) have been readily available in
he consumer market for the last two
years. Basically, the designs are of a
driver-output configuration with out-
put circuits of the conventional push-
pull (transformer-output), or quasi-
complementary-symmetry type. A typi-
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cal example is the CA3020A shown in
Fig. 13. This circuit consists of a dif-
ferential-amplifier configuration that
provides gain as well as phase inver-
sion and drives emitter-follower ampli-
fiers which, in turn, drive the isolated
outputs. A temperature-compensated
bias circuit is incorporated, together
with an optional emitter-follower buf-
fer input stage for increased input im-
pedance. Common applications of the
CA3020A include the power-driver
function as well as the conventional
audio-output stage shown in Fig. 14.

Conclusion

Leading the increased use of linear
IC’s in consumer products are home
entertainment units, in which IC’s are
already making major inroads. Al-
though many non-entertainment con-
sumer applications are only in the
drawing-board stage and require im-
proved systems or a better perfor-
mance/cost ratio, the trend is clear.
For consumer, products, the '70’s will
be a decade of integration.
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Designing practical
monolithic integrated circuits

R. L. Sanquini

The design of high-volume monolithic integrated circuits to a prescribed schedule
requires a different approach from the conventional research and development used
for other subsystem circuit design. It is not enough to innovate a new product, make
a few operating samples, and then turn the concept over to another group which
spends money and time to engineer the product for factory fabrication. To design
new products ‘“against the clock”, the IC designer must work with proven production
processes. The ground rules are set and, therefore, must be an integral part of the
engineer’s thinking. To many in the design community, this approach may seem
inhibiting, but with IC’s the opposite seems to be true. In fact, these constraints foster
practical and useful innovations. Many clever circuit design and device “tricks” have

been developed to circumvent problem areas.

HE LATERAL P-N-P TRANSISTOR

shown in Figs. 1a and 1b is easily
fabricated with standard bipolar proc-
essing. This transistor has a relatively
low output resistance. In fact, in the
circuit shown in Fig. 2a which uses
this type of transistor, the output re-
sistance could be low enough so that
any voltage variations appearing at the
V* terminal would be reflected in the
output. This problem would show up
as poor supply-voltage rejection. Two
possible solutions are applicable: the
development of a P-N-P transistor hav-
ing a high output resistance by use of
a new process development (there are
many which are complex or partly
understood) or circuit design innova-
tion using existing 1c processing. The
latter solution is usually the more
practical and economic choice, and its
application is illustrated in Fig. 2b. In
this solution, cascode circuitry was
added to improve power-supply rejec-
tion. Recently, this solution was suc-
cessfully applied to the design of the
CA3060 now in production.

Fig. 3 shows another example. In this

case, the circuit design required “off-.

line” operation with a power supply
and a ground reference. Thus, every
time the input voltage became nega-
tive with respect to ground, the 1¢ sub-
strate diode would be forward biased
and therefore cause a reduction in the
device power-supply current (a most
undesirable condition). The high-
voltage aspect of the “off-line” opera-
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(a)

(b)

Fig. 1—A P-N-P lateral transistor compatible }
with standard bipolar IC, processing: (a) |
cross section; (b) equivaleﬁ’t circuit.

{

o

QUTPUT

AN
I T |
i
|
«
|
P
~

b e — QUTPUT

o—

v

o)

Fig. 2—Improved performance through good
circuit design: (a) a poor power-supply voit-
age rejection as a result of circuit design: (b)
an improved power-supply rejection with ad-
ditional cascode circuitry.
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Fig. 3—Circuit diagram for the CA3059 zero voltage switch.

tion was solved by the external
addition of a series dropping resistor
(Rx) and the incorporation internally
of two zener diodes back-to-back
across the input to the circuit. The
forward-biased substrate required for
this design, however, proved formid-
able. The solution was finally obtained
by use of a floating substrate and spe-
cial N* diffusions implemented to re-
duce parasitic p-N-p effects in the
circuit. A cross-sectional view of the
floating substrate used is shown in
‘Fig. 4. These concepts have been
applied to the CA3059 zero-voltage
switch that is currently in production.

Design cycle

In the RCA Solid State Division, the
design engineer is required to design
both custom circuits and standard “off
the shelf” devices. The engineering
design cycle, for either type of new
product, is shown in Fig. 5.

Custom circuits

For the custom 1c, the “black box” in-
puts are usually easy to obtain. Often,
the final specifications are so fluid that
they resemble a moving target. Suc-
cess in this type of effort requires a
very close working relationship be-
tween the design engineers of the

Fig. 4—A‘cy:foss'-'séyct|oﬁ o“f‘f'!oa ing éu S raté
used in the CA3059.

equipment manufacturer and the 1c
design engineers. With close coopera-
tion from the outset, the 1c designer
can synthesize a circuit within the
framework of the lowest cost process-
ing and still achieve optimum perfor-
mance.

Off-the-shelf circuits

The black-box inputs required for off-
the-shelf circuits are more difficult to
obtain because the 1¢’s are intended
for many different end-uses. Combined
marketing, application, and design
efforts develop these specifications
based on customer and field inputs.

Fig. 5—New-product
design cycle.
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Initial design

Once the black-box specifications are
established, the circuit design is syn-
thesized on paper. The 1c engineer
understands the cost implications and
configures the circuit with this factor
in mind. With the circuit synthesized,
IC components are used to make a
breadboard of the circuit. The circuit
is then modified and finalized to
achieve the required performance. At
this point, rigorous calculations are
made to determine reproducibility of
the circuit in a factory environment.
For this determination, computers can
make significant contributions in the
prediction of the static and dynamic
performance as a function of 1c proc-
ess variables. After the design review
of the circuit, the chip layout begins.

Circuit layout

The 1c design engineer works with a
development layout engineer and
draftsman to configure the optimum
topology. The layout is either detailed
by the draftsman or developed by use
of computer-aided artwork-generation
techniques. Masks are generated and
samples processed and assembled. The
first samples are evaluated and, if
necessary, debugged. This problem-
solving phase is critical in the ic devel-
opment because chip performance is
scrutinized so that both desirable and
undesirable characteristics are under-
stood.

Probiem solving—a case history

Evaluation of the first CA3059 sam-
ples showed lack of sensitivity and
low chip power-supply pc voltage as
two major problem areas evident on
all units. The breadboard did not ex-
hibit these characteristics nor did the
calculations. Moreover, the calcula-
tions performed on the circuit did not
account for all the parasitic interaes
tions that limited circuit performance.
Moreover, the calculations are ex-
tremely complex, time consuming,
and frought with frustration. If these
techniques were used, more time
would be spent in the anticipatory
analysis than for analysis of samples
and implementation of solutions (eg.,
computer aid is required).

Intensive analysis of the transfer char-
acteristic gave the first clue to the

REJECT

CURRENT-—mA

8.5
VOLTAGE ~V

Fig. 6—Transfer characteristic of the CA3059
between terminals 6 and 7.

problem. The transfer characteristic
from terminal 5 to 7 should have ex-
hibited the characteristic curve shown
in Fig. 6 (the curve labeled “coopn™).
The characteristic labeled “REJECT”
suggested that the problem was caused
by undesirable silicon-controlled recti-
fier (scr) action. Further investigation
showed that this action took place
only when the substrate was forward
biased. A circuit model for the defect
mechanism was then constructed
(Fig. 7).

In this case, transistor Q, normally
conducts in saturation except when
the input traverses through %2.1 volts.
With Q, saturated, its parasitic P-N-P
will conduct. When node A swings
negatively (every half cycle), the com-
posite P-N-p and N-P-N transistors from
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Fig. 7—Mode! of defect mechanism.

the base of Q, to node A could “latch”,
if the composite beta of both transis-
tors is greater than one. Further inves-
tigation proved this hypothesis to be
true. Layout and processing techniques
which reduce the parasitic p-N-P were
implemented on this design, and the
problem was solved.

Development cycle

At this point, if debugging of first sam-
ples proves to be sufficient, a second
cut of samples may be made for an-
other attempt. Usually, the second
samples are satisfactory, and the
manufacturing start-up date estab-
lished at the outset of the project is
confirmed. At this point, the innova-
tive portion of the design cycle is
complete and the major part of the
development cycle starts. The devel-
opment cycle includes the following
steps:

1) Many wafers are fabricated, chang-
ing process variables;

2) Parameter distributions are ac-
quired;

3) Circuit probe and final test programs
are written and debugged;

4) Data sheets are written;

5) Master specification sheets for fac-
tory production are established; and

6) Transfer to the factory is accom-
plished.

As evidenced from the delineated
items, this portion of the development
cycle is extremely costly. It is, there-
fore, obvious why problems must be
caught in the design cycle.

Conclusions

New processes which may be suitable
for high-volume circuits evolve from
the low-volume, specialty products of
today. In the linear 1c category, mono-
lithic mMos bipolar 1c’s, high-frequency
1c’s (1.3 GHz) and even high powet
1c’s (15 watts) have been designed.
Digital 1¢’s use high-frequency proc-
esses, two- and threelevel metal, and
thin epitaxial layers to achieve speed
and high packing density on a chip.
As these processes develop along with
solid packaging techniques such as
beam leads, the high-volume mono-
lithic 1c’s will slowly change and adapt
to the new processes. This trend will
extend monolithic 1¢’s into domains
unachievable today.




Beam-lead integrated circuits

I. H. Kalish

The beam-lead approach described in this article represents the extension of simui-
taneous processing to interconnection operations as a means of reducing costs and

improving reliability.

URING THE PAST TEN YEARS, semi-
D conductor technology has been
used to produce interconnected circuit
components in complex arrays at man-
ufacturing costs matching those of
competing technologies. A key factor
permitting this achievement has been
simultaneity of processing. For exam-
ple, in bipolar integrated circuits, all
components within a circuit and all
circuits within a wafer receive the
same processing at the same time. Fig.
1 illustrates the basic processes used
to determine the components of a bi-
' polar integrated circuit. The number
of these components and the manner
of their interconnection are deter-
mined by the details of the photo-
graphic masks.

The economic benefits of simultaneous

* processing are obvious in that a few
processes and limited facilities can
produce many circuits. There are more
subtle, but crucially vital, aspects of
simultaneity that affect yield and relia-
bility. The yields of components fabri-
cated sequentially are multiplicative.
For example, if a 90% yield is carried
through fifty sequential operations, the
result is negligible. However, 90% of
fifty simultaneously processed circuits
is more than satisfactory. The im-
proved reliability associated with
 batch processes results from the high
degree of process control that can be
focused on each operation and from
the ability to apply statistical quality
control techniques to qualify a given
manufacturing lot. In general, how-
ever, final assembly operations have
depended more on sequential rather
than simultaneous operations.

In the past decade, integrated circuits
have demonstrated a reliability ex-
ceeding that of any previous fabrica-

on approach. Those failures that do
occur, however, have been most fre-
~ quently associated with defective wire-
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bonding techniques and aluminum
metalization. Fig. 2 shows a typical
wire-bonded unit; each wire has been
placed and welded with two indepen-
dent operations.

Fig. 3 shows the face of a wafer that
has gone through beam-lead process-
ing; the pellets on the wafer are sepa-
rated by etching. Fig. 4 shows the
pellet face-down after separation, and
Fig. 5 shows the pellet connected to a
package substrate. The beams are
made of gold, and they are thermo-
compression bonded to the substrate
in one operation. The substrate uses
gold lands in the bond area resulting
in a reliable gold-to-gold connection.
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Fig. 1—Basic processing used to determine
the components of a bipolar integrated cir-
cuit: (a) N+ pocket diffusion, (b) epitaxy,
(c) isolation diffusion, (d) base and resistor
diffusion, (e) emitter diffusion, and (f) in-
terconnection.
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Process modifications

Several significant processing modifi-
cations have been made in the wafer
area to take advantage of the beam-
lead concept, as outlined in Fig. 6.
Although gold is the most desirable
metal for reliable bonding, the low
eutectic temperature (370°C) of the
gold-silicon system makes gold unde-
sirable when used in contact with
silicon. Thus, a more complex metal-
lurgical system is required. The silicon
wafer receives the standard bipolar
processing through emitter diffusion.
A silicon nitride layer is then formed
over the silicon dioxide on the surface
of the wafer. This layer forms a true
hermetic seal (i.e., impervious to mois-
ture and ionic contaminants) for the
components in the wafer, the implica-
tions of which will be discussed later.
The contact windows are etched
through the nitride and oxide layers
and a coating of platinum is applied
by sputtering. Subsequent heating
forms platinum silicide in the contact
areas, which provides a low-resistance
electrical contact to the circuit compo-
nents. The unreacted platinum is re-
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Fig. 2—A typical wire-bonded unit.

Fig. 3—-Face of a wafer after beam-lead
processing.

Fig. 4—Beam-lead pellet face-down after
separation.

moved frem the wafer, and a layer of
titanium sputtered on. The titanium
provides tenacious adherence to the
nitride insulation. Another layer of
platinum is sputtered on and then
etched to define the component inter-
connection pattern. A low-resistance
interconnection pattern is achieved by
plating 20,000 angstroms of gold over
the 1,500-angstrom layer of platinum.
The layer of platinum is necessary as
a diffusion barrier to prevent the gold
from diffusing through the titanium
into the silicon. Finally, the gold beam
pattern is plated to a thickness of one
half a mil. The continuous titanium
layer which carried the current for the
plating operations is now removed in
those areas not covered with platinum
and gold. Wafers are then mounted
on sapphire discs, and lapped to a
thickness of a few mils. Individual
chips are then separated by etching, as
shown in Fig. 7. Electrical probing of
the pellets can now be performed after
which the devices are ready to be con-
nected to their final package.

It was mentioned earlier that the sili-
con nitride layer and gold metalization
applied to the wafer provide a true
hermetic seal; thus, from the stand-
point of reliability, the beam-lead pel-
let is already packaged. On the other
hand, a conventional pellet exposed to
moisture is subject to catastrophic
damage of its aluminum interconnec-
tions and is also extremely vulnerable

to the instabilities caused by sodium-
ion contamination.

Applications

Because of the inherent reliability of
the beam-lead pellet, it is particularly
suitable as a component for the assem-
bly of hybrid circuits. To achieve
maximum-package component-packing
densities, many manufacturers are
building equipments on ceramic sub-
strates using thick-film resistors, inter-
connection lines, and semiconductor
integrated-circuit chips. When stan-
dard wire-bonded chips are used, the
absence of a package represents an in-
creased reliability hazard. The beam-
lead chip, however, is as reliable as its
conventionally packaged counterpart.
In addition to the size and reliability
advantages, the beam-lead chip is par-
ticularly attractive for hybrid-circuit
manufacture because it can be
removed from the substrate and
replaced without reworking the sub-
strate. Thus, if poor performance of
a complex circuit function is traced
to a defective chip, repair is possible.

RCA has recognized the attractiveness
of beam-lead pellets for hybrid appli-
cations by designing beam-lead ver-
sions of several of its standard linear
circuits. Fig. 3 is a photograph of a
beam-lead version of the RCA
CA3030 operational amplifier; while
Fig. 8 is a version of the RCA CA3046
transistor array. In both cases, beam-
to-beam spacings of ten mils are stan-
dard, because such tolerances are
within the capability of generally avail-
able thick-film technology. Some com-
plex circuits may require many leads;
for example, 72 leads are needed
for a current computer-memory ele-
ment. In such cases, the area of the
chip will be determined not by its
active area but by the perimeter re-
quired to place the beams. The beam-
lead wafer technology is capable
of providing two-mil-wide beams on
three-mil centers. A reasonable com-
promise with the assembly techniques,
however, is the use of five- or six-mil
centers. The use of narrow spacing
represents a significant reduction in
the area of silicon required and justi-
fies the thinfilm processing required *
for substrate preparation.

Problem areas

There are a number of difficulties en-




countered in translation of standard
circuits to the beam-lead format. To
eliminate unique bonding tools and
substrate patterns for every different
circuit, some standardization of pellet
sizes has been initiated within the in-
dustry. This requirement will increase
the average size of pellet in most
instances.

The beam-lead wafer processing op-
erations are not as mature as the
standard and, today, have lower pro-
cessing yields. Enough data has been
obtained, however, to indicate that
yield differentials eventually will be
small between standard and beam-lead
approaches. In addition, as new pellets
are designed with the anticipation of
a beam-lead format, the area differen-
tials will vanish. Thus, an evolu-
tionary transition to the beam-lead
technology is anticipated for all low-
power integrated-circuits.

Standard integrated circuits are usu-
ally mounted with the pellet back
against the package for efficient heat
transfer. With the face-down bonded
beam-lead pellet, heat must be trans-
ferred through the leads. This arrange-
ment limits chip dissipation. Improved
mounting (such as mounting face up)
and encapsulation techniques should
significantly improve this situation.

Conclusion

The application of the silicon-nitride
beam-lead technology to the fabri-
cation of semiconductor integrated
circuits provides a means for hermetic-
ity at the chip and improved reliability
in assembly operations. This technol-
ogy is immediately applicable to the
fabrication of high-performance hy-
brid circuitry and ultra-reliable pack-
aged devices.
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Fig. 5—Mounted pellet connected to a package substrate.
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Fig. 6—Beam-lead process: (a) application
of nitride and opening of contacts, (b) for-
mation of platinum silicide, (c) sputtering of
titanium and platinum, and (d) gold-plate
interconnection and addition of beams.

Fig. 7—Wafer mounted on sapphire disc,
lapped to thickness of a few mils, and
separated by etching.

Fig. 8—A beam-lead version of the CA3046
transistor array.




Linear IC engineering

B. V. Vonderschmitt

Effective product engineering dictates that changes in technology be continually
included in new products in proper balance to avoid early product obsolescence.
Nevertheless, cost effectiveness is the most important measure of product-engineering
excellence, and cost effectiveness applies not only to the component but to the total
equipment that uses the component. Often, significant component and equipment
cost tradeoffs can be made. For example, a more complex component may cost more,
but the increase may be compensated by a reduction of equipment-manufacturing
cost and maintenance. The objective, therefore, in product engineering of linear
integrated circuits is to maintain a balance: to use improved technology and processes,
and to increase device complexity to the extent that it is cost effective. Failure to
achieve proper balance results in a non-competitive position for newly developed
circuits. RCA’s Linear Integrated-Circuit Engineering Group is a compartmentalized
organization of engineering skills that provides an atmosphere of free interaction to
achieve such a technology/cost-effectiveness balance, -

HE DEVELOPMENT OF LINEAR IN-

TEGRATED CIRCUITS requires con-
tributions from six engineering groups
whose efforts are logically compart-
mentalized to permit optimum focus
of engineering experience in each area
(see Fig. 1); at the same time, these
groups maintain technical interaction
on a constructive basis.

function, utilizing the component, is
developed to test and define process
variability. Within the engineering
facility, this variability is established
over a three to nine month period by
distributions determined from com-
pleted units. After this period, a new
device and the attendant process may
be released for use in product design
with a manufacturing and product
commitment. The acceptance of a new
process critically depends on success-
ful life-test history.

Five engineering groups are directly
responsible to the engineering man-
ager; the sixth group (Services and
Support) is responsible to Engineering
on a project basis. Services and Sup-
port Group has four significant areas:
Advanced Materials and Processes,
Equipment Technology, Packaging,
and Standards. Probably the best way
to understand the functions, responsi-
bilities, and interactions of these
groups is to follow the evolution of an
integrated-circuit design from concept
through introduction to manufactur-

In the development of new processes,
this group calls on centrally located
skills within the Solid State Division
staffed by engineers and scientists who
are specialists in diffusion techniques,
metallurgy, plating, and packaging.
Specifications and characteristics of
new equipment that may be required
in either the wafer processing or as-
sembly area are prepared jointly with
ng. Equipment Technology. The actual
design of hardware is assigned to this
Equipment Technology Group which
either develops the equipment or sub-

Process/technology development

Fig. 2 shows the major steps in the
manufacture of an integrated circuit; contracts to utilize skills in other RCA
the Process/Technology activity is divisions or outside of RCA. In a
centered in areas A and c. This activity —~ normal development of a linear inte-
develops new and improved compo- grated-circuit product, which is com-
nents, modifies the process that these mitted for commercial announcement
components require, and develops the or specifically designed for a custom
necessary packaging. The objective of application, processes are always lim-
these efforts may be lower cost, higher ited to those used on a previous design
power dissipation, improved reliabil- or those that demonstrate pilot prod-
ity, or some combination of these. uct feasibility.

After an improved or new compo-

nent is produced, a specific circuit  Circuit development

Fig. 3 illustrates the complete develop-
ment cycle of a product—from objec-
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Fig. 1—The six engineering departments responsible for development of linear integrated

circuits.

tive specifications to release of the
design to manufacturing. Device re-
quirements originate from different
sources; some of these sources are as
follows:

1) Marketing development—inputs
may come from sales engineers whose
daily contact with customers provides
an excellent source of equipment de-
signers’ requirements.

2) Custom requirements—a specialized
equipment manufacturer has a unique
requirement best understood by him.
During a review with the equipment
manufacturer, the circuit development
engineer develops preliminary specifi-
cations that are the basis for initial
circuit work. Compatibility of the func-
tional requirements and the cost con-
straints normally require three to four
weeks of engineering effort to establish
a basis to proceed or discontinue the
development.

3) Application engineering — require-
ments for a product as developed by
the internal Application Group or the
Circuit Development Group.

After an initial requirement is defined
and black-box specifications are de-
‘veloped, the Circuit Development
Group details the component require-
ments and configures the circuit.
Fig. 4 shows typical black-box specifi-
cations for a voltage regulator. This
approach is normally used as the ob-
ective specification during the circuit
development phase. In the develop-
ment of the circuit, the Circuit Devel-
opment Group is limited to processes
and components compatible with the
use of circuit elements. The following

list of items constitutes the total cir-
cuit development cycle:

1) Configuration of a circuit, such as
the specific circuit as shown in Fig. 5.
2) Development of a circuit breadboard
using integrated components compati-
ble with the selected process for all
“active” (diodes and transistors) de-
vices as shown in Fig. 6.

3) Simulation of the circuit and com-
puter-aided analysis techniques are
sometimes used to confirm the objec-
tive specifications particularly for per-
formance characteristics such as high-
frequency performance, coupling, and
thermal interaction for which the phys-
ical size of breadboarding precludes
simulation of the actual integrated de-
vice.

4) Generation of an updated specifica-
tion which highlights deviation from
the initial objectives.

At the completion of the circuit de-
sign, a design review is held at which
the circuit design engineer gives a de-
tailed review of the circuit concepts

A WAFER PROCESSING

B. WAFER AND PELLET EVALUATION

C. ASSEMBLY/PACKAGING

I

D. FINAL TEST

Fig. 2—Gross steps in the manufacture of
an integrated circuit.

and any unique requirements which
demand attention in circuit layout or
which may be sensitive to process vari-
ations. Examples of particular require-
ments include:

Sensitivity of circuit performance as a
result of beta variations;

Sensitivity to match between devices,
i.e., beta and Vzz match between tran-
sistors;

Matching between resistors for which
ratios are important to circuit perfor-
mance;

Any portion of the circuit particularly
sensitive to leakage; and

Any transistor requiring more than
minimum (5 mA) current capability or
more than a 10-V breakdown.

After the design is critiqued by the
five engineering groups, another cost
analysis is made to determine that the
mature manufacturing cost and the ob-
jective selling price for the application:
are compatible. The most significant
items that contribute to this cost are
pellet area, pellet yield, and packaging
—with pellet area being the largest
contributor. At this point, the invest-
ment that will bring the circuit into
successful production is between 10
and 20% of the total development
cost; therefore, a review is needed to
establish the economic feasibility of
the product.

Product development

After the Circuit Development Group
completes the design review and
generates a comprehensive report
describing the individual device re-
quirements, the Product Development
Group becomes the focal point of
product development until the device
is released to production. The initial
layout (placement of critical com-
ponents and position of bonding pads)
is determined and jointly approved by
the product development engineer
and the circuit development engineer.
After approval of the preliminary lay-
out, the product development engineer
prepares a specific layout and gener-
ates detailed drawings of the six to
nine mask levels required to define
the total circuit topology. The prepa-
ration of detailed drawings is com-
pleted through one of the two paths
delineated in Fig. 3. By 1971, the auto-
matic Mann generator will be utilized
for a significant percentage of the
designs. After completion of either the
automatically generated artwork or
manually prepared rubies, masks are
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Fig. 3—Steps in the integrated-circuit product development.

Parameter Objective specification Final specification
Line regulation 0.3% _ 0.56% (min)
Temperature coefficient 0.004%7°C 0.0025%/°C (typical)
Input voltage range 7.5V (min), 40 V (max) 7.5V (min), 40 V (max)
Output voltage range 16to36V 1.8t034V

(max - min and min - max)
Standby current drain 4.5 mA 10 mA (max) 7.5 mA (typical)
Output noise voltage Not specified 0.45 mV (typical)

Fig. 4—Objective specifications of a voltage regulator.

prepared and devices are processed for The Product Development Group con-
initial evaluation. Evaluation of these  tinues to function as the focal point
devices is done jointly by the original during the remainder of the product
circuit development engineer and the development cycle. The product devel-
product development engineer. opment engineer is, in essence, the

project engineer on each device, from
circuit design release through intro-
duction into Manufacturing. The sig-
nificant contributions that the Product
Development Group makes during the
remaining development of a product
are as follows:

1) In the normal development cycle,
first-cut samples have either gross or
marginal operational problems result-
ing from either layout errors, circuit
configuration, or parasitic effects which
are not properly simulated during the
breadboard phase. In concert with the
circuit development engineer, the prod-
uct development engineer diagnoses
problems and proposes alternate layout
or processing methods.

2) During the checkout of a complete
circuit for which test points are avail-
able only at nodes connected externally,
internal components, particularly re-
sistors, are probed for absolute value
as well as ratio to other resistors in the
circuit. It is a function of the Product
Development engineer to probe all
components to insure proper centering
and matching of devices.

3) “Test keys” located at five diverse
points on the wafer are designed into
the wafer for process control purposes.
These “test keys” have metallization
options differing from the standard cir-
cuit. These options permit separate
probing of critical transistor and re-
sistor values for such critical process ¢
determining items as the beta of the
transistors, the voltage breakdown of
the transistors, and the absolute values
and matching of the resistor values.
The pattern selected is such as to
permit maximum information to con-
trol wafer processing through measure-
ment of individual transistors and re- §
sistors. This arrangement simplifies the
analysis necessary for control by defini-
tion of the basic processing problems
as opposed to basic circuit problems.
4) The process to be used for a particu-
lar type is defined by the product de-
velopment engineer. He also determines
reliability of the device and provides 34
early interface with Manufacturing on
all technical questions associated with |
manufacturing of the unit. An addi-
tional important responsibility after the
first successful fabrication of the device
during the engineering development
cycle is the determination of the circuit
probe and final test yield to define the §
cost of the unit after release to Manu-
facturing. A significant part of this
function relates to the achievement of
realistic specifications from the Appli-
cation Group. These specifications
must permit devices to be accepted
provided the process is within the nor-
mal manufacturing process variations. 8
The validity and practicability of the
specifications are corroborated in the
engineering-development model shop
by a series of five to fifteen processed
lots consisting of five to ten wafers per |
lot. The circuit-probe yields and final- |




test yields that use proposed specifica-
tions as criteria are determined from a
sample of these wafers. During the
processing of these samples, process
variations are purposefully made that
most significantly affect the circuit
performance.

Application engineering

The functions which are the prime
responsibility of the Application En-
neering Group include the following:

1) This group prepares a Master Speci-
fication which defines the static and
dynamic parameters for Manufacturing.
In addition, this group prepares the
environmental and life-test conditions
and defines the failure criteria and the
permitted failure rate.

2) Application Engineering also pre-
pares data sheets which describe to the
customer the circuit characteristics. An
important consideration is that the data
sheet defining the device for a customer
must completely agree with the Master
Specification sheet which defines the
circuit performance from the compo-
nent manufacturing viewpoint.

3) Finally, Application Engineering as-
sists equipment manufacturers in the
integration of the device into an equip-
ment function. This assistance involves
printed-board layouts for the device for
stabilization considerations, definition
of peripheral components required in
the normal circuit operation, maximum
voltage, current and power ratings, and
a check of the specific application to
insure that the device is being operated
within the rating under all normal
equipment opetating conditions. On
those devices which have general pur-
pose applications, it is customary for
the application engineer to prepare an
Application Note that describes various
functions that the circuit can perform.
The more specific the circuit applica-
tion, the less useful the Application
Note, because the equipment user is in
a better position to understand the
application than the application en-
gineer handling the component.

Test technology

" The testing of integrated circuits can
be the most expensive part of the
total manufacturing process. Testing
is defined as circuit probing of the
pellet while it is still in wafer form.
It also includes performance of the
final static and dynamic tests to assure
conformance to the Master Speci-
fication Sheet. Automatic static (Dc)
testers are available that permit segre-
gation of product into failed and vary-
ing classes of acceptable categories.

These commercial equipments, how-
ever, have failed to provide sufficient
capability for “on-line” data reduc-
tion to permit easy data analysis that
defines failure modes. Data analysis
is necessary to provide process feed-
back related to circuit failures that
are not discernible from the individual
components described earlier. In ad-
dition, complex linear circuits require
as many as twenty-five dynamic tests
which cannot be completed with one
test insertion. The Test Technology
Group has the responsibility to define
and design this specialized equipment
(with support from the central Equip-
ment Technology Group) .

The functions of the Test 'f‘echnology
Group fall into three broad categories.

1) This group prepares test-equipment
specifications for major test systems
used in both the engineering and manu-
facturing evaluation of the unit. This
equipment includes automatic dc test-
ers and data gathering and data reduc-
tion systems used for process control.

2) Test Technology group also prepares
dynamic testers which perform normal
linear tests of gain, frequency response,
linearity of gain, noise figure, distor-
tion, output power, and many other
measurements required for custom-
designed linear circuits.

3) Finally the group prepares detailed
test programs for automatic testing of
devices. This function includes not only
the details of the program generation
but assurance that the device is stable
(in the oscillation) in the test environ-
ment under all test conditions.

Summary

The development of linear integrated
circuits involves the proper applica-
tion of diverse engineering disciplines.
For cost effectiveness the processes
and packages must permit design of
technologically competitive circuits.
Further, with a specific process base,
circuit configurations must be opti-
mized in consideration of that proc-
ess; also, circuit layouts and topology
must be prepared for optimum yield
under the direction of the product
development engineer, and the devices
must be characterized for the cus-
tomer and specified to Manufacturing
in accordance with the basic circuit
design and the process capability. In
addition, the units must be evaluated
and tested with equipment that mini-
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Fig. 5—Circuit diagram of RCA CAS3055.

Fig. 6—Circuit breadboard using integrated components compati-
ble with selected process for all “active” (diodes and transistors)

devices.

mizes labor costs and ambiguity in
test results. The Linear Integrated Cir-
cuit Activity develops specialized
knowledge in each of five areas, and
is encouraged to have continuing en-
gineering interaction during the total
product development period. This in-
teraction results in the proper balance
of technological advancement, cir-
cuit innovation, cost effectiveness,
manufacturability, and customer ac-
ceptance.
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Linear integrated-circuit
arrays—building blocks for

designers

H. M. Kleinman

This paper describes some design guidelines which should be followed for most
effective use of linear IC arrays, discusses some basic configurations that serve as
“building blocks” in the design of compiex monolithic circuits, and presents some
typical circuits that illustrate the application of linear IC arrays.

CA HAS DEVELOPED a number of lin-
R ear integrated circuits consisting
only of active devices, i.e., transistors
and diodes. These arrays (Fig. 1) are
extremely useful in circuit design be-
cause they provide the close electrical
and thermal matching of device char-
acteristics inherent in all monolithic
integrated circuits, but are not limited
by the restrictions applicaple to pas-
sive elements (resistors, capacitors,
and inductors) in the monolithic sys-
tem. Besides making practical many
circuits which cannot be constructed
economically with descrete devices,
these arrays may also be used for the
“breadboarding” of complex mono-
lithic circuits.

The simplest of these integrated-
circuit arrays are finding wide com-
mercial acceptance in a variety of
fields because they provide the cir-
cuit designer with economical, easily
handled packages of matched semi-
conductor devices. To date, high vol-
ume commercial usage has included
audio amplifiers for automobile
radios, sense amplifiers for small
scale computer memories, balanced
amplifiers for ac and pc instruments,
relaxation, oscillators, for muscle
stimulators, pc-operated audio atten-
uators, and waveshaping networks for
function generators. The key to suc-
cess is the ability of these 1C’s to pro-
vide matched components for prices
very close to the cost of similar un-
matched devices. The CA3046, for
example, provides five transistors for
98 cents (in quantities of 1000 and
up), or less than 20 cents per transis-
tor. [Price based on the time that this
article was written. ]

Reprint RE-16-2-22 (ST-4326)
Final manuscript received July 21, 1970.

General design guidelines

If linear Ic arrays are to be used to
best advantage in circuit design, some
basic rules must be observed to assure
proper device operation and to avoid
damage to the 1c chip. Perhaps the
most important rule is that the collec-
tor voltages of all array transistors
must be kept positive with respect to
the 1c substrate. As shown in Fig. 2,
the collector region of each N-P-N
transistor is isolated from the p-type
substrate material by an effective
diode (N-P junction) which must al-
ways be reverse-biased for normal
transistor operation. The emitter and
base regions of the transistor may be
negative with respect to the substrate,
provided the collector-to-emitter and
collector-to-base voltage ratings are
not exceeded.

It is also important to prevent for-
ward-biasing of the base-to-collector
diode of a monolithic transistor to
assure normal operation. The base-to-
collector voltage should not be per-
mitted to exceed 0.6 volt unless the
current in the base lead is limited by
a fairly large resistor (1000 ohms or
more) . As shown in Fig. 3, the fabri-
cation of a monolithic N-p-N transis-
tor in a p-type substrate produces the
structure for an associated p-N-P
transistor in which the collector is
the substrate, the base is the collector
of the N-p-N transistor, and the emitter
is the base of the N-p-N transistor. If
the base-to-collector junction of the
N-P-N transistor becomes forward-

biased, therefore, high currents can
flow into the substrate unless limiting
is provided in the base lead. Un-
wanted currents can also develop if
the collector of the N-P-N transistor is
left open because the p-N-P transistor
then operates in the V .z, mode.

K. M. Kleinman
Linear Integrated Circuit Applications

Solid State Division

Somerville, New Jersey
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Another important consideration in
the use of linear 1c arrays is the max-
imum dissipation rating for the inte-
grated circuit. This rating is based on
the sum of the dissipations of the
individual devices in the array. There-
fore, total dissipation must be calcu-
lated on the basis of all the devices
operating in a given application.

A final point to be remembered is that
the close electrical and thermal match-
ing mentioned previously applies only
to devices fabricated on the same 1c
chip. When several arrays are to be
used in a circuit, the design should
employ devices of a single array to
provide matched characteristics when
they are required.

|

In addition to these few general rules |

for proper device operation, some
basic configurations should be recog-
nized and used as “building blocks” in
the design of complex monolithic cir-
cuits. Several of these configurations

have been described in another paper.’

Design ideas for RCA CA3018,
CA3018A, CA3045, and CA3046
transistor arrays

The RCA CA3018, CA3018A,
CA3045, and CA3046 transistor arrays
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consist of closely matched general-
purpose silicon N-P-N transistors on a
common monolithic substrate; the
schematic diagrams for these arrays
are shown in Figs. la and le. Al-
though the specification limits for the
different types vary (as shown on the
individual data sheets), the transistors
in all these arrays have the following
typical characteristics:

Collector-to-base

voltage (Veso) .....vnn.. 60V
Collector-to-emitter

voltage (Vewo) ........... 24V
Emitter-to-base

voltage (Vezo) ........... 7V

Small-signal forward-current
transfer ratio

(hyoatl, = 1mA) ....... 100
Gain-bandwidth
product (fz) ............. 550MHz

The CA3018 and CA3018A (Fig. 1a)
consist of four transistors packaged in
~a 12-Jead TO-5 can; the only differ-
ence between the two types consists of
tighter control of some characteristics
for the CA3018A. The CA3045 and
CA3046 “handy pack” arrays (Fig.
~ le) provide a more flexible arrange-
' ment of five transistors in 14-lead
dual-in-line packages (ceramic and
plastic, respectively) .

The general-purpose transistors in
these arrays are well suited to a wide
variety of applications in low-power
- systems at frequencies from bDc
through the vHF range. They may be
used as discrete devices in convention-
ally designed circuits to achieve the
advantage of improved packing den-
sity. However, their full advantage
will be realized only when the circuit
"design makes use of the close electri-
cal and thermal matching of the de-
vices on each 1c chip.

Several possible applications for these
arrays are presented in the following

paragraphs. For some of these circuits,
performance is well documented;’
others are design ideas whith have not
been proven out. Many circuits do not
make use of all the devices on a chip;
others require extra components. In
general, these applications are pre-
sented to suggest the potential uses of
these arrays of matched transistors;
they should serve as a beginning to
stimulate the thinking of circuit de-
signers.

Differential amplifiers

The CA3018, CA3018A, CA3045, and
CA3046 arrays are suitable for use
in a wide range of differential-
amplifier applications, particularly in
tuned-amplifier, mixer, IF amplifier,
and limiter service. Because the tran-
sistors in these arrays are similar to
those used in the CA3004, CA3005,
CA3006, CA3028A, and CA3028B RF-
amplifier integrated circuits, the per-
formance of the RF-amplifier types
gives an excellent indication of the
potential operation of the arrays.®*®
Some caution is required when the
CA3045 and CA3046 dual-in-line cir-
cuits are used in high-frequency appli-
cations because capacitive coupling
between the leads of these packages is
greater than in the TO-5 packages.
However, if care is taken to reduce
capacitive 'c6up1ing from input to out-
put, these arrays are suitable for oper-
ation from pc to 100 MHz.

Fig. 4 shows the schematic diagram
for the RCA-CA3028A and CA3028B
integrated circuits. The operating
point of the circuit is stabilized by a
500-ohm emitter resistor for transis-
tor Q,. At the normal operating current
of 6 mA, this resistor represents a
voltage drop of about 3 V from the
power supply.
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Fig. 5a shows the CA3028A or
CA3028B connected as a differential
amplifier and limiter, and Fig. 5b
shows an equivalent circuit that uses
the transistors in a CA3046 array. It
can be seen that fewer external com-
ponents are required when the array
is used. In addition, the CA3046 can
provide as much dynamic range when
operated from a 6-V supply as the
CA3028A or CA3028B operated from
a 9-V supply, and more gain and out-
put power can be obtained from the
CA3046 when a 9-V supply is used.

One disadvantage of the circuit shown
in Fig. 5b is that the current drain is
higher because the bias transistors
draw the same current as the ampli-
fier. This current can be reduced by
use of two transistors in parallel for
the constant-current source, as shown
in Fig. 6. In this circuit, both Q, and
Q, draw the same current as the bias
transistor Qs; as a result, the bias cur-
rent may be reduced by 50%. It
should be noted, however, that the
base of transistor Q, must be bypassed
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Fig. 2—Structure of an N-P-N monolithic
transistor.
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Fig. 3—Associated P-N-P transistor inherent
in monolithic fabrication.
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Fig. 4-—Schematic diagram of CA3028A or
CA3028B RF amplifier.

[no bypassing is required in the cir-
cuit of Fig. 5b because of the
low-impedance connection through
the diode-connected transistors to
ground].

Automatic gain control (AGc) may be
applied to the differential amplifiers
shown in Figs. 5 and 6 by reduction
of the current in the biasing de-
vice(s). However, the high current in
the bias circuit makes it necessary to
include pc amplification of the Acc
signal. Fig. 7 illustrates the use of the
fifth transistor of a CA3046 array as
an Acc amplifier. Full Acc capability is
realized with a positive-going acc
voltage.

Although the differential amplifiers
shown have single-ended input and
single-ended output and operate from
a single power supply, the arrays
shown in Figs. 1a and le can also
be operated from dual supplies or
with balanced inputs. In addition, the
arrays provide better control for
operation with pc loads than the rRr-
amplifier integrated circuits mentioned
above.

Cascode amplifiers

Operation of the CA3045 or CA3046
array as a cascode amplifier is illus-
trated in Fig. 8. In this circuit, the
diode-connected transistor Q, serves
as a temperature-compensated base-
bias supply for the input transistor
Q.. The secondary winding of the
input transformer T, is connected be-
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tween Q, and Q,. The pc resistance
of this connection should be less than
20 ohms to assure accurate control of
the operating current. The AGc is ap-
plied to the circuit by means of a
positive-going voltage at the base of
Q,. Fig. 9 shows an adaptation of the
cascode amplifier which permits the
use of a grounded signal source. In
this circuit, the DC resistance of the
source must be less than 1 ohm for
accurate control of bias. If the pc
source impedance is greater than 1
ohm, a matching resistor should be
inserted in the emitter circuit of Q..
Loss of gain can be kept to a mini-
mum provided this resistor is smaller
than 5 ohms. The cascode-amplifier
techniques discussed can be readily
applied to such applications as bal-
anced mixers, product detectors, and
other variations.’

Wideband video amplifiers

Fig. 10 illustrates the use of the
CA3018 (or four transistors of the
CA3045 or CA3046) to provide a
wideband video amplifier with a gain
of 49 dB and a bandwidth of 30 MHz.
This amplifier may be considered as
a cascode of two direct-coupled
stages. Gain of the amplifier is con-
stant within 1 dB over the entire
temperature range.

The adaptability of the devices in the
CA3045 and CA3046 arrays is best
illustrated by the tachometer circuit
shown in Fig. 11. This circuit is de-
signed to provide a full-scale current
of 1 mA at an engine speed of 5,000
revolutions per minute (r/min) with
an eight cylinder automobile engine.
In this circuit, Q, acts as a switching
transistor, Q, as a zener diode, Q,
(used as a diode) and Q, form a cur-
rent transfer circuit, and the collector-
to-substrate diode of Q, (shown dot-
ted) is used to provide a path to
discharge the capacitor C. Calibration
of the system may be changed, by
changing the value of capacitor C:

( I )( pulses ) (revolutions)
C=|\— - .
V 7/ \ revolution minute
1 minute )
60 seconds

where I and the number of revolu-
tions per minute are full-scale values.
The number of pulses per revolution
is four for an eight cylinder engine
and three for a six cylinder engine; V
is approximately equal to zener volt-

Fig. 5—Differential-amplifier/limiter circuits
(a) for the CA3028A or CA3028B and (b)
the CA3046.

age. For high-speed operation, it may
be necessary to reduce the one kilohm-
resistor in the collector of Q, to 470
ohms.

Operational amplifiers

Although integrated-circuit opera-
tional amplifiers have become widely
used general-purpose devices, many
applications require features which
are not readily available in fully in-
tegrated form. The CA3045 and
CA3046 arrays are especially suited
to the construction of special-purpose
operational amplifiers for battery-
operated equipment in which low
current drain and good performance
at low supply voltage are extremely
important.

Fig. 12 shows the schematic diagram
of an “op-amp” meter amplifier using
two CA3046 arrays. The circuit is
designed to drive a 1-mA pc meter to
full scale in the positive direction
only. The open-loop voltage gain is
80 dB, and the input bias current is
less than 20 nA.

The first CA3046 is connected to
form a Darlington-connected differen-
tial amplifier similar to the first stage
of a CA3033. This stage operates at
a current level of less than 40 pA.
The Darlington-connected pairs have
a composite beta in excess of 1000,
and therefore provide an input bias
current of less than 20 nA. Transistor
Q» of the second CA3046 is used as
an impedance-matching level shifter
to drive the voltage amplifier Q,,
and Q.,. Transistor Qs, is an emitter-
follower output. Transistor Q, is
used to keep Q, from cutting off
when the output is at zero volts.
Capacitors C, and C, reduce the high-
frequency gain to avoid the possibility
of oscillation with feedback. Standby
current drains are 500 pA from the
positive supply and 200 pA from the
negative supply, for a total dissipation
of about 2mW. A total meter resis-
tance (R,) of 1000 ohms is recom-
mended. Various feedback techniques
can be used to tailor the amplifier to
specific applications.

Other uses

The ability to use the matched device
characteristics of 1c arrays to replace
bulky bypass elements is illustrated
in Fig. 13 if R, is selected for maxi-
mum output-voltage swing and R, is

{




Fig. 6—CA3046 differential-
amplifier/limiter circuit with
reduced current drain.

fication.

selected so that I, does not change
more than *=10% from its center
value as the beta of Q, changes from
minimum to maximum, the circuit of
Fig. 13a has the characteristics and
typical performance shown in Table
I. (However, the circuit is easily tail-
ored to different requirements.) If it
is desired to maintain the input im-
pedance and gain of the circuit within
3% of the midband values at a low
frequency of 20 Hz, C must have a
value approaching 3000 uF. Although
C is a low-voltage capacitor, for this
requirement it becomes a large and
expensive component.

The circuit of Fig. 13b shows how the
matched  characteristics of the
CA3046 may be used to eliminate
this large capacitor. In this circuit, Q,
and Q, are connected in the same
manner as in the circuit of Fig. 13a,
except that no ac signals are applied
to these transistors. Provided all the
resistors are matched within 1 or
2%, the current in Q, is the same as
that in Q.. The voltage drop across
the diode-connected transistor Q, then
exactly compensates for the drop
across Ry in the circuit of Fig. 13a.
The operating points of Q, and Q,
are at the levels desired, and the dy-
namic performance is the same as
that of the discrete-component circuit.

Design ideas for the RCA-CA3026
and CA3054 dual-differential-
amplifier array

» The CA3026 integrated-circuit transis-
tor array consists of two independent
differential amplifiers with associated
constant-current transistors on a com-
mon monolithic substrate. The six
N-P-N transistors which comprise the
amplifiers are general-purpose devices
similar to those in the arrays and 1c’s
described previously. These transis-
tors exhibit low 1/f noise and a value
of f, in excess of 300 MHz; these fea-

Fig. 7—CA3046 differential am-
plifier using Q, for AGC ampli-
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Fig. 8—Cascode-amplifier circuit us-
ing CA3045 or CA3046 array. us

pc to 120 MHz. Bias and load resis-
tors are omitted in the array to pro-
vide maximum application flexibility.

The schematic diagram of the CA3026
is shown in Fig. 1c. The most obvious
advantage of the array is an improve-
ment in packaging density; the circuit
provides two differential amplifiers in
one package instead of one differen-
tial amplifier per package as in the
case of the popular CA3028A and
CA3028B. This more compact pack-
aging of differential amplifiers results
in simultaneous economic advantages.
However, the two matched amplifiers
of the CA3026 provide other advan-
tages which transcend anything previ-
ously available in either tubes or
solid-state devices.

Although doubly balanced circuits are
not new, they have not been com-
monly used because of the difficulties
encountered in obtaining components
which are truly matched and which
maintain their match despite varia-
tions in temperature and the passage
of time. While the procurement of
matched passive components (e.g.,
center-tapped coils, matched resistors,
and the like) has been merely tedious,
provision of matched activé compo-
nents (e.g., tubes and transistors) has
been both difficult and costly. How-
ever, the CA3026 provides matched
active components in the proper con-
figuration for the design of custom-
ized doubly balanced circuits. Some
typical doubly balanced circuit con-
figurations “are described in the fol-
lowing paragraphs.

Four quadrant multipiier modulator

The matched differential amplifiers of
the CA3054 (Fig. 1c) are ideal ele-
ments for the construction of a so
called “doubly balanced circuit.” This
configuration is the basis for many
multiplier, modulator, and demodula-
tor circuits. A typical circuit of this

Fig. 9—Cascode amplifier

with grounded input.
balanced designation is justified be-
cause the circuit is balanced for both
inputs. When the 100-ohm balancing
potentiometers are properly adjusted,
neither input signal appears at the
output. The waveform photos of Figs.
15a through 15d show the squaring
of a 200-Hz sinewave, a 500-Hz tri-
angular wave, a 1-MHz sinewave, and
a 5-MHz sinewave, respectively. Note
that the response at 5 MHz is about
3 dB below that at low frequency.
Fig. 15e illustrates double-sideband
suppressed-carrier modulation of a
5-KHz sinewave by a 100 Hz triangu-
lar wave with the modulation wave
superimposed to indicate the linearity.
The phase reversal of the carrier as
the modulation changes polarity is
easily seen.

A CA3018 is used to complete the
circuit. Transistors Q, and Q. form
the constant current source for the
multiplier, while Q, and Q, provide
a high impedance load for the modu-
lator and a low output impedance.
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Fig. 12—Operational-amplifier meter circuit using two CA3046 arrays.

Table I—Approximate characteristics for the circuit of Fig. 13. «

. (V* = 2Vg)? (V+ - 2VBE)(IO,> -
t =t STEE N LVER (L
Voltage gain == 56y [1 0.0268.  \Te:
. i 0.140 3 Ve — 2V
Ren (min) =0022,31 (min) ; - B (min) . Ry = BE
102 Ic1 ICl
VBE V+ - VBE
Rout = RCZ > RE - Icz H RC2 == 2102
Example
V= 12V Re = 0.1 megohm
Ve = 700mV Re: = 5600 ohms
Ie: = 1mA Rz = 42,000 ohms
B: = 100 Rz = 700 ohms
:81 (mm) = 30

Voltage gain = 2.12 X 10° = 67dB
Ri» (min) = 6600 ohms
Rou: = 5600 ohms

Synchronous detector

A synchronous detector is another
example of a doubly balanced circuit.
Fig. 16 shows a simplified synchro-
nous detector using the CA3026 which
can be used to detect both the phase
and the amplitude of a Tv chroma
signal. In this circuit, the reference
signal is fixed in both phase and am-
plitude at 3.58 MHz. The chroma
input signal varies in both phase and
amplitude in accordance with the hue
and saturation information, respec-
tively. The Tv detector must compare
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Vour
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Fig. 13—Circuits illustrating the use of a
CA3046 array to eliminate a bulky capacitor.

-

the steady reference signal and the
varying chroma input signal without
causing interaction between the two
signals, and must cancel the reference
signal without resorting to elaborate
filtering systems in the output.” A
doubly balanced demodulator is an
ideal means of accomplishing this ob-
jective. Although a rigorous analysis
of this circuit is beyond the scope of
this paper, a brief description of the
circuit configuration is given below.

Transistors Q. and Q, are connected
as a differential amplifier for the
chroma signal input, and supply op-
posite-phase chroma signals to the
transistor switches Q,, Q, and Q;, Q..
The chroma-signal currents flow from
Q, and Q, into either of the output
leads in accordance with the instan-
taneous state of each transistor
switch. The state of the switch is en-
tirely dependent upon the reference
signal applied to its base. In essence,
the reference signal performs syn-
chronous switching at its frequency of

repetition. By the synchronous com-
parison process, it is possible to pro-
duce an output signal which is a
function of the instantaneous phase
difference between the chroma and
reference signals. Because both the
chroma and the reference signals
enter into balanced-differential net-
works, the circuit is doubly balanced.
It can also be shown that amplitude
variation in the chroma input (with
fixed-amplitude reference input) pro-
duces corresponding amplitude varia-
tions in the chroma video output.

Although the doubly balanced circuit
of Fig. 16 could be built with
matched discrete transistors, the need
for multiple matched devices would
make it expensive. Furthermore,
matching would deteriorate as a re-
sult of temperature variations and
there would be a serious degradation
in performance. The circuit could also
be built with two single-stage differ-
ential amplifiers, such as a pair of
CA3028A or CA3028B devices, with
Q. through Q, in one package and
Q, through Q, in another package.
Even if selected pairs of CA3028A or
CA3028B packages were used, how-
ever, serious mismatching could still
occur with temperature variations.
Because the CA3026 contains the
required six transistors on the same
chip, it has excellent pair-matching
characteristics; in addition, tracking
of characteristics is maintained with
variations in temperature.

Design ideas for the CA3019 and
CA3039 diode arrays

The CA3019 and CA3039 arrays
(Figs. 1b and 1d) conmsist of six
ultra-fast, low-capacitance diodes on a
common monolithic substrate. Inte-
grated-circuit construction assures ex-
cellent static and dynamic matching
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Fig. 14—High-frequency four-quadrant mul-
tiplier/modulator with provision for adjust-
ment of all parameters 200Hz to SMHz.
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Fig. 15—Input and output waveforms for the
multiplier/modulator in Fig. 14 operating
from 200Hz to 5MHz.

of the diodes and makes the arrays
extremely useful in a wide variety
of applications in communications
and switching systems. In the CA3019,
four diodes are internally connected
on a diode-quad arrangement; the
~other two diodes are independent. In
the CA3039, five of the diodes are
independently accessible; the sixth
shares a common terminal with the
substrate,

Because all the diodes are fabricated
simultaneously on a single silicon
chip, they have nearly identical char-
acteristics, and their parameters track
each other with temperature varia-
tions as a result of their close
proximity and the good thermal con-
ductivity of silicon. Consequently,
these arrays are particularly useful in
circuit ‘configurations which require
either a balanced diode bridge or
identical diodes.

_Applications of the CA3019 have
‘been described previously’ The six
diodes in the CA3039 can be connec-
ted in a number of ways for use in
voltage-regulator circuits, bias and
current-limiting circuits for constant-
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Fig. 18—Schematic diagram of the CA3014 IF amplifier/discriminator/AF amplifier for FM.

current sources and SCR triggering
circuits, direct-coupled transistor am-
plifiers, signal limiting and clamping
circuits, logic gates, level-shifting cir-
cuits in prL (diode-transistor-logic)
circuits, and varistor circuits. The fol-
lowing paragraphs describe a few
practical circuits to stimulate the
thinking of potential users.

Low-voltage regulator circuit

The six diodes in the CA3039 may
be connected in series, as shown in
Fig. 17, to protect against voltage
changes in a voltage source. Thus, the
CA3039 is able to provide a regulated
voltage output of approximately 4.5
V. Higher voltages may be regulated
by connection of an appropriate
number of CA3039 arrays in series.
The type of regulator shown in Fig.
17, when coupled with the package
flexibility offered by the CA3039, can
also supply intermediate values of
voltage in applications requiring
base-biasing. The schematic diagram
of the CA3014 FMm 1F amplifier/dis-
criminator/Ar amplifier, shown in
Fig. 18 illustrates the manner in
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Fig. 16—Synchronous dete_ctor using a
doubly balanced circuit.
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which supply potentials for a complex
solid-state circuit can be regulated by
a diode-connected series-string con-
figuration similar to that of the
CA3039. A monolithic series-string
regulator can also provide base and
collector potentials which track in the
face of temperature variations.

Biasing and current limiting for push-puit
ampilifiers

The amplifier shown in Fig. 19 is a
complementary push-pull configura-
tion driven by a class-A driver-
amplifier device. Resistor R, serves as
a common path for ac and pc feed-
back. The diode pair D, D, biases
the output stage in such a way that
crossover distortion is minimized
while temperature compensation is pro-
vided to keep the idling current stable.
The other two diode pairs—D,, D,
and D, D,are connected in such a
manner that they limit the emitter
current in the output transistors and
thereby protect them. This emitter-
current limiting technique is also ap-
plicable to single transistors, as shown
in Fig. 20. The maximum emitter
current is equal to (Vee—V,5.) /Ry,
and is relatively independent of load,
base drive, and the power supply.
This configuration can be used for
current-limiting service in amplifiers,
switching circuits, and voltage and
current regulators.

Signal limiting and clamping circuits

Four diodes of the CA3039 may be
connected as shown in Fig. 21 to pro-
vide limiting or clamping and a
choice of two voltage levels, approx-
imately 3 V or 1.5 V peak to peak.

Logic circuits

The diodes of the CA3039 can be
connected to form either passive or
active logic gates. Fig. 22 shows five-
input or and Nor gates using five of

Fig 17—Low-voltage regu-
lator circuit.
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Fig. 19—Complementary push-pull amplifier

driven by class-A drive-amplifier device.
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Fig. 20—Emitter-current {imiting circuit for

single transistors.

R

Fig. 21—Use of four diodes of the CA3039

to form a limiting or clamping circuit.
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Fig. 22—Five-input “OR"” and “NOR” gates.

Fig. 23—Use of CA3039 diodes in a NAND

gate to provide level shifting.

the CA3039 diodes. The diodes can
be connected to provide for level shift-
ing in a NAND gate (Fig. 23) so that
only one power supply is required.

Varistor circuits

A varistor is a device consisting of
two matched junctions of opposite
polarity connected in parallel; it is
used primarily for direct conversion
of Ac and pc information into log-
arithmic information over several
decades. The transfer characteristics of
the CA3039 (Fig. 24) illustrate the
suitability of this array for such use.
Three matched varistors can be pro-
vided by proper interconnection of
diode pairs in the CA3039, as shown
in Fig. 25. Varistors are applicable to
fractional voltage regulators, meter
protectors, telephone circuits, and
negative-temperature-coefficient resis-
tors,

Temperature compensation in SCR
triggering circuits

Fig. 26 shows a schematic diagram for
a circuit that translates a low-level
output signal from a thermistor tem-
perature-sensing element into an on-
off control output capable of directly
driving high-level loads, such as in-
dicator lamps, resistance heaters,
power-control relays, or solenoids.
When R, becomes smaller than Rj,
sufficient positive gate current is pro-
vided to trigger the scrR oN. When R,
is a thermistor and R, an adjustable
reference resistor, the scR turns ON
when the thermistor temperature
rises above the set value. If the therm-
istor and the.reference resistor are
interchanged, the scr operates when
the thermistor temperature decreases.

Without the use of the temperature-
compensation diodes D,, D, and D,
the scr gate trigger voltage would
vary as a result of changes in
junction temperature. This temper-
ature-sensing error is of the order
of 5°C for an ambient temperature
change from —55 to 125°C. The use
of CA3039 diodes D, through D, or
D, through D, can reduce this tem-
perature-sensing error to a value in
the order of 0.5°C over the same
temperature range. When R, in Fig.
26 is precisely equal to R, zero po-
tential exists at a virtual ground
point “B” midway between points
“A” and “C”. With “B” as an
imaginary small point, there are ef-
fectively 1.5 diodes in the upper leg
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Fig. 24—Transfer characteristics of a CA-
3039 diode.
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Fig. 25—Three matched varistors composed
of CA3039 diodes. R
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Fig. 26—An SCR triggering circuit with tem-
perature compensation. .

of the input circuit and 1.5 diodes
in the lower leg; each diode has a
temperature coefficient of about
~2mV/°C. Thus, if R. and R, are
kept equal and ambient tempera-
ture is changed, the voltage at “A”
changes about —3mV/°C (1.5 diodes
at —2mV/°C each). Compensation
is then achieved because the tem-
perature coefficient of the scr gate
trigger voltage is also of the order
of —3mV/°C.
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Fabrication of Al,O,
COS/MOS integrated circuits

Dr. F. B. Micheletti

P. E. Norris | Dr. K. H. Zaininger

Operating integrated circuits have been fabricated using Al,O; as the gate insulator.
These circuits demonstrate a high degree of radiation hardening and prove the feasi-
bility of Al,0, MOS technology. In this paper, the processing steps are described and

the important electrical properties are given.

N Metal-Oxide-Semiconductor
(MOS) devices, the dielectric film
used as gate insulator is an active, in-
tegral part of the device, and device
operation and characteristics are very
sensitive to its properties. Hence, in
Mos technology, emphasis is placed on
the fabrication of this oxide rather
than on diffusion as in bipolar tech-
nology.

For a large number of non-critical ap-
plications, the currently commercially
available Mos units with SiO, gate
oxide are adequate. The processing is
now well under control and has been
reduced to a relatively straightforward
procedure. Excellent results have been
obtained with increasingly larger and
more sophisticated integrated circuits
so that low-cost large-scale integration
(Ls1) of Mos circuits offers consider-
able promise for the future. However,
for certain more critical requirements,
two major reliability problems have
been encountered:
1) The migration of minute traces of
impurities through the films (especially
at elevated temperatures and under
high field conditions) results in serious
drifting and changes in the device
characteristics;
2) Radiation also causes drift and/or
degradation in device characteristics
due to charge generation and trapping
in the oxide.
Recently, technological advances were
made that allow improved perfor-
mance of Mos devices in these areas

by utilizing aluminum oxide as the~”

gate insulator. Aluminum oxide made
by two different techniques has led to
significant improvements in resistance
to both bias-temperature stress and
radiation exposure.™* These techniques
are:

1) Plasma anodization of Al*®, and
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2) Low temperature pyrolytic decom-
position® of Al-alkoxides.
Plasma-grown ALO, shows, at present,
the most promise for cos/Mos appli-
cations and will be the subject of this
paper. When used as the gate insula-
tor, it can lead to the following advan-
tages:
1) Low ion drift properties: This is
perhaps the most important gate in-
sulator characteristic. ALO; resists ion
drift perhaps orders of magnitude bet-
ter than SiO.. This means that mos de-
vices made from it exhibit stability to
bias-temperature stress, a property that
manifests itself in two very practical
results: (a) ultraclean technology as
required for SiO. (state-of-the-art)” de-
vices would not be necessary (this
should reflect itself in the cost, yield,
and uniformity of LsI arrays), and (b)
Al:O; could act as a junction seal and
encapsulant for both Mos and bipolar
LsSI. A thin film of ALO; on a junction
or over an MOS device would act as a
passivation layer giving the equivalent
of a hermetic seal.

2) Radiation resistance: Measurements
made to date on Mos devices on single
crystal silicon show good radiation re-
sistance,"™*® better than SiO.* and Si:N.
devices. This is important to arrays
that will be exposed to the radiation
fields of space or nuclear environments.
The reason for this improvement is
most probably connected with the par-
ticular defect structure of ALO..
Other important properties are sum-

marized in Table 1.

Plasma-anodization process

The technique of plasma anodization
of a metal to form the metal oxide is a
relatively new one and, to date, has
been primarily used to form oxides of
metals for thinfilm capacitors. The
most prominent materials®® formed
have been ALO, and Ta.O,. In gen-
eral, it has been found that these in-
sulating films are amorphous with a
low dissipation factor and a high
breakdown strength.

Plasma anodization is carried out in a
vacuum system that has been modified

Table |—Properties of plasma-grown ALO;
Relative dielectric

constant 8.0 to 8.7
Loss tangent
(f=100 kHz) 0.02
Surface-state
density 2X 10™ states/cm*eV

Index of refraction1.67 to 1.70

as shown in Fig. 1. The aluminized
silicon wafer is placed in a closed in-
sulating sample holder which has
openings for exposure of the front
surface of the wafer and for admission
of a contact lead. Electrical contact is
made to the back of the wafer with a
pressure contact jig. Once the sample
is in place, the system is evacuated to
1x10° Torr and back-filled with dry
oxygen. The pressure is set at 0.3 Torr,
and a glow discharge is ignited be-
tween anode and cathode. The sample,
which is in the glow or “positive
column” portion of the discharge, is
biased positively with respect to the
wall potential (defined as the poten-
tial which, when applied to a conduct-
ing probe in a plasma, reduces the
current flow to zero) . Because the wall
potential may vary considerably dur-
ing one anodization, depending on the
condition of the anode, it must be
monitored throughout the anodization.
This is accomplished by adding an
additional electrode to serve as a
plasma probe.

The growth rate of the oxide is greatly
dependent on the geometry of the
anodization system and is not always
linear with voltage. If the film is thick
enough so that it is not completely

anodized, the growth is self-limiting

in a fashion analogous to that of wet

anodization. Typically, the oxide is
observed to grow at 22A/volt—al-
though this can vary considerably
with the geometry of the anodization
system and the mode of operation.”
For mos applications, the aluminum
film must be completely anodized
since any free Al at the interface
would act as surface states. Hence, a
potential sufficient to anodize all the
aluminum must be applied. This po-
tential, however, must not be too high
or a thin film of SiO, can be formed at
the silicon interface. The SiO. so
formed can cause electrical instability
(hysteresis in C-V testing) as well as
deterioration in the resistance to ion-
izing radiation. The presence of the
SiO, layer can be detected by ellipsom-
etry measurements which reveal con-
siderable deviation in the index of
refraction and measured film thickness
from that expected for Al.O, alone.
For the circuits fabricated in this in-
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vestigation, good-quality ALO, films
on Si were obtained under conditions
listed in Table II. As shown in Fig. 2,
a constant current is maintained until
the desired voltage, indicative of a cer-
tain film thickness, is obtained. This
voltage is then held constant, and the
current is allowed to decay. The net
voltage on the sample is the applied
voltage minus the wall potential.

The utilization of the plasma oxide is
much more difficult for active device
configurations than for simple mos
capacitors because of the peculiar
etching characteristics of this oxide.
The most straightforward fabrication
scheme would be to chemically etch
the required geometrical patterns in
the oxide after its formation. How-
ever, upon exposure to hot phosphoric
acid (80°C to 180°C), the plasma-
grown oxide softens and eventually
peels from the substrate. Similar ef-
fects are observed upon exposure to
buffered HF. Hence, direct chemical
etching cannot be utilized at the pres-
ent. Thus, an alternate technique,
namely etching of the aluminum film
prior to anodization, was developed
and refined to allow device fabrication.

COS/MOS processing
The processing of the wafer proceeds
in the same manner as for the conven-
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tional SiO, unit up through step 6 of
Fig. 3. At this point, there are two
alternative schemes which can be uti-
lized depending on whether the
stepped SiO, is to be under or over
the ALO, layer.

In the first version, alternative A of
Fig. 4, 8i0, is removed from the active
region only, leaving the stepped oxide
on the remainder of the wafer. The
wafer is then metallized (420A of
aluminum), contact holes are formed
in the aluminum film, and anodization
of this film is carried out under the
conditions listed in Table II.:

In the B version, all oxide is removed
from the entire wafer. The wafer is
then metallized, contact holes are
formed in the aluminum film, and the
anodization is carried out in the nor-
mal manner. Finally, SiO, is deposited
and then densified at 800°C to 1000°C
before the desired stepped-oxide pat-
tern is form/e,d,

In either version, the unit is com-
pleted by first removing the oxide
formed in the contact holes during the
anodization by a 30-second etch in
buffered HF, followed by an anneal at
350°C for one hour in hydrogen and
finally by forming the contact metal-
lization. The units are then electrically
probed, and acceptable units are se-
lected from the diced wafer and
bonded into 14-lead flatpacks for
testing; see Figs. 5 and 6.
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Critical process steps

Wafer preparation—The wafer must
be free of both particulate contamina-
tion and absorbed moisture prior to
aluminum metallization since either
can result in oxide defects (bubbles,
pinholes, etc.) which would cause
failure by electrical conduction. The
effects of moisture can be largely
eliminated by heating the wafer in an
inert ambient prior to metallization.
Particulate contamination is minimized
by careful cleaning immediately before
placing the wafer in the vacuum sys-
tem for metallization.

Table Il—Typical plasma anodization param-
eters.

Pressure 0.3 Torr (oxygen)
V,» (anode to
cathode voltage) 800 to 1100 volts

I, (plasma current) 40 to 60 mA
Aluminum thickness 420A

Initial sample current 0.3 mA/cm®
Final applied voltage 60 to 70 volts

Total time of
anodization 2 to 3 hours

Al:O; thickness 640A
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Fig. 1—Plasma anodization chamber.

Aluminum deposition—Since the ox-
ide thickness is determined by the
thickness of the aluminum film, the
metallization must be accurately con-
trolled. This can be done quite easily
with a quartz crystal monitor. The
thickness is normally verified optically
by the Tolansky interference tech-
nique. This is important since over-
anodization results in the formation of
a thin SiO, layer at the silicon inter-
face and in some cases is responsible
for the appearance of oxide defects
(bubbles or other fine structures).

Measurement of sample voliage—As
indicated above, the effective voltage
applied to the sample is the supply
voltage minus the wall potential. The
wall potential is determined not only
by the plasma parameters but also by
the condition of the anode. During a
given anodization, the wall potential
increases in magnitude. In some cases,
for an anode which has been reused a
number of times, the wall potential
may vary by as much as 10 volts dur-
ing an anodization. Hence, the wall
potential must be monitored continu-
ously. This is achieved by a plasma
probe in conjunction with a high im-
pedance meter such as an electrometer
or nulling voltmeter. Errors result if
the input impedance of the meter is
below 10° ohms.,

Control of current density—Control of
the current density is necessary to ob-
tain high-quality oxide in a reasonable
time. If the current density is too high,
especially as the growth approaches
the silicon interface, oxide defects
such as bubbles or fine grainy struc-
ture result. On the other hand, if the
current density is too low, the anodiza-
tion proceeds too slowly.

Effects of stepped oxide—When the
ALO, is formed over the stepped oxide
(as in version A of Fig. 4), additional
care must be taken to ensure that the
Fig. 3—Major processing steps
for complementary MOS inte-

grated circuits with thermally
grown 8i0, channel oxide.
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Fig. 2—Variation of sample voltage and current with time during plasma anodization.

aluminum is completely anodized over
the SiO, regions. In version B, the
etching of the desired pattern in the
SiO. overlying the ALO, must be con-
trolled very accurately since buffered
HF attacks the ALO.silicon interface,
causing the oxide to peel.

Removal of oxide from contact holes
—During the anodization, 50 to 100A
of SiO, form in the contact holes. This
oxide must be removed by buffered
HF so that contact can be made to the
source and drain regions of the de-
vices. Because the buffered etch at-
tacks the ALO,, photoresist is used to
protect the ALO, during this step.

Electrical properties

Both discrete N-channel units and
complementary-symmetry Mos invert-
ers (CD-4007) with plasma grown
ALO, as the gate insulator have been
evaluated. In general, a lower yield

and a reduction in device quality has
been found in comparing the discrete
ring-dot units with the individual mos
units on the CD-4007 circuit as sum-
marized in Table III. This is at-
tributed to the greater complexity of
the circuit over the discrete ring-dot
structure and in particular to difficul-
ties involving the formation of the
stepped oxide which was not utilized
for the discrete structure.

Typical transfer characteristics for in-
verter pairs on the CD-4007 chip are
shown in Fig. 7 together with the cur-
rent flowing from the power supply.
The schematic for these inverters is
shown in the insert to the Figure. The
characteristics of the plasma-grown
AlLQ, units are offset to the right of
those of the conventional SiO, units
due to the large threshold of the
N-channel units, and they are some- .
what distorted due to contact resis-
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complementary pair plus inverter.

tance. On the other hand, there is no
appreciable current flow in either
steady state condition (V,,=0 or +10
volts) as required in most cos/mos
applications. With refinements in the
processing, these characteristics
should be improved considerably.

Small shifts (~0.5 volts) in these
transfer characteristics due to bias
temperature stress (150°C, 10 volts, 5
minutes) have been observed. How-
ever, these are opposite in direction to
shifts caused by positive ion drift and
are attributed to interface state effects.

The units with plasma-grown oxide
show promise of considerable radia-
tion hardness. All units were bombard-
ed with 1-MeV electrons in the Van de
Graaff facility at RCA Laboratories.
Fig. 8 shows the net shifts in threshold
voltage for the CD-4007 for a + 10-volt

Fig. 5—Topological view of RCA CD-4007 dual
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Fig. 7—Typical transfer characteristic of CD-4007 inverter for connection
shown ih insert: solid curve for conventional SiO. unit, dashed
curve for unit with plasma-grown A/2Qs.

input, which is the most severe condi-
tion for conventional SiO, units. These
results, together with tests under other
biasing conditions, show that plasma-
grown ALO, offers an increase in radi-
ation hardness by a factor of 50 or
more over SiO.. «

Conclusions and recommendations

The results reported in this paper
clearly show two major achievements:

1) The first successful fabrication of
operating integrated circuits using
AlLO; as gate insulator, thus proving
the feasibility of an AlLOsMos tech-
nology.

2) The first demonstration that the de-
gree of radiation hardening, expected
from Mos-capacitor data, has been
achieved in active device structures
and integrated circuits.

Considerable work remains to be
done, especially in the areas of geo-
metrical pattern definition, optimiza-
tion of oxide properties and formation
techniques, and active device fabrica-
tion. Once these difficulties have been
eliminated, and statistically significant
results have been obtained, there will
be enough confidence in the ALO,
technology that it can be transferred
into an experimental line for fabrica-
tion of integrated circuits. This can
then lead to a radiation-resistant tech-
nology for integrated-circuit capability.
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Table Ill—Comparison of discrete MOS characteristics on CD-4007 and ring-dot test units.

Threshold Field-effect mobility

Unit (volts) (cm?/V-sec)
CD-4007 plasma AlO; N-channel unit +4.0£05 23
640A p-channel unit —2.0+05 46
CD-4007 SiO: N-channel unit 20+05 102
1000A p-channel unit —1.5+05 144
. Ring-dot plasma Al:QO. N-channel unit 1.5+£05 150
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The operational
transconductance amplifier —
a new circuit dimension

C. Frank Wheatley, Jr.

An operational amplifier has been designed in which the forward gain is best
- characterized by a transconductance concept. The bias currents and dynamic
characteristics are controllable in a linear fashion over a five-decade operating range
by means of an externally accessible electrode. An array of these amplifiers has been
fabricated upon a monolithic integrated-circuit chip employing 94 bipolar transistors
of both conductivity types and no resistors. These arrays permit a wealth of new
circuit possibilities. The applications evaluated and discussed include fixed-bias
operational amplifiers, gated operational amplifiers, four-quadrant ‘multipliers,

variable-gain amplifiers, and multiplexers.

AN OPERATIONAL TRANSCONDUC-
TANCE AMPLIFIER (0TA) has all
of the characteristics of an operational
voltage amplifier except that the out-
put impedance ideally approaches in-
finity rather than zero. As a result, the
forward gain characteristic is best de-
scribed by transconductance rather
than voltage gain. In addition, access
is provided to bias the amplifier by
means of an externally provided cur-
rent. As a result, the transconductance,
circuit dissipation, and loading may be
externally established and varied at
the option of the user. This feature
provides a new dimension in “op-
amp”’ circuit design.

The integrated operational transcon-
ductance amplifier (oTa) described is
an outgrowth of an attempt to design
a monolithic integrated operational
amplifier with extremely low power
dissipation. During the early stages of
design, it became apparent that bi-
polar transistors are inherently current
output devices, and that a low output
impedance could be obtained only by
feedback techniques (emitter-follower

however, the load signal may be de-
livered from a bipolar collector with-
out feedback, and the need for the
very high resistance is circumvented.

Experiments with complementary
bipolar transistors yielded circuits re-.
quiring a minimum number of resis-
tors. After considerable analysis, it
became apparent that the omission of
all resistors in an 1c design would per-
mit functioning over several decades
of operating current, and such a de-
sign would be relatively easy to pro-
duce.

The high output impedance and the
need to provide external bias were
considered to be minor disadvantages
during the early phases of develop-
ment when the oTa was considered
solely as a means of producing an ex-
tremely low-power operational ampli-
fier. However, it soon became appar-
ent that the high output impedance is
an asset for applications’ involving
nonlinear loads and in summing and
gyrator circuits. It also became evident
that the amplifier need not be operated
at a fixed bias, but can be operated at
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Circuit design features
Basic OTA circuit

The basic circuit developed is shown
in Fig. 1. An understanding of this
circuit is best obtained by analysis of
voltages and currents with almost
complete disregard for voltage gain
and impedance levels.

Transistors Q, through Q, in Fig. 1
perform conventional functions, serv-
ing as a current mirror, a constant-
current source, and a differential pair.
An amplifier bias current is externally
developed and applied to the current
mirror (Q,, Q.) to bias Q, and Q,. The
differential signal currents of Q, and
Q. are amplified by the beta of the

being the method most commonly . : . O
used) . To obtain a low output imped- a time-varying bias level. As a result, v+
: P pe it can be used as a two-quadrant mul- %
ance at an extremely low power level, . quadra
it 1l d tiplier, a four-quadrant multiplier, and %s %
it Is generally necessary fo provide a an AGc amplifier. Additional advan- J
resistive value in the order of tens of b P b . db . f th o 0
megohms for feedback or for the tages can be obtained by gating off the
driver collector load: such a compo. bias to eliminate power dissipation
‘nent is most difficult ’to integrate II; a and circuit loading of the oA while
high output impedance is acceptable, red.ucmg the tra.nsconducFance to zero. wVER NG ouTRuT
This property is useful in multiplex- AMPLIFIER tNeUT
Reprint RE-16-2-5(ST-4286) ers, sample-hold-read circuits, and CURRENT—»
This paper was first presented at the "EEE low-dissipati tabl tabl Qg 1 4 M
Seminar on Linear IC's,"” Paris, France, March 31 w-dissipation  monostaple, astabic, a
—April 3, 1970, and bistable oscillators.
Fig. 1—Basic OTA ‘v- 33
circuit. O- -O
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differential p-N-P pair Q, and Q.. The
current mirror Q,, and Q,, then trans-
forms the double-ended output of the
P-N-P network Q, through Q, into a
single-ended output. The entire circuit
functions in a class-A mode.

Ideally, there is no need for a signal
ground because the input signal is dif-
ferential and the output signal is a
current. The input and output termi-
nals may operate at most ACc and DC
potentials within the range of the sup-
ply voltages.

The amplifier-bias-current (aBc) level
establishes bias for all transistors in
the amplifier. Ideally, this circuit
would function at ABC bias levels of
picoamperes, microamperes, or am-
peres. In practice, however, the circuit
will malfunction if it is biased at a

:

Fig. 4—Network of P-N-P transistors used in OTA.
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Fig. 3—Final OTA circuit.

level at which the transistors no longer
have desirable characteristics. At high
levels, malfunctions may be caused by
either beta fall-off or parasitic ohmic
effects. Low-current malfunctioning
may occur as a result of beta fall-off,
channeling, or leakage. Samples of
otA’s have exhibited good perfor-
mance for ABc levels from 10 nA to 1
mA, or over a range of five decades
(100 dB). Lack of instrumentation
has prevented investigation of lower
levels. )

Improved OTA circuit

The common-mode rejection ratio, the
supply-rejection ratio, and the output
impedance of the oTA are all enhanced
by the high output impedances of the
transistors Q,, Q,, Q,, Q,, Q,, and Q,,
in Fig. 1. The p-N-P transistors (Q;
through Q,) are lateral transistors and
exhibit a relatively poor output imped-
ance. Although the common-emitter
output impedance R,.. of a P-N-P lat-
eral transistor is influenced by the chip
design, it is approximately given by
500
Aol W
where B is determined at a collector-
current level I, (in amperes). In
common-emitter operation, an output
impedance of 20 megohms can be ex-
pected at a collector-current level of
1 pA if the current gain equals 25.
This impedance level is quite low in
comparison with that of a conven-
tional N-p-N transistor, which is typ-
ically two orders of magnitude higher,
as shown below:

Routy = l

Rout? ~

2 %X 10°

Bal. @
Eq. 2 yields an output impedance of
2%x10° ohms at a collector current of
1 pA for a typical beta level of 100.

If a transistor is operated with emitter-
current drive, as in cascode operation

Fig. 5—Current ratios
in OTA.

or common-base operation, the value
of B used in Egs. 1 and 2 is unity. If a
transistor is operated as the output of
a current mirror (Q, and Qy form a
current mirror in Fig. 1), the value of
B used in Egs. 1 and 2 is two (mirror
current gain is assumed to be unity).

Examination of Fig. 1 reveals that Q,
and Q, degrade the supply-rejection
ratio and the output impedance of the
oTA. An obvious improvement can be
obtained if these two transistors are
operated into cascode stages, as shown
in Fig. 2. Transistors Q and Q,, then
petform the driving function previ-
ously provided by Q; and Q;. Because
Q,; and Q,, are operated in a common-
base configuration, the output imped-
ance is improved by a factor equal to
B», and a similar improvement is ob-
tained in supply rejection and oOTA
output impedance. Transistors Qi
Qu, Q. provide a bias potential for
the bases of Q,; and Q,,; transistor Q.
provides the current that establishes
the bias potential.

Provisions for “super-beta’” input

Cascode operation of Q, and Q, en-
hances the common-mode rejection
ratio. In addition, because it assures
essentially zero collector-to-base volt-
age for Q, and Q,, such operation pet-
mits a “super beta” option which
requires six additional transistors, as
shown in Fig. 3. When this “super-
beta” arrangement is used, transistors
Q,, Q,, and Q,, may be processed to
have very high forward current gain
(beta) . Because Qs and Q,, operate in
cascode with Q, and Q,, there is no

§

{

{

need for the voltage swing previously g

required of Q, and Q.. Q,, and Q., pro-
vide a voltage source for the bases of
Q,s and Q,, which is bootstrapped to
the emitters of Q, and Q,. The other
source of current necessary to develop




the bootstrapped voltage source is pro-
vided by Q... A bypass transistor, Q.,,
is incorporated to avoid a bistable cit-
cuit condition caused by the addition
of Qy to Q,..

OTA characteristics

The characteristics of the final oTA cir-
cuit shown in Fig. 3 are established
primarily by three factors:
1) The value of the amplifier bias cur-
rent, I4gc;
2) The geometry ratios of the various
transistors; and
3) The effect of the beta of the p-N-P
lateral transistors.
Amplifier bias current 1,5,
The amplifier bias current Iz is not-
mally provided from the output of
another oTA or from a resistive feed.
In the case of the latter, the current
varies as the voltage across the resistor
changes. For suppression of this vari-
able, provisions are made for regula-
tion, as discussed later in more detail
in the section on “chip design.”

Geomelry ratios

If two conventional transistors are
identical in everything but size, and if
they are biased at identical base-to-
emitter potentials, the ratio of col-
lector currents is equal to the ratio of
emitter area for the two units. In the
case of lateral transistors, the current
ratio is equal to the emitter-to-base
edge ratio. In the circuit of Fig. 3, all
transistors are the same except Q., Q,
Q., and Q,. In relation to the other
transistors, Q. is four times the stan-
dard size, and the other three transis-
tors are three times standard size.

Effect of P-N-P beta
Fig. 4 shows the network of five p-N-P
transistors included in the circuit of
Fig. 1. The influence of the beta of
these transistors on the oTA character-
istics is best described by an analysis
of this network in which the following
assumptions are made:

1) All p-N-p betas are equal;

2) Qs and Q; are identical;

3) Qs is equivalent to n. parallel tran-

sistors identical to Qs;

4) All transistors are at the same tem-

perature; and

5) All current gains are independent

of collector voltage.
An exact analysis, which is simple but
lengthy, produces the following re-
sults:

3)

Br (n2+2+n.85)

(n2+2) (1 +,3P) +285°
(im“ic&) = IBP (ica"in) (4)

(ic'l + ics) = (ics + l‘cé)

Eqg. 3 implies a pc bias of the network
which is independent of the p-N-P beta
and the differential signal. Eq. 4 shows
that the differential output signal de-
pends only on the p-N-P beta and the
differential input-current signal; as a
result, common-mode rejection is high.
Fig. 5 shows the ratio of (i, +i.s) to
(is+i,) for various values of n,.

If the collector of Q; is fed to a current
mirror which, in turn, is connected to
the collector of Q;, the resulting out-
put current is approximately equal to

iout =2 (ics - ic'{) (5)
The peak-to-peak output-current swing
then limits at the following value:

Ip-p=2(icr+1ics) 6)
Fig. 5 shows that the pc bias currents
are nearly independent of the p-N-P
beta; Egs. 4 and 5 show that the ac
current gain of the composite network
is directly related to the p-N-P beta.
This dependence is reflected in the oTA
transconductance.

Bipolar performance

Recent work indicates that operation
of transistors in the submicroampere
region is less uncertain than previ-
ously supposed. Some conventionally
processed transistors similar to those
used in the oTA were measured for cur-
rent gain as a function of collector
current. Figs. 6 and 7 show the beta
characteristics of an N-P-N transistor
and of a lateral P-N-P transistor, and
Fig. 8 shows the voltage-current char-
acteristic of a zener diode [N* into B
and R (base and resistor) diffusions].
Although the performance shown may
not be achieved by all devices, a great
many have such characteristics.

The betas of P-N-P transistors appear
to be well matched and quite indepen-
dent of temperature. Although the
output impedance of these lateral
transistors is lower than might be de-
sired, this shortcoming has been sup-
pressed in the circuit design.

The noise level of the B and R (base
and resistor diffusion) zener diode
may be as high as one millivolt peak to
peak. As a result, a noise current is
supplied to the ABC terminal (as dis-
cussed later) which is typically 90 dB
below the pc bias current. Because this
path of extraneous signal is a common-
mode path, considerable added sup-
pression results. Although an N'-p*
zener diode would have a lower noise
level, the voltage-current characteristic

Fig. 9—Performance
curves for OTA.
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Fig. 11—Voltage-regulator circuits in (a) quad-
array, and (b) tri-array.
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Fig. 12—Functional block diagram of CA3060.
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Fig. 13—Maximum oscillating frequency of the CA3060.

would be poorer at low current. In
addition, a p* diffusion step would be
required in fabrication. For these rea-
sons, a B+R zener diode was selected
for the final chip array.

Total Circuit Performance

The curves in Fig. 9 show both pre-
dicted circuit performance and the
measured performance of some typical
samples of the ora of Fig. 3.

QUTPUT
)

+Y) — =Y —_
Rz=[(v Y= (V A) 0.7] and RABC=VZ Vanc
2

I IaBe
Supply voltage: V=6, V-=6

Typical slew-rate test-circuit parameters
IspoSlew Rz Rapc Rs Rr R Re Co

rate
nA V/us ohms uF
100 8 56k 62k 100k 100k 51k 100 0.02

10 1 56k 520k 1M 1M 510k 1k 0.005
1 0.1 56k 6.2M 10M 10M 5.1IM o O

Fig. 14—Slew-rate test circuit and measurements.

Chip design

The final chip design selected features
four orA’s and two zener diodes, or a
total of 94 transistors, on a 65X 65-mil
chip fabricated with conventional non-
critical processing. A photomicro-
graph of the chip is shown in Fig. 10.
Two metallizing alternatives have
been investigated. One features an
array of four oTA’s with a zener diode,
and the other an array of three OTA’s,
a zener diode, and a p-N-P current mit-
ror. Both designs have been fabricated
in 16-terminal dual-in-line ceramic
packages.

In the quad-array, the ABC terminals of
all oTA’s are connected to a common
pin because of -the limited number of
terminals. As a result, all amplifiers of
the quad must be biased at the same
ABC level. (This requirement does not
affect crosstalk between amplifiers.)
The remaining terminal of the quad is
used for the zener diode, which is
referenced to the negative supply. This
arrangement permits a simple voltage
regulator for the I current (Fig.
11a) and thus maintains the excellent
power-supply rejection of the oTa.

The ABc terminals of the tri-array are
brought out separately to permit inde-
pendent biasing. The two remaining
terminals are used for a zener diode
that regulates the ABC level and a P-N-P
current mirror that permits regulation
at lower supply voltages than that al-
lowed by the simple zener circuit (Fig.
11b). The p-N-P current mirror in the
tri-array configuration is metallized

EXTERNAL
LOAD

13
4 i0 MQ

from the unused oTA on the basic chip.
The tri-array (without “super-beta”)
is commercially available at this time
as the RCA-CA3060 (Fig. 12).

Speed

The three oTA’s of the CA3060 are ar-
ranged in cascade (Fig. 13a). The
measured output waveforms for two
Lisc levels (Fig. 13b) indicate an open-
loop slew rate of approximately 50
V/us for the higher bias current and a
propagation time of approximately
150 ns per OTA.

Fig. 14 shows a slew-rate test circuit
and the unity-gain slew rate for three
bias levels. Values as high as 8 V/us
are obtained at an I, level of 100 pA.

Low-frequency noise and short-term stability
Some indication of the low-frequency
noise and short-term stability of the
OTA was obtained by cascading the
three otA’s of the CA3060 in a non-
inverting manner. The I, levels were
adjusted to produce 180 to 190 dB of
open-loop voltage gain with feedback
adjusted to produce a 120-dB closed-
loop non-inverting voltage amplifier.
The pen recording of the output in
Fig. 15 shows the influence of noise
and drift upon the amplified 11-mHz
1 nV peak-to-peak square wave over a
period of 8 minutes. Sufficient capaci-
tance was shunted across the input of
the final ota to reduce the system rise-
time to 5 seconds.

Applications

Low-power operational amplifier

The power dissipation of the amplifier
is determined by lip; it is generally
below 10 mW, and often below 1 mW.
The typical 40-dB inverting amplifier
shown in Fig. 16 is operated at an ABC
level of 10 pA. The open-loop voltage
gain of the amplifier is then equal to
gn Ry, or 10X10°X1X10°, or 10* (the
feedback network and any other loads
reflect directly in the open-loop volt-
age gain). The standard design equa-
tions for operational amplifiers may be
used to calculate the amplifier closed-
loop characteristics, with the load
resistance on the amplifier being sub-
stituted for the output resistance in the
operational amplifier equations. The
calculated closed-loop gain is 39.9 dB.
The output impedance is 10,000 ohms.

Gyrator applications
The ora is especially suitable for use
in gyrators because the high output im-




pedance satisfies one of the basic
requirements for this application. In-
ductances in excess of 10 kH have
been realized by use of only two 0TA’s.
Fig. 17 shows a gyrator circuit that
produces such a high synthetic induc-
tance with only a 3-uF capacitor.
There is no reference to ground in this
circuit; the “inductor” may float
within the common-mode restraints of
the ora. Effectively, the inductor is iso-
lated from the supplies by the high-
impedance input and output of the
amplifier. An attenuation network
around the input of both amplifiers ex-
tends the differential operating range
of each oTA about 100 times. In addi-
tion, this network reduces the trans-
‘conductance by the same factor and
thus further increases the gyration re-
sistance. The provision for adjustable
bias current to the ora permits direct
control of transconductance and,
therefore, varies gyration resistance in-
versely. Because phase shift restricts
the Q of the inductor, operation at
frequencies above audio is impaired.

Amplifier with automatic gain control

The variable-transconductance charac-
teristic of the oTA is useful in an Acc
amplifier. When the ora operates in
the open-loop condition, the transcon-
ductance, and thus the amplifier gain,
can be varied directly by adjustment
of the ABc level. Therefore, an excel-
lent Acc amplifier is obtained by recti-
fying and storing the amplifier output
and applying this signal to the bias
terminal. Fig. 18 shows a functional
diagram of such a system. Low-
frequency feedback is provided
around the gain-controlled stage to
balance the amplifier. As the input
signal increases, the amplifier bias
current decreases and reduces the
transconductance and therefore the
system gain.

Amplitude modulation

The gain-control characteristic of the
0TA can also be used to provide modu-
lation from bc to the upper cutoff fre-
quency of the system with a single
oTA. In this application, a carrier sig-
nal is applied to the differential input
and a modulating signal current is
added to the pc level of L. Fig. 19
shows a modulator with carrier and
modulating frequency capability
greater than 20 kHz. Fig. 20 shows the
waveforms obtained when the modu-

lator operates at a carrier frequency of
10 kHz and a modulation frequency
of 500 Hz. As a modulator, the circuit
should also be able to handle a 500-Hz
carrier and a 10-kHz modulating sig-
nal; waveforms obtained under these
conditions are shown in Fig. 21. The
function performed by an aM modu-
lator can be expressed as follows:

o =KX (1+Y) 7
Multipliers
At times it is desirable to obtain two-

quadrant multiplication of the follow-
ing form:

€ou=KXY ®)

for all values of X and positive value
of Y. For such multiplication, it is de-
sirable that all three variables (e,..,
X, and Y) be at ground reference for
pc as well as ac voltages. This con-
figuration can be obtained with two
OTA’s, as shown in Fig. 22, If third- and
fourth-quadrant multiplication are de-
sired, Fig. 22 may be rearranged so
that X and Y signals are fed into the
inverting inputs, as shown in Fig. 23.
A logical extension of two-quadrant
multiplication may be obtained by
combining any number of oTA’s in the
manner shown in Fig. 24 so that the
following function is performed for
all values of X and positive values of
Y and Z:

Cour=KXYZ ©)]

Because the output impedance of an
OTA is quite high, current summing is
a very simple operation. A four-
quadrant multiplier may be realized
by combining the circuits shown in
Figs. 22 and 23; the resultant circuit is
shown in Fig. 25.

An eight-octant multiplier is more
complex, but it may be designed by
logic similar to that used for the four-
quadrant multiplier. Fig. 26 shows the
functional diagram. Zero adjustment
must be proyided for the offset voltage
of the eight oTA’s. In addition, the mul-
tiplying factor must be adjusted for
positive values of Z and for negative
values of Z; ten adjustments are re-
quired.

A four-quadrant multiplier may also
be made by summing the outputs of
two modulators similar to the one
shown in Fig. 19. If one modulator is
driven by signals X and Y while the
other is driven by signals —X and -7,
the output currents are as follows:
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Fig. 15—Noise and drift of CA3060.
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MODULATED
QUTPUT

Fig. 20—Waveforms showing modulating signal (lower trace)
and modulated carrier (fe=10 kHz, f»=500 Hz).

Fig. 21—Waveforms showing modulated carrier with
frequencies of Fig. 20 interchanged (fc=500 Hz, f»=10kHz).

+

€ouT
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FOR Y2 0.~
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Fig. 22—First- and second-quadrant

multiplier.
ln=GX(1+Y) (10)
foo=—=HX(1-Y) 1)

where H and G are constant. Summa-
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equt =KXY
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Fig. 23-—Third- and fourth-quadrant muiti-
plier.

eQuUT =KX YZ
FOR Y20
z220

ZERO Z
Fig. 24—A two-octant multiplier.

tion of Egs. 10 and 11 provides the
total output:

lo=in+tie=(G-H)X+(G+H)XY (12)

If offset adjustments can be made, and
if G can be made equal to H, the out-
put voltage is given by

= (2HR) XY =KXY 13

where the load impedance R;, is chosen
for the particular application.

A circuit which performs this func-
tion is shown in Fig. 27. As in all the
multiplier circuits discussed previ-
ously, all signals are at bc ground po-
tential. Output voltage waveforms of
this circuit are shown in Fig. 28. Fig.
28a shows suppressed-carrier modula-
tion of a 1-kHz carrier with a triangu-
lar wave. Figs. 28b and 28c show the
squaring of a triangular wave and a
sinewave, respectively. In both cases,
the outputs retain the DC component
as well as AC components.

Fig. 256—A four-
quadrant multiplier.

FOR YSO

Other analog functions

As is the case for all multiplier cir-
cuits, squaring, dividing, and taking
the square root can be achieved with
oTA’s by the simple application of well
known methods.

Multiplexing

Fig. 29 shows a three-channel gated
amplifier in which each amplifier or
channel may be sequentially activated
to display its input with gain of about
20dB. Because the input impedance is
extremely high when the ora is biased
off, common feedback network may
be used. Position control of each chan-
nel is accomplished with little interac-
tion by applying offset adjustment to
the inverting input of each amplifier.
Activation of each channel is accom-
plished by cutting off normally
saturated transistors shunting the
amplifier-bias-current terminals. Drive
to the transistor switches may be ap-
plied from a ring-counter-type circuit
that is either externally triggered or
“free run” to chop the signals.

A bistable/monostable circut

Fig. 30 shows an oTA circuit that is
stable in either of two states. In the
lower state, the total circuit dissipa-
tion is zero. If the inverting input is
made more positive than the non-

ZERO Y




inverting input, the circuit becomes
monostable in the zero-dissipation
state. The inverting input may “float”
if bistable operation is desired.

A one-shot circuit with nanowatt dissipation
The ora shown in Fig. 31 develops a
single pulse whenever it is triggered
(at a low duty factor only). Circuit
current is drawn only during the pulse
time. Signal output may be extracted
from V+, V~, or the ouT terminal. If
the V+ or V- lead is employed for
pulse sampling, care must be used to

eouT

COUT=KXYZ
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e |
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Fig. 26—An eight-octant multiplier.
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Fig. 27—Four-quadrant multiplication by
means of double-balanced modulation.
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Fig. 28—Voltage waveforms of the four-
quadrant multiplier of Fig. 27: (a) sup-
pressed-carrier modulation of 1-kHz carrier
with a triangular wave; (b) squaring of a
triangular wave; (¢) squaring of a sinewave.

observe the oTA common-mode rejec-
tion range. If the V— lead is used,
other circuits of the 1c may be influ-
enced when the V— terminal and the
substrate terminal are common (as is
the case for the CA3060). Loading of
the output must be light. This one-shot
circuit can be biased to ignore trigger
pulses if the inverting input is made
more positive than the non-inverting
input.

A low-dissipation astable circuit

Fig. 32 shows an astable oTA circuit
designed for low-duty operation.
Power dissipation in the nanowatt
level can be achieved with this circuit.
Operation is similar to that of the cir-
cuits shown in Figs. 30 and 31. The
circuit of Fig. 32 may be gated off by
the inverting input. Pulse width and
duty cycle are relatively independent
of V+.

Sample-hold-read application

Fig. 33 shows a functional circuit in
which the storage capacitor is essen-
tially isolated from circuit loading
during the hold period. Because both
the charging ota and the read oTA are
biased off during hold, they contribute
only leakage currents in this period.
Capacitor C, is the storage capacitor.
C, is a small capacitor used to assure
stable operation.

Sample-hold-compare application

The ora circuit shown in Fig. 34 sam-
ples a voltage, holds it, and compares
it to a reference voltage E. As in the
circuit of Fig. 33, loading of C, is neg-
ligible during the hold period.

Conclusions

The oTA concept requires the use of
complementary conductive transistors
(bipolar and/or unipolar) with no re-
sistors. The CA3060 integrated-circuit
OTA array has opened a new dimen-
sion to the creative circuit designer.
New 1c devices employing the oTA
concept but with materially different
characteristics are certain to follow.
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Operational amplifiers.. ..
yesterday, today, and

tomorrow

H. A. Wittlinger

Operational amplifiers are used today in various applications requiring voltage gain
with minimum input and output level-shifting problems. Monolithic IC operational am-
plifiers offer the further advantages of low cost, improved performance, and stability.
This paper reviews the development of operational amplifiers, starting with the tube-
type units used first in analog computers and concluding with the present day mono-
lithic integrated circuits. Typical design problems are discussed, and some possible

future developments are described.

he use of high-gain pc-amplifier
T techniques to solve or analyze
problems involving differential equa-
tions has been in existence for at least
25 years. In 1947, ]. R. Ragazzini, R.
H. Randall, and F. A. Russell stated
that “an amplifier so connected can
perform the mathematical operations
of arithmetic and calculus on the volt-
ages applied to its input; it is here-
after termed an operational amplifier.””
This period was the beginning of
problem solving by means of the elec-
tronic calculators that eventually
replaced mechanical differential ana-
lyzers. The early electron-tube ampli-
fiers were of the single-ended-input
inverting variety and usually em-
ployed dual-triode amplifiers with
open-loop voltage gain of about 5000.

Probably the most popular early oper-
ational amplifiers were manufactured
by G. A. Philbrick Researchers, Inc.;
Goodyear Aircraft Corp.; and Elec-
tronic Associates. These companies
are only a few of the many that offered
operational amplifiers and full analog-
computer systems. Later tube-type
operational amplifiers manufactured
by these companies employed differen-
tial-input amplifiers with input-offset-

voltage drifts in the order of 1 to 57

mV over an 8- to 24-hr period. Input
grid currents were less than 100pA,
and output-voltage swings were in the
order of =100 V. Open-loop voltage
gains ranged from about 1000 to more
than 100,000, and unity-gain band-
widths were in the order of only 100
kHz. Despite the differential-input
configuration of these early amplifiers,
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the inverting configuration was pri-
marily employed, with the noninvert-
ing input used chiefly as a means of
balancing the amplifier so that both
input and output voltages were at
zero.

As digital computers became more
reliable and sophisticated, they took
over many of the processes previously
performed by analog computers. De-
spite this invasion, much of the periph-
eral equipment for digital computers
still uses operational amplifiers in
analog-to-digital converters which dig-
itize computer input information from
some type of analog sensor. Com-
puter outputs are then processed by
digital-to-analog converters (also us-
ing operational amplifiers) which
either provide readout or actuate con-
trol equipment.

Today, the emphasis on the opera-
tional amplifier is outside the com-
puter field in applications such as
filters, comparators, multistable cir-
cuits, level shifting, buffering, video
processing, or functions requiring a
voltage-gain block that will minimize
input and output level-shifting prob-
lems. Some of the reasons for the
popularity of the monolithic opera-
tional amplifier are the lower cost, im-
proved performance, and stability of
the monolithic integrated circuit. De-
signers can now more easily achieve
a performance determined by external
feedback components, rather than hav-
ing the amplifier parameters determine
the circuit performance.

What is an operational amplifier?

The basic operational amplifier con-
sists of a differential input stage fol-
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lowed by a gain stage and an output
stage. (Table I lists some basic oper-
ational-amplifier terms; material in
quotation marks shows EIA defini-
tions.) From the standpoint of closed-
loop stability, the number of stages
beyond the input differential amplifier
is usually minimized. This form is
essentially the same as that used in
later tube-type operational amplifiers.

Although monolithic construction im-
proves the pc-input offset-voltage drifts
by at least one to two orders of magni-
tude, lower drift rates are sometimes
required. In these instances, chopper-
stabilized amplifiers are usually em-
ployed. In this system, the input is
alternately disconnected from the
source and returned to ground to es-
tablish a zero reference for the signal
that can then be Ac-amplified and de-
tected by similar means to provide syn-
chronous signal detection. Fig. 1 shows
a block diagram of the system. Because
the upper frequency in the pc portion
of this system is limited by the chop-
ping rate, wideband Ac amplifiers are




Table 1—Operational amplitier terminology.

Input offset voltage (Vio): “The pc volt-
age which must be applied between
the input terminals to force the quies-
cent bc output to zero or other specific
level.”

Input bias current (I,): “The current into
the input or the average currents into
the inputs for the purpose of establish-
ing the quiescent or balanced state.”
This current is usually associated with
bipolar input transistors. When junc-
tion field-effect input transistors are
used, this current is more closely allied
with input-gate leakage current; in the
case of insulated-gate field-effect tran-
sistors, it is associated with the gate-
protection diodes. A point to remember
is that if the field-effect input circuit is
not carefully designed and fabricated,
the input current of these stages may
exceed low bipolar input currents at
elevated temperatures.

Input offset current (I0): “The differ-
ence between the current into the input
terminals of a differential-input ampli-
fier for the purpose of establishing the
quiescent or balanced state.” This pa-
rameter is associated with the beta mis-
match of the input transistors and
usually is about 10% of I..

Common mode rejection (CMR): This
effect is the quality of a differential
amplifier to reject or discriminate
against a signal applied to both input
terminals of a differential amplifier or
operational amplifier.

Common-mode rejection ratio (CMRR):
“The ratio of the differential voltage
amplification to the common-mode
amplification.” This expression may be
given as a ratio of Avp/Avc or, in dB, 20
logwAvn/Ave where Ayp is the differen-
tial voltage gain and Ayc is the com-
mon-mode gain. As an example, an
amplifier with a differential voltage
amplification of 100,000 and a com-
mon-mode amplification of 0.01 has a
ratio of 100,000/0.01=10°, or 140 dB.
Alternately, this ratio may be con-
sidered in terms of the equivalent dif-
ferential signal that would appear
across the amplifier input as a result of
the common-mode signal. In this case,
for a 10-V common-mode signal, the
apparent differential signal would be
1uV.

Common mode input voltage range
(Vier): “The range of common-mode
voltages which, if exceeded, will cause
the total harmonic distortion to exceed
a specified maximum value.” When the
common-mode input signal is within
the common-mode voltage range, the
amplifier-output signal is quite low, as
explained above. As the input signal
approaches the extremes in the com-
mon-mode voltage range, either the
constant-current source or the differen-
tial amplifier saturates and generates a
non-sinusoidal output for a sinusoidal
input; thus, harmonic distortion may
be used as a criterion. Another way of
specifying this parameter is in terms of

degradation of the common-mode rejec-
tion ratio. A 6-dB degradation should
vield similar results, because the rise in
the amplifier output is extremely rapid
once the range is exceeded.

Slew rate (SR): “The time rate of change
of the closed-loop amplifier output volt-
age for a step-signal input. Normally,
slew rate is measured for the largest
input step for which the amplifier per-
formance remains linear with feedback
adjusted for unity gain.” Because slew
rate is a direct function of amplifier
phase compensation, the feedback con-
dition requiring the highest compen-
sation is the worst case for slew rate.
The unity-gain voltage-follower config-
uration feeds back the entire output
signal and thus requires the largest
value of compensation components.

sometimes used in conjunction with the
pc system to provide a stable broad-
_band amplifier.

Methods for signal chopping vary
widely from mechanical choppers or
switches (used before operational
amplifiers) to voltage-variable or light-
variable resistors. MOS transistors are
used in this application because they
exhibit high on-to-off resistance ratios.
Most of the operational amplifiers in
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Fig. 1—Chopper-stabilized amplifier.

this category are of the inverting con-
figuration.

Another variation of the chopper-
stabilized amplifier is the varactor-
bridge configuration, in which the
input-signal voltage modifies the
capacitance of a balanced pair of var-
actor diodes. The signal is then Ac-
amplified and the output is again
detected, usually synchronously. Al-
though input offset-voltage drift is
comparable to that of standard differ-
ential amplifiers, lower input-bias
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current and drifts are the major ad-
vantages of this configuration.

Monolithic operational amplifiers

The first operational amplifier intro-
duced by RCA was the CA3010 series.
This operational amplifier, shown in
Fig. 2, provides a moderate voltage
gain of about 60 dB and can be oper-
ated with symmetrical power supplies
from 3 V to £6 V with a fully-com-
pensated unity-gain frequency greater
than 12 MHz. The improved perfor-
mance and lower cost of this circuit
made it quite popular. Later, as Ic
processing improved and the break-
down voltages of 1c transistors in-
creased, the CA3015 was generated
from this chip. Further processing
improvements made it possible to
increase transistor beta, reduce input
current, offset current, and offset volt-
age, and further extend the type into
“A” versions for the higher-beta de-
vices. From this basic chip, sixteen
types have been generated to accom-
modate various packages, high- and
low-voltage types, and high- and low-
beta types.

One of the first linear integrated cir-
cuits to use P-N-P lateral and substrate
transistors was the Fairchild pA709
operational amplifier. This amplifier
provided improved performance in
terms of level shifting and wider input
common-mode voltage range and out-
put swing. Because of the poor gain-
bandwidth product of the P-N-P tran-

sistors, however, the upper-frequency
response of the amplifier deteriorated.
The unit operated from symmetrical
*+15-V supplies with higher open-loop
voltage gain, but a somewhat limited
output-current capability.

In December 1967, RCA introduced
the CA3033A operational amplifier,
shown in Fig. 3, which could be oper-
ated from *15-V supplies. In addition,
a CA3033 was introduced for +12-V
operation. The output-current capabil-
ity of these devices represented a
marked improvement over that of the
#A709 amplifier and was in excess of
60 mA from the push-pull class-B out-
put stage. In addition, input-bias cur-
rent reduced to 200 nA. Because of the
output-power capability of the CA-
3033, the unit has been designed into
many control systems in which the
extra output power is used to drive
small servo motors and other power
devices.

All of these operational amplifiers
have some disadvantages. First, they
are not short-circuit proof. Because of
the extreme high power output of the
CA3033, no output short-circuit pro-
tection is provided. The CA3015 and
#A709 operational amplifiers tolerate
momentary shorts but cannot limit
output-stage dissipation under sus-
tained shorts. In addition, all of these
amplifiers will latch in the voltage-
follower configuration if the nonin-
verting input is allowed to saturate.
The actual mechanism of this latch is

straightforward. Once the inverting
transistor has saturated, that transistor
no longer functions as an inverting
stage, and the former negative feed-
back becomes positive. With the addi-
tion of external components, this latch
condition may be eliminated.

To overcome some of the problems
associated with operational amplifiers,
National Semiconductors, Inc. de-
signed the LM101 operational ampli-
fier. This circuit overcomes some of
the previous design limitations. With a
moderate degree of complexity, the
LM101 provides output short-circuit
protection by limiting the output cur-
rent and allows latch-free operation by
extending the input common-mode
voltage range so that the input differ-
entials cannot become saturated. In
addition, the use of an N-P-N/P-N-P
combination for the input amplifier
provides much higher input break-
down voltages. This circuit provides
a two-stage design, with phase com-
pensation accomplished by a single
external capacitor. This improved
input differential stage served as the
basis of a new Fairchild operational
amplifier, the pA741, that offers a good
compromise between complexity and (
performance. This device is also manu-
factured by RCA as the RCA-CA3056
and CA3056A. These devices have
the advantages of the LM101 front-
end design plus the phase-compensa-
tion capacitor built on the chip.
For simpler lower-frequency designs,
therefore, only the addition of exter-
nal-feedback components is required
for circuit operation. Although this
circuit has an advantage in applica-
tions that require only a limited lower-
frequency response, it has limitations «
at higher frequencies, where the gain
is low because of the internal phase
compensation. Fig. 4 shows the gain
vs. frequency curves for the compen-
sated CA3056 and the pA741 series
of operational amplifiers as compared
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to that for the CA3029 amplifier series
also compensated for unity gain. The
CA3029 has considerably more gain
and thus greater accuracy at the higher
frequencies.

In digital-to-analog converters, it is de-
sirable to reproduce the required ana-
log outputs at rates comparable to
modern-day digital speeds. In many
cases, therefore, the converter must
operate at many megahertz to portray
the digital output accurately. As a
result, efforts have been made to
improve the large-signal amplifier-
response speed. The term used for this
effect is slew rate, or the rate of change
of the amplifier output with a step
input. Magnitudes for slew rates of
present monolithic operational ampli-
fiers with diode isolation (as opposed
to dielectric isolation) are in the order
of 30 to 50 V/us. Hybrid designs have
slew rates between 1000 and 2000
V/us.

Although high slew rates are desirable
to improve response, settling time
must also be considered. Although the
amplifier output may move towards
the required level quickly, the high-
frequency gain determines the time
and accuracy in which the output
reaches that level. Fig. 5 shows a curve
of slew rate for a sinewave signal in
terms of frequency and amplitude.
These curves actually represent the
maximum rate of change of a sine
wave going through zero crossing.

Another important aspect of high-
slew-rate amplifiers is the driving cur-
rent capability. Fig. 6 shows a curve
of slew rate as a function of available
driving current for various load ca-
pacitances. From this curve, it is
evident that high driving-current capa-
bility must be available in high-slew-
rate amplifiers if the amplifier is to
drive any reasonable capacitive load.

Future

New developments will undoubtedly
provide new and improved monolithic
operational amplifiers. For example,
the use of super-beta transistors will
help to raise input impedances by at
least two orders of magnitude. In addi-
tion, insulated-gate field-effect tran-
sistors will be used on the input stages
of some of these amplifiers to provide
high input impedance without the
high-temperature leakage associated
with junction field-effect transistors.

Increased supply-voltage ranges will
also be available in magnitudes
comparable to those of tube-type
operational amplifiers. In line with in-
creased voltages, increased dissipation
capability will result from advances
in both packaging and integrated-
circuit design. Higher output currents
will also be available.

Higher speeds are also expected, with
slew rates in excess of 1000 V/us at
reasonable gains. The limitation in
this case involves the external isola-
tion of input and output signals.

Offset-voltage drifts in the single dif-
ferential-amplifier configuration (no
emitter-follower inputs to_the differ-
ential) are in the order of one to two
microvolts per °C. It is not unreason-
able to expect one to two orders of
magnitude improvement in this char-
acteristic without resort to self-heating
and temperature-sensing on the chip.
These improvements will result from
both processing and design innova-
tions.

One of the most significant advances
in the field of operational amplifiers
is the operational transconductance
amplifier [see “The operational trans-
conductance amplifier—a new circuit
dimension” by C. F. Wheatley, Jr., in
this issue]. The techniques used to
eliminate the level and frequency-
restricting resistor in the 1c design,
coupled with the available gating and
switching options, promise entirely
new families of both operational volt-
age amplifiers and operational trans-
conductance amplifiers. This ability
to control the amplifier characteristics
over many decades of current is excit-
ing and opens new areas of applica-
tion that were not previously available
to designers.
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Design considerations for a
monolithic sense amplifier

J. P. Keller

A sense amplifier can be described as an interface circuit that connects the storage
elements of a memory to the logic output elements of that memory. By this descrip-
tion, a sense amplifier can have a wide range of input and output requirements,
depending on the type of application. There are some characteristics, however,
that are important in all memory systems, including the ferrite-core memories dis-
cussed in this paper. These characteristics are threshold uncertainty, propagation
delay, amplifier-overioad recovery, input common-mode characteristics, and supply-
voltage insensitivity. This paper discusses design considerations for a monolithic
sense amplifier and demonstrates techniques for optimizing all these important

performance characteristics.

HE SIMPLIFIED BLOCK DIAGRAM

of a typical ferrite-core memory
subsystem shown in Fig. 1 illustrates
the location of the sense amplifier in
the digital-computer memory organi-
zation and indicates the amplifier per-
formance requirements. When a read
command (to read a core) is sent
to the memory-address register, the
chosen x and y address lines are
selected. Although the selection tech-
nique depends on the memory organi-
zation, the most common organization
uses one core per bit so that the total
number of simultaneously sensed
cores is determined by the total word
length.

As shown in Fig. 2, each core of the
memory is threaded by two wires; one
wire is common to all cores in a row
and another wire is common to all
cores in a column. When a particular
core is selected, the sense amplifier de-
tects the presence of a one or a zero.
This information is then placed in the
memory data register, as shown in
Fig. 1. The time required for the in-
formation to move from the cores to
the memory data register is called the

access time. If the memory organiza-

tion is such that destructive readout
(prO) occurs, the information en-
tered in the memory data register must
be written back at the same memory
location. The time required to write
this information back is called the
write time. The sum of the read time
and write time is defined as the
memory cycle time and determines the
memory speed, i.e.: how fast another
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bit of information can be retrieved
from the memory.

Both reading and writing are carried
out by application of a current
through the wites that connect the
cores (x and y select lines of Fig. 2).
In a coincident-current-type memory,
for example, if this current exceeds
some value, I.,, the core is reset to a
stable magnetic condition that results
from its residual flux density (rema-
nence). Any selected core can be reset
by application of a current equal to
I./2 through one of the x-address
lines and I../2 current through one of
the y-address lines. The core common
to both x- and y-address lines is af-
fected by the x and y current sum and
is reset. All the other cores located on

either the x- or the y-address lines are

“half sclected” and produce an in-
duced noise voltage. The original
magnetic condition of a core may be
reestablished by reversal of the cur-
rent in the two selecting wires.

Reading is accomplished by connec-
tion of all the cores with a sense-line
winding that is routed to optimize the
signal-to-noise ratio. The sense line
may be wound through half the cores
in one direction and in the opposite
direction through the other half. In
this manner, stray voltages induced in
the sense line partially cancel out. Fig.
3 shows a typical threading of the
sense lines.

Any particular core is read by use of
a current, applied as described above,
to write a zero into that core. If the
core was in a one condition, it
switches to a zero condition. The
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switching core then generates a pulse
which is picked up by the sense line.
If the core is already in a zero condi-
tion, no pulse is generated.

In addition to the half-select noise
and the switching pulse, other signals
may be present on the sense line. A
large common-mode pulse may exist
as a result of the capacitive coupling
between the sense line and the se-
lected address line. Noise can also
exist as a result of inductive pickup
by the sense line itself. If the gener-
ated noise amplitude is sufficient, the
noise pulse may be recognized as a
one by the sense amplifier. On the
other hand, the amplitude of the one
pulse may be degraded to such an
extent that the sense amplifier detects
it as a zero. The sense amplifier must,
therefore, detect the difference be-
tween the disturbed one voltage and
the disturbed zero voltage and reject
other noise voltages picked up by the
sense line. The threshold voltage of
the sense amplifier needs to be ad-
justed approximately mid-way be-
tween the maximum disturbed zero
voltage and the minimum disturbed
one voltage, as illustrated in Fig. 4.




The input-voltage range between these
two limits is called the uncertainty
region. In this region, the amplifier
cannot always detect the difference
between a one and a zero. The uncer-
tainty region, therefore, must be mini-
mized as much as possible.

Because of the manner in which the
sense line is wound in the memory
plane (Fig. 3) a one signal of either
polarity is produced on the sense line.
The sense amplifier must be respon-
sive to bipolar (positive or negative)
signals indiscriminately, being sensi-
tive only to their amplitude. In addi-
tion, it must be able to withstand large
common-mode or differential signals
and recover quickly from this over-
load. During this recovery time, the
amplifier may or may not be opera-
tive. For example, in a 3D type of
memory, a large differential signal
appears just before read time. This
signal normally saturates the input
stage of the sense amplifier. Neverthe-
less, the amplifier must recover rap-
idly to detect and process the signal
generated by the switching of the
sensed core that follows the saturating
signal. The time at which the amplifier
has settled within 1% of its steady-
state value is called the differential-
mode recovery time. This time is an
important factor in the determination
of the memory-cycle time.

A large common-mode signal may also
be present at read time. It may have
an amplitude sufficient to drive the
input out of its linear range. The max-
imum common-mode range voltage
that the amplifier can be subjected
to and still detect and process a
small differential signal is called the
common-mode range.

For protection against the amplifier
firing of an output outside of read
time, the output digital gate or the
input analog amplifier (or sometimes
both) is gated from a strobe line so
that the system is enabled only during
the time a core is being read.

In the use of a multi-channel sense
amplifier featuring independent inputs
but a common output for all channels,
. additional gating is required to switch
the chosen input channel to an “en-
able” condition prior to read time, all
other channels being kept in their
normal inhibited state. An additional
advantage of this gating procedure is

that the amplifiers will not process sig-
nals outside the narrow “read” time
and thus will not be saturated by large
signals occurring outside the read
time and will have shorter recovery
time.

Monolithic-sense-amplifier
design requirements

In accordance with the previous dis-
cussion, a multi-channel monolithic
sense amplifier should meet the fol-
lowing list of requirements:

1) It should be as versatile as possible;

2) The design should meet a wide
variety of speed requirements;

3) The circuit should be suitable for
low-cost fabrication; -

4) The amplifier should be able to de-
tect bipolar signals;

5) The threshold should be adjustable
over a wide range of threshold voltage
(to meet the maximum number of re-
quirements with a single amplifier) ;

6) The threshold voltage should be
constant with temperature;

7) The threshold wuncertainty region
should be as small as possible;

8) The power supplies used should be
the type normally used in digital sys-
tem and the tolerance on these supplies
should be as large as possible;

9) The sense amplifier should include
provision for a gating signal to enable
the chosen amplifier channel and a
strobe signal for an eventual enable
signal to be applied to the output gate;

10) The bandwidth of the amplifier
should be sufficiently high to pass the
fastest risetime signals with as little
degradation as possible;

11) The amplifier should be able to
recover rapidly from large differential-
mode signals; and

12) The amplifier should be able to
handle common-mode signals as large
as possible.

TA5654 design philosophy

Fig. 5 shows a block diagram of the
RCA Dev. No. TA5654. This circuit
consists of an analog amplifier with
two differential input stages, a bipolar
detector, a DC restorer, a threshold-
voltage adjustment, a TTL output gate,
an output-strobe circuit, and input
gating circuits for channel selection.
In this design, only one sensing chan-
nel of the amplifier may be in the
enable condition at any given time.
Fig. 6 shows typical signal waveforms
of the sensing system. Of particular
interest is the fact that the amplifier
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can be gated ON just prior to signal
time and turned oFF after the signal
has been received. This procedure pre-
vents processing of the noise signals
present during the read-write cycle
and significantly decreases the sense-

amplifier recovery time because the
amplifier is kept out of saturation.
This amplifier can operate in systems
with memory cycle time less than
500 ns. :

Circuit description

A simplified diagram of one channel
of the TA5654 circuit is shown in
Fig. 7. During standby operation (not
gated), each input transistor (Q, and
Q.) conducts half of the I, current and
each diode (D. and D,) conducts half
of the I, current through transistor Q;,
which is biased at a base voltage of
—2.35 V. The base of transistor Q, is
set at —2.7 V by the channel-gate in-
put when in its logical zero (+0.4 V)
condition. ~

The channel gates are designed to op-
erate with DTL or TTL logic levels. The
bias on the base of transistor Q, keeps
it oFr and allows transistor Q;, to be
oN and draw I, current, as described
above. The current I, is adjusted to
1.2I, to reduce the input-stage gain
to zero and effectively block out un-
wanted noise (the diodes D, and D
present a low-impedance path) . When
the gate input is raised to a logical
one level, the base of transistor Q,
rises to —~2.4 V and turns Q, oN and
Q; orr. The current I, is therefore
shifted from transistor Q, to transistor
Q,, and through Q, to transistors Q,
and Q,. The input amplifier is then in
its high-gain condition and is ready to
process the sense-line signals. Because
the current through R, and R, is con-
stant at 15 (I,+1,), however, the oper-
ating point (and thus the biasing of
the following stages) does not change
as the input stage is switched from
zero to high gain. At the same time
diode D;, back-biases D and D,, and
thus reduces the capacitance at the
collector of Q, and Q. and allows
greater processing speed.

Speed

The above description indicates that
the input stage fulfills all the require-
ments for a sense amplifier and also
has high-speed capability. Part of this
speed results from the fact that the
input stage is already biased at some
given value. Because of this biasing,
the input stage reaches full collector
current in a shorter time than if it had
to start from zero current (if it were
completely cut off).

Bandwidth

The amplification section of the sense
amplifier includes two cascaded dif-
ferential amplifiers with emitter-
follower buffering between them. The
number of emitter-follower stages is
dictated by bDc-level considerations.
This buffering between the two ampli-
fier stages significantly increases the
bandwidth of the sense amplifier be-
cause a low-impedance source is pro-
vided to drive the Miller capacitance
of the second amplifying stage.

Temperature compensation

Each amplifier stage has emitter-
degeneration resistors to reduce and
control the voltage-gain variations
from channel to channel and unit to
unit. The biasing of the amplifier is
selected so that essentially constant
gain is obtained over the full tempera-
ture range usually required for mili-
tary equipment. In essence, the
constant-current biasing point, the
constant-current emitter resistor, and |
the current through the transistor are
selected so that essentially constant
gain is obtained regardless of tem-
perature.

Small-signal gain {
The small-signal gain of the amplifier
is set to a typical value of 66, and the
gain A is given by the following
expression:

R R
2(Vi~Vsrrey) g
RK R6
A= R R |
0.104 +0.66 (Va~ Vo) E:—+Té
R
(Vi— Vi) R_;

R
0.10440.66 (Va— Vsx/an) ——R’"
24

where Vi=V—[Rs/ (R«+Rs) ] and it is 1

assumed that Vewey=Vaewy. This ex-
pression is accurate to within a few
percent for the first stage of the RCA
Dev. No. TA5654; however, it pre-
dicts a voltage gain about 10 to 15%
higher than obtained for the second
stage, primarily as a result of the use
of a small-signal analysis for predict-
ing the circuit behavior.

The amplifier proper is terminated by

a detector consisting of two emitter-
followers (Q. and Q..) that perform &
an OR operation necessary to present
the appropriate signals to the gate that
follows. A double detector is required
to accommodate the bipolar nature of
the input signals.




DC restore and threshold adjust

The bc-restore and threshold-adjust
circuit consists of transistors Q. and
Q.. and the associated diodes and
resistors used to establish the bc oper-
ating point of Qs and Q. The thresh-
old of the sense amplifier depends on
the pc voltage at terminal 14. Because
resistor Rs, is much larger than R, or
Rs, changes in pc voltage at terminal
13 are reflected as changes in DC
voltage at terminal 14 through the
diode chain D, to Dy and the transis-
tors Q. and Q.. This change in pc
voltage results in an apparent change
of gain in the analog amplifier which
is reflected to the input as a change in
the threshold voltage.

The signal transmission from the de-
tector Q. and Q to the input of the
output gate can be explained as fol-
lows. An input to the sense amplifier
causes a positive-going signal at ter-
minal 1 which, in turn, causes a
change of pc level at terminal 14
through the 0.01-pF capacitor con-
nected between terminals 1 and 14.
This signal reverse-biases both Q., and
the base-emitter diode of Q... Simul-
taneously, the external capacitor
charges through resistor R, and the
voltage at pin 14 decreases. When the
input signal is removed, Q.. is turned
oN and the impedance at terminal 14
decreases so that the capacitor is rap-
idly discharged as a result of the
 emitter-follower action and the steady-
state DC operating voltage is restored
at terminal 14. Because the base of
transistor Q.. is driven from a low-
impedance source, the transient pro-
duced during the capacitor discharge
results in a negligible change of the
pc level at the base of Q,,.

Output gating

The output gate is similar to a stan-
dard TTL gate. Both the amplified
signal from the ferrite-core memory
_and the strobe line must be above the
gate threshold level before the output
transistor Q., will saturate. This out-
put transistor is capable of handling a
current of 10 mA with a saturation
voltage less than 400 mV. In terms of
temperature changes, the threshold of
» the output gate changes at a rate of
2Vss/°C. However, the overall sense-
amplifier threshold is maintained at a
constant value because the pc voltage
at terminal 14 varies as a function of
temperature. This effect is achieved

through the use of the diode compen-
sation chain D, through D,. The am-
plifier section, as noted previously,
has essentially constant gain with tem-
perature and requires no further com-
pensation.

Threshold uncertainty

Of all the factors affecting the proper
function of a sense amplifier, the input
thresholds are of paramount impor-
tance. For control of these levels, the
uncertainty region must not exceed
the specified limits of 3 mV around
the ideal threshold value of 17 mV.
This threshold uncertainty is caused
by the input offset current, the input
offset voltage, the gain variation, the
differential offset at gating, and the
insensitive region of the comparator
(the transition region). The contribu-
tion of these parameters can be evalu-
ated as follows:

Input offset current (R,=150
ohms, Bn i»=50,A8=10%) *0.5mV
Input offset voltage

(VBEl b VBE2 =1mV) +0.5 mV
Gain variations +2,5mV
Differential offset at gating

(change in I.) +0.5mV
Insensitive region of gate *1.0mV

Although a worst-case calculation in-
dicates an uncertainty band of £5 mV
rather than the =3 mV alloted, the
parameters causing this threshold un-
certainty band are all of a random
nature and their contributions would
normally be less than maximum and
not all in the same direction. It is
reasonable to assume a threshold un-
certainty with a standard distribution.
The threshold uncertainty expected
from such an assumption can be eval-
uated by calculation of the root-mean-
square value of the contributors:

(0.5*+0.5°+ 2.5+ 0.5+ 1.0°) %= £2.84 mV

This value satisfies the specifications.
The rMs value given above assumes
that a normal (Gaussian) distribution
exists and tHat the acceptable product
will fall within a one-sigma deviation.

In the allocation of uncertainties, the
contribution of the insensitive region
of the comparator (i.e., the transition
of the input-output of the TTL NAND
gate) was indicated as +1 mV maxi-
mum. Data obtained on the TTL gate
indicate that the transition region will
not exceed 120 (or =60) nfV. This
contribution is then *60/66=+0.92
mV where 66 is the amplifier gain.

Fig. 10—Typical waveform (gate-to-input propagation

time is 10ns/div.).

Fig. 11—Typical waveforms (gate-to-input propagation
time is 50ns/div.).

The maximum gain variation allowed
to meet a specification of +2.5 mV of
uncertainty is (2.5/17) (100)=
14.7%. Thus, the overall amplifier
gain should not vary by more than
15%. If it is assumed that resistor
ratios can be held to within 6%, the
amplifier gain variation should be
only 14%.

Experimental results

Fig. 8 shows the chip layout of the
RCA Dev. No. TA5654 two-channel
sense amplifier. The good layout sym-
metry of this analog amplifier is
immediately apparent. The chip mea-
sures 82X82 mils and undergoes a
standard analog monolithic Ic pro-
cessing.

Fig. 9 shows typical system intercon-
nections. Measurements show that the
typical input-to-amplifier-output prop-
agation time is 15 ns; the gate-to-input
turn-on time is 9 ns for a 50% input-
voltage overdrive. Figs. 10 and 11
show oscillograms of typical wave-
forms. The measured threshold volt-
age centers higher than expected (17
mV). This condition will be corrected
on future samples by trimming of some
low-value resistors which establish
current and gain levels.




Fabrication of AlO;,
COS/MOS integrated circuits

Dr. F. B. Micheletti | P. E. Norris | Dr. K. H. Zaininger

Operating integrated circuits have been fabricated using Al,O, as the gate insulator.
These circuits demonstrate a high degree of radiation hardening and prove the feasi-
bility of Al,O0, MOS technology. In this paper, the processing steps are described and

the important electrical properties are given.

N Metal-Oxide-Semiconductor
(MOS) devices, the dielectric film
used as gate insulator is an active, in-
tegral part of the device, and device
operation and characteristics are very
sensitive to its properties. Hence, in
mos technology, emphasis is placed on
the fabrication of this oxide rather
than on diffusion as in bipolar tech-
nology.

For a large number of non-critical ap-
plications, the currently commercially
available Mos units with SiO, gate
oxide are adequate. The processing is
now well under control and has been
reduced to a relatively straightforward
procedure. Excellent results have been
obtained with increasingly larger and
more sophisticated integrated circuits
so that low-cost large-scale integration
(Ls1) of Mos circuits offers consider-
able promise for the future. However,
for certain more critical requirements,
two major reliability problems have
been encountered:
1) The migration of minute traces of
impurities through the films (especially
at elevated temperatures and under
high field conditions) results in serious
drifting and changes in the device
characteristics;
2) Radiation also causes drift and/or
degradation in device characteristics
due to charge generation and trapping
in the oxide.
Recently, technological advances were
made that allow improved perfor-
mance of Mos devices in these areas
by utilizing aluminum oxide as the
gate insulator. Aluminum oxide made
by two different techniques has led to
significant improvements in resistance
to both bias-temperature stress and
radiation exposure.”’ These techniques
are:
1) Plasma anodization of AL*®, and
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2) Low temperature pyrolytic decom-
position® of Al-alkoxides.
Plasma-grown AlLO, shows, at present,
the most promise for cos/mos appli-
cations and will be the subject of this
paper. When used as the gate insula-
tor, it can lead to the following advan-
tages:
1} Low ion drift properties: This is
perhaps the most important gate in-
sulator charactetistic. ALOs resists ion
drift perhaps orders of magnitude bet-
ter than SiQ.. This means that Mos de-
vices made from it exhibit stability to
bias-temperature stress, a property that
manifests itself in two very practical
results: (a) ultraclean technology as
required for SiO. (state-of-the-art)” de-
vices would not be necessary (this
should reflect itself in the cost, yield,
and uniformity of Ls1 arrays), and (b)
Al O; could act as a junction seal and
encapsulant for both Mos and bipolar
LsI. A thin film of A.O; on a junction
or over an MOS device would act as a
passivation layer giving the equivalent
of a hermetic seal.

2) Radiation resistance: Measurements
made to date on MOs devices on single
crystal silicon show good radiation re-
sistance,"**® better than Si0,® and SisN.
devices.” This is important to arrays
that will be exposed to the radiation
fields of space or nuclear environments,
The reason for this improvement is
most probably connected with the par-
ticular defect structure of ALO..
Other important properties are sum-

marized in Table 1.

Plasma-anodization process

The technique of plasma anodization
of a metal to form the metal oxide is a
relatively new one and, to date, has
been primarily used to form oxides of
metals for thin-film capacitors. The
most prominent materials*® formed
have been ALO, and Ta,0,. In gen-
eral, it has been found that these in-
sulating films are amorphous with a
low dissipation factor and a high
breakdown strength.

Plasma anodization is carried out in a
vacuum system that has been modified

Table —Properties of plasma-grown ALG;

Relative dielectric
constant

Loss tangent
(f=100 kHz) 0.02

Surface-state
density 2% 10" states/cm™-eV

Index of refraction1.67 to 1.70

8.0 to 8.7

as shown in Fig. 1. The aluminized
silicon wafer is placed in a closed in-
sulating sample holder which has
openings for exposure of the front
surface of the wafer and for admission
of a contact lead. Electrical contact is
made to the back of the wafer with a
pressure contact jig. Once the sample
is in place, the system is evacuated to
1%10™ Torr and back-filled with dry
oxygen. The pressure is set at 0.3 Torr,
and a glow discharge is ignited be-
tween anode and cathode. The sample,
which is in the glow or ‘“positive
column” portion of the discharge, is
biased positively with respect to the
wall potential (defined as the poten-
tial which, when applied to a conduct-
ing probe in a plasma, reduces the
current flow to zero) . Because the wall
potential may vary considerably dur-
ing one anodization, depending on the
condition of the anode, it must be
monitored throughout the anodization.
This is accomplished by adding an
additional electrode to serve as a
plasma probe.

The growth rate of the oxide is greatly
dependent on the geometry of the
anodization system and is not always
linear with voltage. If the film is thick
enough so that it is not completely
anodized, the growth is self-limiting
in a fashion analogous to that of wet
anodization. Typically, the oxide is
observed to grow at 22A/volt—al-
though this can vary considerably
with the geometry of the anodization
system and the mode of operation.”
For mos applications, the aluminum
film must be completely anodized
since any free Al at the interface
would act as surface states. Hence, a
potential sufficient to anodize all the
aluminum must be applied. This po-
tential, however, must not be too high
or a thin film of SiQ. can be formed at
the silicon interface. The SiO. so
formed can cause electrical instability
(hysteresis in C-V testing) as well as
deterioration in the resistance to ion-
izing radiation. The presence of the
SiO, layer can be detected by ellipsom-
etry measurements which reveal con-
siderable deviation in the index of
refraction and measured film thickness
from that expected for ALO, alone
For the circuits fabricated in this in
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vestigation, good-quality ALO, films
on Si were obtained under conditions
listed in Table II. As shown in Fig. 2,
a constant current is maintained until
the desired voltage, indicative of a cer-
tain film thickness, is obtained. This
voltage is then held constant, and the
current is allowed to decay. The net
voltage on the sample is the applied
voltage minus the wall potential.

The utilization of the plasma oxide is
much more difficult for active device
configurations than for simple mos
capacitors because of the peculiar
etching characteristics of this oxide.
The most straightforward fabrication
scheme would be to chemically etch
the required geometrical patterns in
the oxide after its formation. How-
ever, upon exposure to hot phosphoric
acid (80°C to 180°C), the plasma-
grown oxide softens and eventually
peels from the substrate. Similar ef-
fects are observed upon exposure to
buffered HF. Hence, direct chemical
etching cannot be utilized at the pres-
ent. Thus, an alternate technique,
namely etching of the aluminum film
prior to anodization, was developed
and refined to allow device fabrication.

COS/MOS processing
The processing of the wafer proceeds
in the same manner as for the conven-
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tional SiO. unit up through step 6 of
Fig. 3. At this point, there are two
alternative schemes which can be uti-
lized depending on whether the
stepped SiO. is to be under or over
the ALO, layer.

In the first version, alternative A of
Fig. 4, SiO. is removed from the active
region only, leaving the stepped oxide
on the remainder of the wafer. The
wafer is then metallized (420A of
aluminum), contact holes are formed
in the aluminum film, and anodization
of this film is carried out under the
conditions listed in Table II.

In the B version, all oxide is removed
from the entire wafer. The wafer is
then metallized, contact holes are
formed in the aluminum film, and the
anodization is carried out in the nor-
mal manner. Finally, SiO, is deposited
and then densified at 800°C to 1000°C
before the desired stepped-oxide pat-
tern is formed.

In either version, the unit is com-
pleted by first removing the oxide
formed in the contact holes during the
anodization by a 30-second etch in
buffered HF, followed by an anneal at
350°C for one hour in hydrogen and
finally by forming the contact metal-
lization. The units are then electrically
probed, and acceptable units are se-
lected from the diced wafer and
bonded into 14-lead flatpacks for
testing; see Figs. 5 and 6.
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Critical process steps

Wafer preparation—The wafer must
be free of both particulate contamina-
tion and absorbed moisture prior to
aluminum metallization since either
can result in oxide defects (bubbles,
pinholes, etc.) which would cause
failure by electrical conduction. The
effects of moisture can be largely
eliminated by heating the wafer in an
inert ambient prior to metallization.
Particulate contamination is minimized
by careful cleaning immediately before
placing the wafer in the vacuum sys-
tem for metallization.

Table II—Typical plasma anodization param-
eters.

Pressure
V, (anode to
cathode voltage) 800 to 1100 volts

I, (plasma current) 40 to 60 mA
Aluminum thickness 420A

Initial sample current 0.3 mA/cm®
Final applied voltage 60 to 70 volts

Total time of
anodization

Al Os thickness

0.3 Torr (oxygen)

2 to 3 hours
640A
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Fig. 1—Plasma anodization chamber.

Aluminum deposition—Since the ox-
ide thickness is determined by the
thickness of the aluminum film, the
metallization must be accurately con-
trolled. This can be done quite easily
with a quartz crystal monitor. The
thickness is normally verified optically
by the Tolansky interference tech-
nique. This is important since over-
anodization results in the formation of
a thin SiO, layer at the silicon inter-
face and in some cases is responsible
for the appearance of oxide defects
(bubbles or other fine structures).

Measurement of sample voltage—As
indicated above, the effective voltage
applied to the sample is the supply
voltage minus the wall potential. The
wall potential is determined not only
by the plasma parameters but also by
the condition of the anode. During a
given anodization, the wall potential
increases in magnitude. In some cases,
for an anode which has been reused a
number of times, the wall potential
may vary by as much as 10 volts dur-
ing an anodization. Hence, the wall
potential must be monitored continu-
ously. This is achieved by a plasma
probe in conjunction with a high im-
nedance meter such as an electrometer
or nulling voltmeter. Errors result if
the input impedance of the meter is
below 10° ohms.

Control of current density—Control of
the current density is necessary to ob-
tain high-quality oxide in a reasonable
time. If the current density is too high,
especially as the growth approaches
the silicon interface, oxide defects
such as bubbles or fine grainy struc-
ture result. On the other hand, if the
current density is too low, the anodiza-
tion proceeds too slowly.

Effects of stepped oxide-—When the
ALO;, is formed over the stepped oxide
(as in version A of Fig. 4), additional
care must be taken to ensure that the
Fig. 3—Major processing steps
for complementary MOS inte-

grated circuits with thermally
grown Si0, channel oxide.

70 ¥ T T T

60 [~

ES 3
Q o

SAMPLE VOLTAGE (VOLTS)
o
Q

20

—o0.4

SAMPLE-CURRENT{mA)

L
0 20 40, 1} 80

1 £ L 1 o
100 120 180 160: 180

TIME: {MINUTES)

Fig. 2-——Variation of sample voltage and current with time during plasma anodization.

aluminum is completely anodized over
the SiO, regions. In version B, the
etching of the desired pattern in the
SiO, overlying the ALO, must be con-
trolled very accurately since buffered
HF attacks the ALLO;silicon interface,
causing the oxide to peel.

Removal of oxide from contact holes
—During the ancdization, 50 to 100A
of Si0, form in the contact holes. This
oxide must be removed by buffered
HF so that contact can be made to the
source and drain regions of the de-
vices. Because the buffered etch at-
tacks the ALQO,, photoresist is used to
protect the ALO, during this step.

Electrical properties

Both discrete N-channel units and
complementary-symmetry MoS invert-
ers (CD-4007) with plasma grown
ALO, as the gate insulator have been
evaluated. In general, a lower yield

and a reduction in device quality has
been found in comparing the discrete
ring-dot units with the individual mos
units on the CD-4007 circuit as sum-
marized in Table III. This is at-
tributed to the greater complexity of
the circuit over the discrete ring-dot
structure and in particular to difficul-
ties involving the formation of the
stepped oxide which was not utilized
for the discrete structure.

Typical transfer characteristics for in-
verter pairs on the CD-4007 chip are
shown in Fig. 7 together with the cur-
rent flowing from the power supply.
The schematic for these inverters is
shown in the insert to the Figure. The
characteristics of the plasma-grown
ALO, units are offset to the right of
those of the conventional SiO, units
due to the large threshold of the
N-channel units, and they are some-
what distorted due to contact resis-
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Fig. 4—Major processing steps for
utilization of plasma-grown ALO;.
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Fig. 7—Typical transfer characteristic of CD-4007 inverter for connection

input, which is the most severe condi-
tion for conventional SiO, units. These
results, together with tests under other
biasing conditions, show that plasma-
grown ALO, offers an increase in radi-
ation hardness by a factor of 50 or
more over SiO,.

Conclusions and recommendations

P-CHANNEL i 1
euanne - The results reported in this paper

clearly show two major achievements:

1) The first successful fabrication of
operating integrated circuits using

bones ' ALO. as gate insulator, thus proving

the feasibility of an AlLOsMos tech-
nology.
2) The first demonstration that the de-

N-CHANNEL gree of radiation hardening, expected
TEST UNIT

from Mos-capacitor data, has been
achieved in active device structures
and integrated circuits.

Considerable work remains to be

Fig. 5—Topological view of RCA CD-4007 dual done, especially in the areas of geo-

complementary pair plus inverter.

metrical pattern definition, optimiza-

tance. On the other hand, there is no tion of oxide properties and formation
appreciable current flow in either techniques, and active device fabrica-
steady state condition (V=0 or +10 tion. Once these difficulties have been
volts) as required in most cos/mos eliminated, and statistically significant
applications. With refinements in the results have been obtained, there will
processing, these characteristics be enough confidence in the ALO,
should be improved considerably. technology that it can be transferred
Small shifts (~0.5 volts) in these into an experimental line for fabrica-
transfer characteristics due to bias tion of integrated circuits. This can
temperature stress (150°C, 10 volts, 5 then lead to a radiation-resistant tech-
minutes) have been observed. How- nology for integrated-circuit capability.

ever, these are opposite in direction to
shifts caused by positive ion drift and Acknowledgments

are attributed to interface state effects. The authors would like to acknowl-
The units with plasma-grown oxide edge the assistance of C. Benyon,
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tion hardness. All units were bombard- ~ fabrication of the devices; D. Flatley
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Table [ll—Comparison of discrete MOS characteristics on CD-4007 and ring-dot test units.
Threshold  Field-effect mobility
Unit (volts) (cm®/V-sec)
CD-4007 plasma Al:O, N-channel unit +4.0+05 23
640A p-channel unit —2.0+05 46
CD-4007 Si0O: N-channel unit 20+05 102
1000A p-channel unit —1.5%05 144
Ring-dot plasma Al.O; N-channel unit 1.5%£05 150

shown in insert: solid curve for conventional Si0O: unit, dashed
curve for unit with plasma-grown A/:0s.
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Vapor deposited tungsten as
a metallization and
interconnection material for

silicon devices

J. M. Shaw | Dr. J. A. Amick

A procedure for metallizing and interconnecting silicon devices and integrated circuits
with tungsten is described. For this purpose, a chemical vapor deposition technique
involving reduction of tungsten hexafluoride is employed. Advantages of tungsten
metallization and high temperature properties of tungsten-to-silicon contacts are

discussed.

used material for the metalliza-
tion of silicon devices. It has the ad-
vantages of high conductivity and
excellent adhesion to silicon and to
silicon dioxide. It also forms low-
resistance ohmic contacts to Pp-type
and heavily doped N-type silicon. It is
easily deposited by evaporation tech-
niques and can readily be defined into
high resolution patterns. However, alu-
minum has several disadvantages:

ﬁ LUMINUM is the most widely

1) Because of the low melting point of
the aluminums-silicon eutectic (577°C)
and because of rapid diffusion of alumi-
num along grain boundaries, metallized
devices cannot be heated safely above
about 525°C.

2) Aluminum metallization exhibits
certain types of failure under electrical
stress, in part because of its low activa-
tion energy for self diffusion.' For cer-
tain power devices, this limitation, and
item 1) above, are undesirable.

3) Aluminum metallization is not satis-
factory when exposed to air during op-
eration of a device since it corrodes.

4) Successful multilevel metallization
of integrated circuits with aluminum
requires exceptionally precise control
of the processing sequence to avoid
high resistance aluminum-—aluminum
contacts and undercutting of aluminum
feed throughs.

To overcome these disadvantages, a
number of metallization systems have
been suggested. Perhaps the most suc-
cessful of these is the platinum sili-
cide/titanium/platinum/gold metalli-
zation used with beam-lead devices.’
This metallization system has partic-
ular advantages for preparing hermet-
ically sealed chips that must withstand
corrosive attack by atmospheric con-
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stituents. However, the number of
materials involved and the added pro-
cessing steps required make the metal-
lization system rather expensive. Mo-
lybdenum/gold metallization has been
suggested,’ but the processing equip-
ment is again expensive and inconven-
ient to use. Nickel is employed for a
number of large-area power devices
where adhesion to oxide layers is not
required but it is not generally satis-
factory for integrated circuits or for
small-geometry devices.

Advantages of tungsten

Tungsten offers a number of advan-
tages as a contact-metallization and
intraconnection material for silicon
devices and integrated circuits (see
Table I). With respect to thermal co-
efficient of expansion, silicon is more
closely matched by tungsten than by
any other elemental metal. Tungsten
contacts to heavily doped nN- and »-
type silicon are ohmic, and its resis-
tivity is only about 215 times that of
aluminum. It adheres well to silicon
and to silicon dioxide and can readily
be defined into high resolution pat-
terns. It is hard, not easily scratched
and is not attacked readily by aqueous
HF nor by atmospheric constituents.
The lowest melting point in the binary
system tungsten-silicon is 1410°C.
Tungsten does not diffuse readily into
silicon, and its activation energy for
self diffusion is one of the highest
known for metals. For these reasons, it
is especially suitable for power devices
and for multilevel metallization appli-
cations. We have therefore investi-
gated tungsten as a metallization
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material for silicon devices and inte-
grated circuits.

Deposition of tungsten films

Tungsten is readily deposited on sili-
con device wafers by chemical vapor
deposition from tungsten hexafluoride.
The adhesion of the films is excellent
if a suitable processing sequence is
employed. The deposition procedure
and devices prepared by this method
will be described in this paper.

Tungsten hexafluoride was chosen as
the source for tungsten because it is

-l

gaseous at room temperature (bp.é

17.3°C) making its handling easy. It is
readily available in high purity at low
cost and in large quantities. Further-
more, no lower-valence fluorides are
known.! On reduction, the hexafluor-
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ide is reduced smoothly to the metal.
Tungsten hexafluoride reacts with sil-
icon, on contact, at temperatures above
about 400°C according to the follow-
ing equation.

2WFs+3Si—>3SiF.T+2W

This reaction has been employed by
g Crowell, Sarace, and Sze’ to form
Schottky barrier diodes to silicon. If
the silicon is sufficiently heavily doped,
ohmic contacts can be made to either
P- or N-type material. For this purpose,
resistivities below about 0.1 ohm-cm
p-type, and below about 0.01 ohm-cm
¥ N-type have ben found satisfactory—
the more heavily doped, the better.

If tungsten hexafluoride is allowed to
contact silicon dioxide at this temper-
ature, the surface of the oxide is at-
tacked chemically. If the hexafluoride
is sufficiently dilute, the surface be-
comes almost imperceptibly textured,
and tungsten films subsequently de-
posited on such a surface adhere very
strongly. The texture of the surface
cannot be seen by the naked eye but is

visible if a finely focussed light beam
is allowed to impinge on the surface
and the surface is viewed at an angle
so that the scattered light can be seen.
Under these conditions, a very slight
haziness can be observed that is not
present in the unetched oxide surface.

When a silicon device wafer, opened
and ready for metallization, is exposed
to dilute tungsten hexafluoride at
about 700°C, the silicon regions
quickly and selectively become coated
with tungsten. In addition, the oxide
regions will be slightly etched. This
mild vapor etching helps to remove
any thin oxide layers over the silicon
regions, cleans the oxide surface, and
ensures that tungsten films (subse-
quently deposited on the oxide) will
adhere. To minimize undercutting at
the edges of openings, a chemically-
vapor-deposited silicon-dioxide layer®
covering the entire wafer can be em-
ployed. The surface of this oxide layer
is lightly etched with tungsten hexa-
fluoride as the first step in the metalli-
zation. The oxide is then patterned
with photoresist and contact areas are
opened through the oxide. The silicon
regions are subsequently metallized
with tungsten by contact reduction.

In the presence of hydrogen, tungsten
hexafluoride is reduced to metallic
tungsten at temperatures in the neigh-
borhood of 700°C according to the fol-
lowing reaction:

WFe+3H,—W+6HF!

By means of this reaction, tungsten
films can be deposited uniformly both
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on oxide and on (tungsten metallized)
silicon regions. In our work, these two
types of reaction—contact reduction
and hydrogen reduction—are used in
sequence.

The apparatus employed for this work
is shown in Fig. 1 and consists of a
simple fused-quartz deposition cham-
ber silimar to that employed for the
epitaxial growth of silicon. The sub-
strate is placed on a silicon-carbide-
coated carbon susceptor that has a
thermocouple inserted through one end.
This thermocouple controls the output
of an RF generator to give a constant
temperature in the block. A wafer is
cleaned, then placed on the susceptor,
and inserted into the deposition cham-
ber. The thermocouple is inserted, and
the reaction chamber is closed. After
purging the chamber for a few min-
utes with argon flowing at about 7
liters/min., the substrates are brought
to 700°C. At this point, a few cc/min.
of tungsten hexafluoride are intro-
duced for a period of a few seconds.
The change in the appearance of the
substrate wafer resulting from this
step is clearly visible. The silicon re-
gions become more metallic, and the
oxide thickness decreases slightly as
indicated by a change in the interfer-
ence color. The tungsten hexafluoride
is purged from the system and the
argon is replaced by hydrogen flowing
at about 10 liters/min. Gaseous tung-
sten hexafluoride is next introduced
into the reactor, a few cc at a time, and
deposition takes place on the heated
susceptor and the substrate. When the
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" CONTROLLER

Fig. 1—Apparatus for deposition of tungsten layers from tungsten hexafluoride.
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Fig. 2—Forward and reverse bias character-
istics of emitter-base junction in an experi-
mental tungsten metatlized transistor before
and after heat treatment: A) initial charac-
teristics; B) after treatment at 800°C. in Ar
for 12 min. in closed system; C) after treat-
ment at 900 to 950°C. for 20 min. in Ar in
closed system; D) after treatment at 850°C.
in Ar for 20 min. in open tube furnace un-
capped at open end. The a) curves are
reverse bias: 0.5 A/div and 1.0 V/div; the
b) curves are forward bias: 100 mA/div and
0.2 V/div. The emitter junction is about 1.5
microns deep.

desired thickness of tungsten has been
deposited, the tungsten hexafluoride
flow is terminated and the substrate
and susceptor are allowed to cool to
room temperature in hydrogen. At this
point, the hydrogen is replaced by
argon, and a few minutes later, the
substrate is removed from the reaction
chamber.

Characterization of tungsten layers

For tungsten layers up to about 0.5
pm in thickness, the surface is specu-
lar, corresponding to that of the sub-
strate. At thicknesses of about 1 um
or more, the surface becomes slightly
matte but is still very smooth. Thick-
nesses up to 5 um have been deposited
on silicon device wafers with no indi-
cation of cracking or separation of the
tungsten from the substrate wafer.

Fig. 3—Tungsten metallized, silicon nitride sealed
IG chip with solder bumps.

Table I—Characteristics of various metals used for metallization and interconnection.

: ; Melting
of thermaty . Ming . paint of
Temp. expansion Al o1 point Bulk resistivity eutectic
Metal Range (°C) T c (°C) at 20°C (ohm-cm) silicont
Al 0 to 600 28.7 600 2,26X10-¢ 577.2
22.5x10-%/°C
Pt —150 to 600 8.8x10-¢ 1755 10.5%10-8 830°C
Ni 0 to 550 15.7%10-8 1452 6.9%10-8 964
w 25 to 500 4.6 3370 5.5x10-¢ 1400
4.46x10-6
Mo 25 to 500 5.5 2620 4.8x10-¢ ~1400
Si 0 to 50 4.15x10-6 1430
25 to 600 3.6X10-6*

tSource: Research Triangle Inst., Durham, N.C.
Integrated Silicon Device Technology

Volume V Physical-Electrical Properties of Si, (July 1964)
tHausen, M. Constitution of Binary Alloys (Second Edition, McGraw-Hill, New York, 1968).

*From Wang, C. C., private communication.

The deposited tungsten films have a
resistivity of 6X10™° ohm-cm *10%,
the same _as that of bulk tungsten
within the error of measurement. Since
this resistivity is about 2.5 times that
of bulk aluminum, the thickness of
tungsten required for a given device
will be somewhat higher than that re-
quired with aluminum metallization.
In practice, however, the sheet resis-
tivity of evaporated aluminum films
rarely equals the bulk value. Tungsten
films having a thickness of about 1 um
have been found satisfactory for a
variety of experimental devices.

Vapor-deposited tungsten films are
hard, brittle, and very adherent. Probe
tips can be run across the pattern lay-
ers with no gouging out of metal. The
only evidence of probing is a slight
burnishing of the surface. Patterns can
readily be formed in the layers by elec-
tro-etching combined with chemical
etching in alkaline ferricyanide.

Tungsten contacts to heavily doped
silicon are ohmic and unaffected by
heat treatment in neutral or reducing
atmosphere at temperatures up to
900°C for a few minutes. Typical for-
ward and reverse characteristics for
the emitter-base junction of an experi-
mental tungsten metallized transistor
are shown in Fig. 2, both prior to, and
subsequent to, heat treatment. These
devices, having emitter-base junction
depths of .about 1.5 um, were heated
in argon at temperatures ranging up
to 900°C for periods up to 20 minutes
with no perceptible increase in the
forward resistance, nor any degrada-
tion of the reverse characteristics of
the junction.

If the hot metallized wafer is exposed
to air, the tungsten will oxidize and
the forward resistance of a transistor
will increase greatly (Fig. 2D). Care

must be taken to ensure that the tung-
sten is cooled to below 300°C before
it is exposed to an oxidizing ambient.
However, if the tungsten metallization
is sealed beneath a layer of silicon ni-
tride or silicon dioxide, oxidation of
the metal can be prevented and the
metallized units can then be heated in
air with no deleterious effects. Because
of the high-temperature properties of
the tungsten silicon contact, tempera-
tures of 850°C. or higher can be em-
ployed for the deposition of silicon
nitride. Alternatively, vapor deposited -
silicon-dioxide layers can be densified |
in neutral atmosphere at high temper-
ature if desired.

Tungsten itself is not readily bonded
and is not wet by solder. A suitable
layer of an interface metal is therefore
needed to permit interconnections to
external circuitry to be made. Metals~
such as nickel, platinum, copper, gold,
aluminum, and other materials can be
deposited by a variety of methods at
appropriate stages in the processing,
depending on the termination desired.
An example of a device formed with
solder bumps is shown in Fig. 3, while ‘
a device having wire bonds is shown
in Fig. 4.

The adhesion of the deposited tung-
sten to the silicon dioxide present on
device wafers was evaluated using an
Instron. For this purpose, a sputtered‘
platinum layer was first deposited on
the tungsten and then selectively de-
sputtered to leave 0.005-inch Pt dots
on approximately 0.005-inch-square
tungsten pads. Thermocompression
(nail head) bonds were formed withe
0.002-inch and 0.005-inch Au wires.
Vertical pull measurements showed
bond strengths typically between 8000
and 25,000 Ib-f/in* (or approx. 60-
180g on a 0.005-inch pad). Failure oc-



curred in the gold wire, at the Si0,-Si
interface or in the Si itself.

Extensive temperature cycling tests
have not been carried out, but no fail-
ures have been observed for glassed,
tungsten-metallized integrated-circuit
chips cycled five times rapidly from
dry-ice acetone slurry (—60°C) to
molten lead at 350°C.

Tungsten metallized devices

Both discrete transistors and inte-
grated circuits of the dual 4-input
emitter-coupled logic type have been
tungsten metallized and pc probed. Fol-
lowing pattern etching of the tungsten,
yields comparable to those for alumi-
num metallized factory products were
obtained. The circuits were subse-
quently coated with a 1500A silicon
nitride layer at 850°C. Next, openings
through the nitride—in the contact
pad regions only—were formed by
conventional silicon dioxide masking’
and photolithographic processing.’
Tungsten is attacked only very slowly
by hot phosphoric acid and the etching
time is not critical. Repeat pc wafer
probing at this point showed that no
degradation of the electrical .charac-
. teristics resulted from this processing
sequence. A number of these devices,
platinum metallized in the contact pad
region only, were mounted in flat
packs and bonded ultrasonically with
aluminum wires. The devices then un-
derwent final testing and yields were
found to be comparable to those for
aluminum-metallized factory products.
Finally, pull measurements were made
on the bonded chips. It was observed
that the failure mechanism was the
pulling apart of the aluminum wire at
an applied force of 6 grams, the same
as observed for aluminum metallized
product.

It has also been observed that, under
conditions leading to rapid aluminum
“swelling” for conventionally metal-
lized devices, the tungsten-metallized
units have not failed even after the
conclusion of several hundred hours
of testing.

Multilayer metallization

with tungsten

.Tungsten has a number of advantages
for the preparation of multi-level met-
allization. Crossover test arrays have
been constructed using tungsten for the
upper and lower metallization with
vapor deposited silicon dioxide densi-

fied at 800°C for 10 minutes in Ar
serving as the insulator. Appropriate
contact holes are etched through the
oxide layer down to the tungsten sur-
face. Since tungsten is inert to HF
containing etchants, this step is non-
critical. A second tungsten layer is
then vapor deposited and suitably pat-
terned. Examination of these cross-
overs showed that no high resistance
contacts were encountered (Fig. 5).
This is probably attributable to the
etching action of tungsten hexafluoride
on any thin silicon-oxide layer resi-
dues, and to the fact that tungsten ox-
ides are reduced to the metal at the
deposition temperature employed.
Shorting, or low voltage breakdown
through the densified insulator, has
not been observed. This is perhaps
partly because recrystallization of the
first tungsten metal layer does not
occur at the processing temperatures
employed. Consequently, there are no
“hillocks” present on the surface to
puncture the dielectric layer.

Conclusions

For the metallization of silicon de-
vices, tungsten has a number of ad-
vantages. It permits the fabrication of
transistors and integrated circuits that
can be passivated at high temperature.
In such circuits, the passivating layer
covers the .metallization pattern as
well as the active areas of the device
or circuit. Openings need then be
made only in the contact pad regions,
away from sensitive junctions. Tung-
sten to heavily-doped-silicon contacts
are ohmic and they are not degraded
by heat treatment.
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New technique for etch-
thinning silicon wafers

A. L. Stoller | Dr. R. F. Speers | S. Opresko

A novel technique for chemically thinning silicon wafers is described. Gas bubbles,
rising from the bottom of the etching vessel, impinge on a float-mounted wafer in a
random manner. When wafers are thinned with the apparatus and etch described,
wafers having smooth, biemish-free surfaces, and a thickness uniformity of 0.1 mil,
are obtained. A means of observing the light transmission through the wafer without
removing it from the etch is also provided. This enables the end-point to be determined
simply and accurately when wafers are being thinned to less than 1 mil.

0 FABRICATE certain semiconduc-
T tor arrays, it is necessary that
silicon wafers be uniformly thinned
from a normal wafer thickness (5 to
10 mils) to 1 mil or less. Examples of
such arrays are dielectrically isolated
structures™* and image sensor arrays.’

Normally, an isotropic acid etch (HF-
HNQO,) is used for this purpose. How-
ever, during the etching, bubbles of
gaseous reaction products, such as
NO,, form on, and cling to the surface,
leading to nonuniform etching. To dis-
lodge the bubbles, various agitation
methods such as a rotating breaker,
have been used, but it is difficult to
provide agitation while controlling the
flow pattern to give a uniform reduc-
tion in thickness over the entire wafer.

Described here is an etching appara-
tus and procedure which overcomes
this problem by providing a com-
pletely random agitation, resulting in
uniformly thinned blemish-free wafers
when used with the isotropic etch
developed for this purpose.

Apparatus

The apparatus consists of a Teflon
cylinder closed at the bottom and hav-
ing a Teflon screen rigidly mounted
just above the bottom. A suitable

gas is bubbled up through the etching

solution from beneath this screen, pro-
viding random agitation of the solu-
tion. The wafer to be etched is waxed
to the bottom of a Teflon cup, so that
it floats just beneath the surface and
the rising bubbles impinge upon it.
The wafer holder bobs about ran-
domly during etching.

Another feature of this apparatus is
a protruding overhang on the etching
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chamber where the light transmission
of the wafer can be observed so that
the end point of the etching can be
determined without removing the
wafer from the etchant. Figs. 1 and 2
show a cross-sectional drawing and a
photograph of this apparatus.

Etchant

Initially, the .etching solution used
with this apparatus was a mixture of
7% by volume of 48% HF and 93%
by volume of 70% HNO,, with N, as
the agitating gas. This combination
produced wafers that were uniform
in thickness, but whose surfaces were
often quite rough. Fig. 3a shows a
photomicrograph of a typical wafer
after etching with the HF-HNOgN,
systems.

At first, the agitating gas was thought
to be chemically passive. However,
further experimentation with several
gases and gas mixtures indicated that
certain gases .did lead to better sur-
face characteristics for the etched
wafer. Specifically CO,, CO and NO
yielded the most blemish-free surfaces,
while N,, O,, NO,, and Ar gave vary-
ing degrees of surface inhomogeneity,
implying that the gas agitant can play
a chemical, as well as physical role in
the etching process.

With the apparatus described above,
an etch solution has been devised that
produces smooth, chemically polished
surfaces (see Fig. 3b). The composi-
tion of the preferred etch solution is:

70% Nitric Acid
48% Hydrofluoric Acid
Glacial Acetic Acid 0.5 ml
Sodium Chlorite, NaCIO. 1.4 grams
Carbon Dioxide  bubbled through
the solution
at 0.5 liter/minute

90 ml
9.5 ml

Although it was found that NaNO,
could be substituted for the NaClO,,
the NaClO, is preferred. The NaNO,
imparts a reddish-brown color to the
solution and liberates reddish-brown
N.O, gas, making it difficult to observe
the light transmission of the wafers.
With NaClO, the solution is a pale
greenish yellow that does not obscure
the light transmitted by the thinned
silicon wafer.

The acetic acid was also found to be
necessary in order to obtain blemish-
free surfaces. However, if amounts
larger than 1.0 ml were used in the
preferred etch composition, a passiva-
tion layer formed which interfered
with the etching. Such passivation
layers have been previously reported’
and identified as a fluorosilicate com-
position.

Procedure

The three acids are mixed together in
the Teflon chamber, and the CO, gas
is turned on. The solid sodium chlor-
ite is added slowly and carefully, since
considerable frothing takes place when
it is added. When the frothing has
subsided, the wafer, mounted on the
float, is placed in the etch. The etch
rate, about 0.6 mil/minute, has been
found to be essentially independent of
the wafer orientation and resistivity.
The end point of the etching may be
determined by timing if the wafer
and mounting are not translucent. If,
however, the silicon wafer is being
thinned to less than 1 mil and the
mounting is transparent, the end point
may be determined by periodically
moving the float into the illuminated,
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overhang of the etching chamber and
observing the color of the transmitted
light. Due to the relatively gradual in-
crease of the absorption coefficient
) with an increase of the photon energy
for silicon’, the transmitted light
changes in hue as the silicon wafer is
thinned. With a 28-watt microscope
light for illumination, the transmitted
color ranges from crimson red for 0.9-
1.0 mil-thick wafers, to orange-red for
” 0.65-mil wafers, to yellow for 0.4-mil
(and under) wafers. With some prac-
tice, it has been possible to stop the
etching reproducibly to a tolerance
of £0.1 mil.

In this way, a thin wafer can be ob-
ained without removing it from the
etchant before completion. Such pre-
mature removal often leads to “stain
films” and poor surface quality. When
the etching is completed, the wafer is
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immediately flushed in distilled water
and removed from the float.

It is important that the mounting wax
be resistant to attack by the etching
solution, otherwise the decomposed
wax deposits on the wafer during
etching, thereby degrading the sur-
face. A pure paraffin wax (Bareco Be
Square 190/195 #1 white wax from
the Bareco Division, Petrolite Corp.,
Ardmore, Pa.) has been found satis-
factory.

Evaluation

An evaluation of the uniformity of
etching was_obtained by measuring
silicon wafers with a Proficorder [A
product of the Bendix Corp.] along
the same path, before and after etch-
ing. The wafers were (100) orien-
tation, 20 mils thick, 1.4 inches in
diameter, 3 ohm-cm N-type, Czochral-
ski-grown material, one side lapped,
the other polished. One wafer was
etched on the polished surface, and
another on the lapped surface. Etch-
ing times of 10 minutes were used to
remove approximately 6 mils of sili-
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con. Representative results of the Pro-
ficorder recordings before and after
etching are shown in Figs. 4a and 4b.

The etched surfaces of the wafers were
observed to be flat and specular with
a short range nonuniformity of 10 to
20 microinches, independent of the
surface finish of the starting wafer.
The long range deviation in wafer
thickness is typically =0.1 mil from
the original thickness. For the fabri-
cation of a variety of semiconductor
arrays, such as dielectrically isolated
structures, this is satisfactory.

Conclusions

An apparatus and an etchant have
been developed for the uniform chem-
ical thinning of silicon wafers. The
approach involves the use of gas bub-
bles impinging on the surface during
etching to ensure a continuous supply




Fig. 3—Etched Silicon surfaces (oblique,
lighting): a)—top left—etched with HF-HNO:
using N: bubbles; b)—bottom right—etched
with preferred etch using CO: bubbles,

of fresh etchant and the continuous re-
Fig. 2—Etching chamber. moval of reaction products. For sili-
con, a special etch has been devised
to obtain defect-free surfaces. Silicon
wafers, 114 inches in diameter, can
readily be thinned by 6 mils, while
introducing less than 0.1 mil non-
uniformity. When thinning silicon 4
wafers to less than 1 mil, visual deter-
mination of the end point to a toler-
ance of about 0.1 mil is obtained.
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An IC stereo preamplifier

M. B. Knight

The RCA-CA3052 monolithic integrated-circuit amplifier is an efficient high-gain, low-
noise circuit designed specifically for stereo preamplifier use. The complete circuit
consists of four amplifier segments, two cascaded in each channel, in a 16-lead dual-
in-line plastic package. This paper describes the basic amplifier characteristics of the
CA3052, especially as related to the demands of stereo-tape preamplifier applications.

HE pIvisioN of each channel of
the CA3052 into two amplifier
segments permits insertion of gain
control, tone control, or equalization
at a signal level compatible with good
signal-to-noise ratio and wide dynamic
range in an amplifier having large
overall gain. In a typical system de-
sign, the signal from a tape head is
inserted directly into an input; the
output of that segment is applied
through a frequency-response equaliz-
ing network of either the passive or
the feedback type to the volume con-
trol; the resultant attenuated signal is
applied to the cascaded output-
amplifier segment; and, if tone con-
trols that attenuate the reference
signal level are desired, the output-
amplifier segment is used for feedback
tone control or as the driver of pas-
sive tone controls.

Basic amplifier
Fig. 1 is a simplified schematic of
one amplifier segment of the CA3052.
The differential amplifier, Q. and Q.,,
has a single-ended output to an
emitter-follower, Q,,, that drives the
base of an output amplifier, Q,;. Direct
coupled feedback is provided from the
output amplifier to the inverting input
of the differential amplifier. Alterna-
tively, Q., may be considered as a con-
ventional amplifier that has feedback
applied to the emitter circuit through
an emitter-follower, Q,,. From either
viewpoint, the base of Q,, is a bC ref-
erence point to which the base voltage
Jof Q,; is compared and maintained at
nearly the same value by the feedback
circuit. The feedback circuit also sets
the collector voltage of Q. at a de-
sirable value (approximately half the
collector supply voltage) by proper
choice of the ratio of R, to R,. The
esign values are selected so that Q.
supplies most of the voltage gain;
Q. serves as a stable, low-distortion
output stage with a voltage gain
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(about 5) determined by the ratio of
the collector and emitter resistors.
Because of the internal feedback, how-
ever, the overall gain is very low
unless the impedance between the
base of Q,, and ground is reduced. An
external bypass capacitor, C,, and
series resistor, R;, establish the degree
of ac feedback desired.

Contrary to usual differential am-
plifier design practice, transistors
Q. and Q. are operated with unequal
currents; balance is not necessary be-
cause neither differential input nor
differential output is used. With a
fixed value of collector current in Qu,
the gain is maximum when the cur-
rent in Q. is made large compared to
that in Q.. The collector current of
Q. is determined in the operating cir-
cuit by the feedback system, which
sets the collector voltage of Q.. There-
fore, the current in Q,, is primarily a
function of the value of R,. For mini-
mum noise, the value of collector
current should suit the source imped-
ance and the desired frequency equal-
ization in conjunction with the “1/f
noise” characteristics of the transistor.
The proper current value for typical
tape-head impedances and equaliza-
tion, however, would require a resis-
tance value for R, excessively large
for integrated circuits. For this reason,
an emitter-follower input is added to
increase the input impedance, and to
match the source impedance to the
differential-amplifier transistors for
low noise (Fig. 2). The bleeding
of some current through the emitter-
follower Q, by way of Ry optimizes
operating currents for the source im-
pedance and frequency response of a
typical tape preamplifier. Although
the value of R,; is not critical, tests
showed that addition of this compo-
nent improved signal-to-noise ratio by
12 dB. Fig. 2 shows some further re-
finements of the basic amplifier. The
reference bias for Q,, is provided by a
temperature-compensated bleeder

Fig. 1— ( L
One CA3052 amplifier segment. Ry ¢
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from the collector supply; this al-
lows flexibility in the choice of the
collector supply voltage, despite some
sensitivity to imperfections in power-
supply filtering which would not be a
problem with a fixed reference volt-
age. Transistor Q,, is used primarily
to shift the pc level at the collector of
Q.,. The reason for connecting the col-
lectors of Q. and Q, to a tap on the
collector resistor of Q,; may not be
apparent at first glance. If the collec-
tors were connected directly to the Q,
collector, the output swing of Qi
would be restricted by the sum of the
base-to-emitter voltages of Q,; and Q...
On the other hand, if the collectors
were connected directly to the supply
voltage, a large-signal inversion and
latching problem would occur. As the
instantaneous driving signal to Qy
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swings in the positive direction, the
emitter current could be forced to in-
crease even after the Q,, collector cur-
rent became saturated. Because the
emitter-to-ground voltage would con-
tinue to increase due to excess positive
drive, the saturated collector voltage
would reverse its normal direction of
change, and the feedback -circuit
would then provide even more drive.
Moreover, when the instantaneous
collector-to-ground  voltage reached
the normal pc output voltage, the cit-
cuit would latch at this level and the
amplifier would be inoperative until
the voltage was removed and restored.

The feedback bleeder R, and R, is
temperature-compensated by diode D,
and its high resistance is further in-
creased by R, so that modest values
of bypass capacitance (C, in Fig. 1)
are practical. This choice, however,
represents some compromise. Because
the feedback resistor (R, in Fig. 1) is
a source of noise, an improvement of
as much as 3 dB in signal-to-noise ratio
can sometimes be obtained by use of
external components to reduce the im-
pedance of the feedback network.

In the complete CA3052 stereo pre-
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Fig. 4—Typical power-supply input currents
as a function of voltages applied.
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a2ewsez Fig. 2 (left)—Complete schematic diagram of CA3052.

amplifier, the circuit described above
is repeated in quadruplicate on a sili-
con pellet approximately 0.07 inch
square. Twelve terminals are provided
for input, output, and feedback
(inverting input) connections. Two
ground and two supply-voltage ter-
minals are provided to permit the iso-
lation and decoupling that may be
required for stable operation of the
cascaded amplifiers.

Tape preamplifier

Applications for the CA3052 can be
demonstrated by discussion of a pre-
amplifier for an automobile 8-track
stereo tape player. The external com-
ponents and connections are shown in
Fig. 3. The value of the coupling capac-
itors from the tape heads to the ampli-
fier inputs may seem large for coupling
a signal to a high-input-impedance
amplifier, but it is determined by the
need for the low circuit noise associ-
ated with a low source impedance. The
50-uF capacitors and the 75-ohm resis-
tors correspond to C; and R, in Fig. 1.
These components restrict the maxi-
mum voltage gain of the input-
amplifier segments to about 45 dB. The
0.22-4F capacitors and 200-chm resis-
tors provide a feedback circuit that
further attenuates the higher audio
frequencies to correspond approxi-
mately to the National Association of
Broadcasters standard playback fre-
quency response.

Although the preamplifier is stable
when a common supply voltage is
used for the four segments with the
inputs terminated, decoupling is often
advisable to ease the requirements on
power-supply impedance with regard
to filtering, channel separation, and

Fig. 3 (above)}—Complete preamplifier for 8-track stereo tape player showing
discrete components used with CA3052.

stability. Typical current drain is
shown in Fig. 4. In this example, the
supply to the input-amplifier segments
is dropped to six volts; the decoupling
circuit is inexpensive; the power input
to the 1c is small; yet the dynamic
range remains more than adequate.
The total current from the 12-volt
supply is 20 mA.

The outputs of the low-level segments ,
are Dc-isolated from the volume con- |
trols to avoid excess resistor noise |
which can result from direct current. y
In a test with one type of volume con-
trol, excess noise of about 10 dB was
produced by a current of 50 pA.
The tone-control of the original tape
player is left intact to demonstrate the
adaptability of the CA3052 to various
amplifier systems. The volume control
is coupled to the output amplifier seg-
ment through a capacitor that has a
relatively large value (as in the case
of the tape-head input) to maintain a |
small soutce impedance at all frequen-
cies and thus a good signal-to-noise 4
ratio. The maximum gain of either out-
put amplifier is limited to about 50 dB
by the 56-ohm resistors in the feed-
back circuits. Both gain values are
about 45 dB at the middle setting of
the 200-ohm balance control, and the‘
minimum gain is about 41 dB at the
extreme adjustments of the balance
control. This control system illustrates
departures from conventional cir-
cuitry possible with the CA3052.

Amplifier characteristics /
The effect of supply voltage on the
open-loop voltage gain—i.e., the gain
obtained with the feedback (inverting
input) terminal bypassed to ground—
is shown in Fig. 5 for a typical unit. |

8
™~

Fig. 5—Typical open-loop voltage
gain (feedback resistor Ry = 0) of
each segment as a function of DC
supply voltage.
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Fig. 6—Typical voltage gain of each ampli- Fig. 7—Typical total harmonic distortion; v segment operated at a
fier segment as a function of feedback resis- open-loop (solid) and with 12 dB of feed- voltage gain of 40 dB
tance (Ry). back (dashed). over the audio band

(about 13 kHz) as

Variations in units or surroundings
would have little effect on the closed-
loop gain, which is normally reduced
by feedback to 45 dB or less. The feed-
back resistance required for a desired
value of gain is shown in Fig. 6.

Output-signal capability and distor-
tion are major considerations in the
choice of supply voltage (gain is a
secondary consideration provided the
supply is greater than about 6 volts).
Typical values of total harmonic dis-
tortion (THD) as a function of output
voltage are shown in Fig. 7. The dis-
tortion data are given for open-loop
conditions because application of a
moderate amount of feedback reduces
the THD by the feedback ratio. The
dashed curve in Fig. 7 illustrates this
reduction for a feedback ratio of 4.
(The feedback of 12 dB yields a net
gain of 45 dB for the amplifier.)

The frequency-response characteristics
of the CA3052 are controlled at the
bass end primarily by the feedback
bypass capacitor (C, in Fig. 1) be-
cause a relatively large value of input-
coupling capacitor is required for re-
duction of low-frequency noise. The
audio spectrum, at least, is easily ac-
commodated. At the high-frequency
end, the open-loop response is down
3 dB at about 325 kHz and drops at
the rate of slightly more than 6 dB per
octave at higher frequencies. This
characteristic implies good inherent
stability against undesired oscillations.
Most cases of high-frequency oscilla-
tion are caused by capacitance cou-
pling from output to input. If such
capacitance is unavoidable in the cir-
cuit layout, a termination impedance
to reduce the high-frequency response
can be used to stop oscillation.

The noise generated in the tape
preamplifier must be weighted in fre-
quency content by the tape equaliza-
tion and by the response of the ear.
The frequency response of a test am-
plifier segment shown in Fig. 8 in-
cludes the tape playback equalization

and the standard “C” weighting fil-
ters. The use of a “B” filter, which
represents a more realistic weighting
for the subjective impression of low-
frequency noise, would improve the
data by about 4 dB. With a source
impedance of 1000 ohms, a typical
reading of noise output expressed as
an equivalent input signal at 1 kHz is
about 2.5 uV.

The noise generated in the amplifier
segment following the volume control
is also of interest because it degrades
the signal-to-noise ratio at low volume
settings. In this case, the amplifier fre-
quency response is basically flat
(unless modified by tone controls)
and data are measured for a frequency
band limited by a “C” filter (equiva-
lent bandwidth of about 13 kHz).
Fig. 9 shows typical noise output volt-
ages of an amplifier segment operat-
ing at a gain of 40 dB as a function of
input termination resistance. As a
point of reference, the theoretical
noise voltage generated by a 1000-ohm
resistance over this bandwidth is about
0.5 pV (50-uV output).

The input impedance of each ampli-
fier segment is typically about 90,000
ohms. This value is considerably
higher than needed for the tape-head
application, but is useful for amplifier
segments that follow volume or tone
controls and adds versatility for other
types of signal sources. The output
impedance is approximately equal to
the collector load of 1000 ohms when
the amplifier is in the open-loop con-
dition or Wwhen maximum output-
swing capabilities are considered. In
normal use, the small-signal output
impedance is reduced by the feedback:
typically about 140 ohms for an am-
plifier operating at a voltage gain of
40 dB (feedback of 17 dB).

The electrical separation of amplifier
segments is expected to be more than
adequate for most audio applications.
Even in the preamplifier described
above, in which segments are cas-
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caded, a 1-kHz signal in one channel
induces a signal in the other channel
that is lower in amplitude by more
than 40 dB at maximum gain (about
65 dB voltage gain); under these con-
ditions, the undesired signal is sub-
merged in noise. The fact that the
separation is not detectably worse at
10 kHz indicates that capacitance
coupling is no factor at audio frequen-
cies. The capacitances between leads
of the package and external wiring are
undoubtedly much greater than the in-
ternal capacitance couplings, but are
significant only at frequencies ap-
proaching 1 MHz. Other sources of
coupling, however, such as through
common ground and positive-supply
line resistances, can be high enough to
warrant measurement (ratios as low
as 20 dB when the overall gain is of
the order of 80 dB at low frequencies) .
Coupling of this degree can be avoided
in external wiring of complete ampli-
fiers by avoidance of common ground
resistances. The use of two positive-
voltage supply points in the CA3052
facilitates isolation of power-supply
impedances.

Conclusions

The CA3052 amplifier system de-
scribed compares favorably with other
systems in terms of low noise, low
distortion, and high stable gain. Versa-
tility in use of power supplies and
amplifier systems arrangements are ad-
ditional features of interest. The pri-
mary purpose of the design, however,
is to achieve good performance at
lower cost than with other systems.
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Maturation of a
chrome-photomasking
operation

H. A. Stern

Modernization and expansion of the chrome-photomask area is vital for the continued
progress of RCA’s solid-state business because the chrome photomask provides
many advantages over the conventional emulsion mask, such as improved edge
acuity, linewidth resolution, and wafer yield. The facilities initially used for chrome-
mask making had been sufficient for development of the technology but were con-
sidered limiting in the quantity and quality of chrome photomasks that they could
produce. The modernization program described in this paper changed the operation
from a laboratory/model-shop state to a technically sound production facility capable
of supplying chrome masks for immediate and future needs of RCA’s solid-state-

device customers.

HE CHROME PHOTOMASK is the

most recent and most popularly
accepted tool for the translation of
micro-imagery onto the silicon wafer
in the manufacture of solid-state de-
vices. This significant RCA develop-
ment has become a standard in the
microelectronic industry. In response
to the development by RCA of a metal
photomask that improved the edge
acuity of the micro-imagery on silicon
wafers, the RCA Photomask Opera-
tion provided laboratory and model-
shop facilities for the experimental
production of chrome masks. Dur-
ing the ensuing six-year period, the
chrome mask was improved to its pres-
ent state of the art in these facilities.

During 1968, a concentrated engineer-
ing effort was expended to establish a
technological base for an expanded
chrome-masking operation. Much of
the work was directed toward the in-
troduction of “good solid-state-device
practice”; that is, the institution of
known, well-documented, and tested
processes capable of performing the-
required action. Many important non-
technical factors had to be taken into
consideration—some of which were
more important than the basic tech-
nology developed. For this reason, this
paper discusses both technical and
philosophical considerations of
chrome-photomask manufacture and
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the interaction and relative signifi-
cance of each of these considerations.

Fundamental chrome-mask process

The basic steps in the production of a
chrome mask should be understood as
a basis for any in-depth understanding
of the need for process improvement.
The following list describes the fun-
damental steps currently followed to
produce a chrome photomask:

1) Obtain an acceptable glass substrate.
2) Clean the glass substrate.

3) Apply a 700-angstrom-thick layer of
chrome to the glass surface.

4) Apply a photoresist to the chrome
surface.

5) Select an acceptable emulsion photo-
repeater master or an acceptable
sub-master generated from the photo-
repeater.

6) Generate a chrome work master for
the purpose of manufacturing chrome
prints.

7) Place the photoresist-coated chrome
blank in contact with the chrome
master to which it is to be exposed.

8) Expose the system to an appropriate
light source for a predetermined period
of time.

9) Develop the exposed photoresist im-
age in the proper solvents to render a
clear image in the photoresist.

10) Harden the photoresist image by
an appropriate heating cycle.

11) Etch away the exposed chrome in
an etching solution which is compatible
with the resist.

12) Remove the polymerized resist in a
stripper capable of attacking the resist
in question.

13) Thoroughly clean the chrome mask
thus generated.

14) Submit the chrome mask for visual,
dimensional, and alignment inspection.
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he laboratory and its limitations

The chrome-photomask laboratory
was established in response to the
need for a technical competence in
chrome-mask processing. As so often
is the case, equipment selected for the
laboratory was wafer-processing
equipment modified to accommodate
glass plates. Several varieties of light
sources were employed for exposure
of the plates. The photoresist whirler
was of in-house construction and had
a relatively slow acceleration rate. The
general nature of the ambient air was
such that particulate contamination
was highly probable. Laminar-flow
hoods were employed over the photo-
resist operation only.

Within a relatively short time period,
the advantages of the chrome mask
were demonstrated, and the laboratory
facilities were converted to a model-
shop activity whose mission it was to
generate chrome masks for production
evaluation. Some attempt was made
to improve the facilities in the con-
verted laboratory. The printing station
was standardized with a 600-watt Sun
Gun [Sylvania tradename] positioned
at a fixed distance from the exposure
frame; the entire apparatus was placed
in a laminar-flow hood to improve the
air environment. As the demand on
the model shop increased, additional
facilities were installed. In time, how-
ever, the overcrowded conditions at
the sinks, the rapid cycling of the
chrome-deposition equipment, and the
crowded conditions at the printing sta-
tions began to take their toll in quality
of product and the total production
yield.

The technician in the laboratory be-
came the technician in the model shop,
and, as time progressed, additional
technicians were added to the staff.
These technicians can be generally de-
scribed as well-trained experimental-
ists; people trained to innovate who,
in general, scorn routine. Each techni-
cian soon became skilled in his ability
to generate chrome masks, but each
had his own specific technology for
doing so. It became fashionable to
speak of one’s “bag of tricks” in mak-
ing chrome masks and, unfortunately,

ne technician was held in higher es-
teem than his colleagues because of his
superior “bag of tricks.”

The lack of standardization, combined
with obsolete facilities in an over-

crowded work area, appeared to be
stifling a promising new technology. It
was in response to these conditions
that the effort described here was
undertaken.

Process improvements

During a year of engineering study of
the chrome-photomask area, many in-
dividual steps in the process of mask
generation were critically reviewed.
In some cases, an immediate change in
the operation was indicated and was
immediately implemented. In other
areas where necessary improvement
was indicated, the solution to the
problem was long in coming. The de-
scription of process improvements will
be presented according to the logical
sequence of steps used in producing a
chrome mask rather than in the se-
quence of chronological events that
occurred during the year’s study of the
chrome-photomask area. The degree
of difficulty in achieving these im-
provements will become apparent in
the discussion.

The glass substrate

A new glass substrate has been se-
lected to receive the chrome deposit in
the chrome-masking operation. The
chrome-mask production was origi-
nally started with Corning 7059
barium aluminum borosilicate glass
because it provided desirable advan-
tages as a substrate for chrome deposi-
tion; it was hard, and the surface was
free of physical damage and resistant
to abrasion. The surface of 7059 glass
was easily cleaned and accepted the
chrome deposit readily with excellent
adherence. Its only disadvantage was
its unacceptable flatness. The glass ex-
hibited a bow and warp that was in
excess of 2 mils/in. In addition, the

FLATNESS OF SELECTED 7053 CORNING GLASS
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Fig. 1—Distribution data for degree of bow and warp in

Corning 7059 glass.

tighter, more and more chrome masks
printed on the 7059 glass with the
1-mil/in. flatness specification failed
to align. Glass selection or culling
served as an interim solution to this
problem. The acceptable flatness spe-
cification was tightened; first to 0.7
mil/in., then to 0.5 mil/in., and fi-
nally to 0.3 mil/in. It is apparent from
Fig. 1 that the acceptance level of glass
substrates dropped from about 90% to
about 30% for 0.3-mil/in. flatness.

The search for a consistently flatter
glass substrate started early in chrome-
mask technology development with
the realization that the Corning 7059
glass was inadequate. Soda-lime glass
was immediately recognized as a solu-
tion to the flatness problem. This glass
could be easily supplied to a specifica-
tion which would permit a bow or
warp no greater than 0.5 mil/in.
The surface condition of this glass,
however, was totally unacceptable for
chrome masking because of scratches,
digs, and other surface damage. The
decision was made to continue with
the use of the Corning 7059 glass in
spite of its flatness problem. As a
result, considerable difficulty was en-
countered in mask alignment.

Early in 1968, a concentrated effort

surface exhibited a ripple that could

be as great as 0.1 mil in depth. Fig. 1
shows distribution data for the degree
of bow and.-warp of Corning 7059
glass. At first, the excessive bow and
warp of the glass did not seem serious
because glass substrates with 1-mil/in.

bow were of adequate flatness for §

most applications, and solid-state de-
vices were designed with large toler-
ances. Because the device designs
were large and simple, the problem of
alignment of the various parts pre-
sented little difficulty. However, as
device designs became more critical
and dimensional tolerance became

Fig. 2—The interferometer used for measuring substrate flatness.
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Fig. 3—The glass-cleaning operation.

was made to successfully employ a
soda-lime glass as a chrome substrate.
The chrome-masking industry was
surveyed and was found to be using
soda-lime glass substrates exclusively.
These substrates were being culled
from glass shipments at a 20 to 40%
yield level.

When it became known that a major
glass supplier was providing glass sub-
strates to members of the photomask-
ing industry, quantities of 1,000
pieces/month were ordered for evalu-
ation, A check on flatness indicated
that the bow of the glass was well
within the 0.5-mil/in. specification.
However, visual inspection of the sur-
face showed a 57% defective level on
the first shipment, a 68% defective
level on the second shipment, and a
70% defective level on the third ship-
ment. A further reduction in yield was
experienced in each shipment after
the chrome blanks were quality
inspected and additional surface
scratches and other imperfections be-
came apparent. This glass supplier
was ultimately abandoned as a source
of glass substrates for chrome blanks.

Many vendors submitted samples of
glass for evaluation but, in almost
every instance, the severity of the
surface-defect problem was underesti-
mated by the vendor.

A group of vendors did, in fact, sup-
ply soda-lime glass that met both the
flatness and surface requirement. In
every case, however, the glass had
been specially treated to provide a
defect-free surface. The process of-
each company was proprietary, but in
every case, mechanical and/or thermal
polishing was suspected; the cost of

treatment. Firms providing these sam-
ples

Physics, Owens-Illinois Glass Com-
pany.

Only the Lustron Division of Ameri-
can St. Gobain Glass Company was

Fig. 4—The
cedure.

these substrates reflected the special

included: Laboratory Optical -
Company, O & S Research, Spectra- |

fin

able to supply a soda-lime glass sub-
strate which was reported to be a vir-
gin surface that met all flatness and
surface requirements. Lustron soda-
lime glass is drawn in such a manner
as to render its surface less susceptible
to mechanical damage during cutting
and handling operations. The process
includes the deposition of a low co-
efficient of- friction surface by means
of a vapor-deposition process. The
specific process is considered proprie-
tary by the American St. Gobain
Company.

The Lustron soda-lime glass became
the standard substrate glass for
chrome-blank manufacture in the later
months of 1968. The rejection of
chrome masks due to alignment run-
out was virtually eliminated because
of the improved flatness. The avail-
ability of scratch-free Lustron glass
did not totally eliminate visual defects
in the completed chrome mask, and
because the glass was coated with a
protective film, an extraordinary effort
was required in the cleaning of the
substrate prior to chrome deposition.
In addition, each shipment exhibited
pits and gouges in the glass to varying
degrees; this type of defect is more
difficult to detect than are the
scratches, and represents a major
source of trouble.

Previous mention has been made of
the successful use of polished glass
substrates in chrome photomasking; a
properly polished glass substrate re-
solves the major problems encoun-
tered in drawn or rolled glasses. The
polishing process can provide a sur-
face free of mechanical damage; i.e.,
free of scratches, pits, and the like. In

Fig. 6—Mechanical fixturing used with the vac
system.

| step in the glass-cleaning pro-
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addition, the polishing process can
provide a surface flatness that exceeds
the best flatness available from virgin |
glass. Two-inch-square glass plates can
be routinely ground and polished to a
flatness well within 0.050 mil/in. Pol-
ished soda-lime glass plates have been
evaluated and found to be quite suit-
able for a chrome-blank substrate; the
polished surface, however, is subject
to handling damage as is any soda-
lime surface. The increased cost of ob-
taining polished soda-lime glass was
not justified in light of the overall
good quality of the Lustron glass
source.

The many advantages attributed to the
borosilicate “Pyrex type” glasses could
become available if only the flatness
problem were resolved. [Pyrex is a
trademark of the Corning Glass
Works.] In this area, grinding and-+
polishing could serve to great advan-
tage. Glass-polishing companies have
been contacted and are being asked to
provide production quantities of pol-
ished “hard” glasses at reasonable
prices to serve as chrome-blank sub-
strates. The problem of measuring‘
flatness was resolved with the pur-
chase of an interferometer which al-
lows the measurement to be taken
without directly contacting the sam-
ple; Fig. 2 shows the instrument.

The cleanliness of the glass substrate‘
prior to chrome deposition establishes |
the quality of the chrome blank pro-
duced. It is, therefore, important to
have a technically sound cleaning
procedure established that can remove
the soils that would inhibit chromed
film formation.

The common substrate-cleaning pro-
cedure in use early in 1968 was tedi-
ous and difficult to justify technically.
Where some aspects of it were sound,

| other aspects were ill-formed and &

waste of time. The cleaning procedure
was modified to include the use of the
well-documented cleaning agent am-
monium hydroxide in combination

Fig. 5—The high-

+ vacuum system used for

chrome deposition.




original whirler.

with hydrogen peroxide; references
dating back to 1958 describe the use
of these materials for cleaning glass.’
herefore, about mid-year in 1968, a
batch, alkaline cleaning procedure em-
ploying the cleaning agents described
as instituted; Figs. 3 and 4 illustrate
steps in the cleaning process.

he alkaline cleaning procedure is
adequate where little or no inorganic
contamination is present; however,
when the glass surface is weathered or
otherwise contaminated with an inor-
ganic material, additional cleaning ac-
tion is required. The introduction of a
detergent-paste scrub helps to abrade
the surface and free it from inorganic
contamination. An increase in the
reaction time in the ammonium
hydroxide/hydrogen peroxide solution
also assists in the removal of inorganic
ontamination sites. In cases in which
the glass is severely weathered, how-
ever, as is the case with many soda-
lime glasses, an acid cleaning
procedure is required to render the
glass acceptable for chrome deposi-
tion. The essence of this procedure is
n acid-detergent solution defined by
the following formula:* 33% HNO,—
5% HF—2% Suitable Detergent—
60% H.O.

The acid cleaning procedure is severe
and difficult to control; considerable
evaluation was required before this
process was judged useful. In spite of
this, the process is considered to be
unstable for production use.

The chrome blank

Fhere are two methods of obtaining
chrome blanks: by making them in-

house or by purchasing them from an
outside vendor. The in-house process
used to deposit chrome on the cleaned
glass substrate was evaluated and
found to be technically sound. The
process consists of a vacuum deposi-
tion of approximately 700 angstroms
of chrome on preheated glass sub-
strates located above tungsten source
boats containing chrome ceystals of
high purity; the high-vacuum system is
shown in Fig. 5. Chrome deposition is
monitored with Sloan thickness appa-
ratus but is manually controlled. Some
engineering effort was expended in
improving the mechanical fixturing to
increase the number of chrome blanks
produced during a single pump down;
the improved fixturing is shown in
Fig. 6. Pump-down cycle duration is in
the order of 25 minutes. The chrome
blanks are inspected for quality and
categorized into three acceptable
grades:

Grade A is free of visible defects in the
center 1lh-inch diameter of a 2- by
2-inch plate.
Grade B may contain 1 to 3 pinholes
in the center 1lh-inch diameter of a
2- by 2-inch plate.
Grade C may contain 4 to 6 pinholes
in the center 1ls-inch diameter of a
2- by 2-inch plate. .
All plates are visually inspected, with-
out the aid of magnification, over a
600-watt Sun Gun.

The chrome deposition process was
formally standardized in a set of oper-
ating instructions that included a step-
by-step operation of the deposition
system, a routine preventive-
maintenance downtime procedure,
and specific instructions for the in-

spection and acceptance of a chrome
blank.

The manufacture and sale of the
chrome blank has become a lucrative
business for suppliers of the solid-state
device-manufacturing industry. Some
masking operations are interested
only in the manufacturing of the
chrome mask and are satisfied in hav-
ing the blanks supplied by a vendor.

¥ e i

Fig. 7—Application of photoresist with the Fig. 9—The positive-resist-application iaboratory. Fig. 10—The original chrome-mask exposure fix-
ture.

Other masking operations which have
chrome-blank facilities still find it
necessary to supplement their own
production with purchased chrome
blanks.

The purchaser of chrome blanks is
faced with the evaluation of the sev-
eral varieties on the market. Some
blanks are supplied on polished and
others on unpolished substrates of dif-
ferent glass compositions. The chrome
can be either evaporated or sputtered
in one or several layers that vary in
thickness and density. It is not sur-
prising that these factors can induce
vastly different results in a standard-
ized chrome-masking process.

The following is a list of some of the
problems encountered in evaluating
purchased chrome blanks against
RCA’s own product; these problems
could arise with any purchase of
chrome blanks:

The vendor’s product might not meet
the inspection criteria for visible
defects.

The glass substrate quality upon which
the chrome is deposited might be such
that “intrusion” defects would occur
after etching.

The etch rate of the chrome could be
vastly different from that of the stan-
dard in-house chrome blank.

The adherence of the photoresist to
the chromed surface might be adversely
affected by contamination which, in
turn, might cause undercutting of the
chrome image during etching. These
conditions must be understood, for the
blanks purchased.

Vendors might have (indeed, they have
had) difficulty in meeting their delivery
commitments.

Chrome blanks from the following list
of vendors (alphabetically arranged)

Fig. 11—The newer,
improved chrome-
mask exposure .
fixture. B

" Fig. 8—Application
of photoresist with
i~ the newer, improved
whitler.
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12—S8pray-development apparatus used on

chrome masks.

were evaluated: Bell & Howell Com-
pany, Corning Glass Works, Kodak,
Spectra-Physics, Towne Labs, Trans-
mask.

Photoresist and photoresist
application

The photoresist for chrome masking
and its method of application was
standardized into a routine production
process during the period of this study
by introduction of a new whirler, and
the selection of one photoresist com-
position for all but the most unusual
cases of chrome masking.

The selection and application of a
photoresist in the chrome masking
process was the most important item
in the technician’s “bag of tricks.”
This fiction was perpetuated and justi-
fied with the aid of a whirler, shown
in Fig. 7, whose control of speed and
acceleration and other adjustments
were inaccurate and unreliable.
Photoresists in use at the time were
Kodak Photoresist (KPR), XPR with
11% Kodak Photoresist Lacquer
(xpL), Kodak Thin-Film Resist
(KTFR), and Shipley AZ111 Resist.

The KPR solutions were in greatest

use, with the xTFR and the positive
Shipley AZ111 resist available for
special cases. After considerable eval-
uation, it was decided to standardize
the kPR/11% KPL photoresist for
production. This standardization be-
came an actuality after the installation
of the new whirler shown in Fig. 8.
The whirler provided a measureable
and reproducible acceleration to oper-
ating speed in less than one tenth of a
second. These factors permitted a uni-
form application of the kKPrR/11%
KPL over a wide range of thickness on
both 2- by 2-inch and 215- by 2V4-inch
chrome blanks. A calibration chart
interrelating photoresist thickness and
whirler speed was prepared and in-
corporated in the operating instruc-
tions for the process. It must be
emphasized that the selection of KPR/
11% xPL was a compromise; this
negative resist was one which all the
technicians were familiar and around
which a standardized process could be
written, but it was not necessarily the
optimum resist for chrome masking.

In conjunction with the above effort, a
separate study was made of the var-
ious positive resists available on the
market. As a result of this study, a
complete positive-resist chrome-
masking process has been developed
for production and has been standard-
ized in a complete set of operating
instructions. The process is designed
around the Shipley AZ1350 and
AZ1350H photoresists. The recently
introduced Kodak positive resist KAR3
has been evaluated and can easily re-
place the Shipley resists with only
minor modification of the operating
instructions. The positive-resist
chrome-masking process has not as
yet been evaluated under the rigors
of production; it is anticipated that
production evaluation will take place
when a well-designed commercially-
available, mercury-vapor-lamp con-
tact printer is purchased. Fig. 9
shows the laboratory facility in which
positive-resist application is being
conducted.

Little change has been instituted in the
exposure of the photoresist to the 600-
watt Sun Gun. Additional process
control has been introduced through
the monitoring of the light source used
for exposure with an IL-600 pho-
tometer. It is recognized that the Sun
Gun is far from the best ultra-violet

Fig. 13—Single Fig. 15—
chrome-mask Microscopic
etching. inspection of

chrome masks
immediately after
etching.

Fig. 14—Batch etching of chrome masks.

light source for fine photoresist
imagery, and as mentioned above, en-
gineering effort is being expended to
rectify this weakness in the chrome-
masking operation. Figs. 10 and 11
show the old and the new exposure
fixtures.

The xPR/11% KPL photoresist image
is developed in the K & S (Kulicke
and Soffa Inc.) spray-developing
apparatus shown in Fig. 12. The
photoresist image is subjected to the
standard RCA developing process for
this photoresist. .

A new scheme for developing the
photoresist has been under investiga-
tion and has been found more condu-
cive to the production of chrome
masks. The new scheme incorporates
a “pot whirler” system which will be
included in the new production facil-
ities when constructed. The chemical
processing previously described will
remain unchanged in the new scheme.

Etching and finishing )
The major improvement in chrome !
etching and chrome-mask finishing




ig. 16—Batch stripping of photoresist from
hrome masks.

as in the optimization of time/tem-
berature conditions to achieve an ac-
eptable, completed chrome mask and
n the increase in the number of pieces
hat could be processed at one time.
ig. 13 shows chrome masks being
eched one at a time; Fig. 14 shows the
recently instituted batch-etching pro-
cess. Product inspection was also em-
phasized at this stage of the process.

The etchant used by RCA is the potas-
sium ferricyanide/sodium hydroxide
ixture suggested by Kodak for the
etching of their chrome blanks when a
negative photoresist is used. An opti-
mum time/temperature cycle was
established with this etchant in use.
A thorough inspection of the mask
upon completion of etching, (Fig. 15)
ut prior to photoresist removal may
reveal areas of unetched chrome that
can be removed by additional etching.
The operating instructions caution the
operator to inspect his product care-
fully at this stage in the process.

The finishing of the chrome mask
comprises the stripping of the photo-
resist and the final cleaning and drying
of the completed product; the strip-
ping operation is shown in Fig. 16.
Here again, the process was standard-
ized to limit the exposure of the mask
to the photoresist stripping agent. The
operating instruction requires the use
of a standard stripper. The chrome
mask, sans resist, is rinsed in methanol
and carefully washed with a detergent
solution. It is then water rinsed, meth-
4nol rinsed, and dried.

. Defects and problem areas

Many of the process improvements
instituted to remedy a chrome-mask
Fig. 18—Photomicro-

graph of a “notch”
intrusion.

Fig. 17—Photomicrograph of a
intrusion.

finger”

defect or a process problem area.
These defects and problems are de-
fined below and related to that portion
of the process responsible for their
cause.

An “intrusion” is defined as a lack of
chrome along the edge of an opaque
portion of the mask. It appears as
either a transparent “finger” reaching
into the opaque chrome image, as
shown in Fig. 17, or a transparent
semicircular notch in the edge of the
chrome image, as shown in Fig. 18.
The intrusion is characterized as being
unrelated to a photoresist failure and
results directly from a surface defect
existing in the glass substrate, usually
in the soft soda-lime glass. An intru-
sion is formed when a scratch or pit
in the glass forms a capillary with the
photoresist which permits the etchant
to be drawn up over the chrome and
to etch it away. Selection of defect-
free glass surfaces is necessary to elim-
inate this defect.

A misalignment between chrome
masks in a set made from masters that
do align is attributable to the flatness
of the chrome-glass substrate. A bow
or warp in the glass substrate may be
temporarily corrected when the glass
is flattened against the master in the
vacuum-contact printing fixture dur-
ing exposure, but when released, the
plate will return to its previous cur-
vature. Such a plate, when compared
to a truly flat plate, will exhibit a con-
traction of the image from center to
edge. The manifestation is that of

Fig. 19—Mask-alignment equipment.

“run out” of the good plates relative
to the bowed plate. Selection of glass
with a bow or warp no greater than
0.3 mil per linear inch usually elimi-
nates alignment problems for the
average chrome mask. Fig. 19 shows
equipment used in the alignment pro-
cess.

Excessive pinholes in the chrome
areas of a mask result from photo-
resist failure during etching or poorly
evaporated chrome blanks. Poor evap-
oration is caused by poor substrate
cleaning or a dirty vacuum system.
The former appears to be the domi-
nant cause of pinhole formation. Pin-
hole formation caused by photoresist
failure is usually directly related to
photoresist thickness.

Black spots (chrome spots) are
formed by residual chrome in trans-
parent areas and usually result from
either incomplete development of
photoresist, poor rinsing of the photo-
resist image, or incomplete or insuffi-
cient etching of the chrome. The black
spot is minimized by adjusting the
development process of the resist
image to insure adequate removal of
unexposed photoresist (by using cor-
rect development time) and to avoid
the redeposit of particulate matter in
developed areas (by using correct
rinsing time). Black-spot formation in
the etch bath can be traced to micro-
scopic bubble formation during etch-
ing. Vigorous agitation of the masks
during etching is necessary to elimi-
nate these bubbles.

Loss of photoresist image during de-
velopment is directly related to exces-
sive spray pressure in the developing
apparatus. Underexposure of a nega-
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Fig. 20—Class 100 iaminar-flow-hood system of environmental

control.

tive resist will also show image loss
during developing.

Selection and training of personnel

What technical competence must be
expected from an operator in a pro-
duction chrome-photomask operation?
Must every operator be a “Nobel
Prize Winner”? The second question
did not sound as facetious early in
1968 as it does at this writing. Earlier
in this paper the innovating, skilled
technician with his “bag of tricks”
was described; it was obvious that this
personality would have a problem ad-
hering to a set of prescribed instruc-
tions.

Several types of persons were evalu-
ated as operators in the chrome-
masking production area. The most
consistent chrome-mask maker was
found to be the experienced emulsion-
contact printer who was promoted to
the chrome operation. His experience
in the emulsion mask area had height-
ened his powers of observation and
his understanding of the problems. He
had the patience to carefully inspect
his work and had already learned to
overcome the frustration of having
his work rejected by the quality-
control activity. The training period
for such an individual consists primar-
ily of reviewing the operating instruc-
tions for the chrome-masking process,
concentrating especially on the prob-
lem areas and how to avoid them. P

Operating instructions

Many of the procedures in use early
in 1968 were basically sound, and vari-
ations in approach to these proce-
dures by different technicians were
minor. Documentation of the proce-
dure was, however, nonexistent.

One of the most significant steps taken
to make the chrome-photomasking
operation a routine production facility

was the publication of a formal set of
operating instructions. The first set of
instructions published was far from
optimum; in some cases, a process was
formalized by taking a consensus
among the various technicians and re-
ducing this information to a proce-
dure. However, with time and practice,
even these first guesses were revised
to workable, formal procedures. As
equipment and facilities were pur-
chased and modified, the operating
instructions were updated and re-
vised.

The introduction of operating instruc-
tions had a tremendous impact on
chrome mask production; their incep-
tion represented the first real turning
point toward the production mode
and signaled the end of the model
shop approach to chrome-mask mak-
ing.

Facility expansion approach

The primary objective of the new
chrome production facility is to in-
crease production volume and im-
prove the yield at every stage of the
process. This primary objective is
achieved by implementation of the fol-
lowing secondary objectives: in-
creased production volume and yield,
improved production environment,
decreased product handling by mech-
anization, improved work flow, and
process control.

The production facility is designed so
that during all critical operations the
product is subjected to environmental
air at least of Class-100 purity. This
condition can be achieved in a num-
ber of ways, including having all
production equipment located in a
laminarflow room, or having a pro-
duction area composed of interconnec-
ted laminar-flow hoods located in an
area with one stage of conditioned air
(Fig. 20). RCA chose the latter ap-
proach for its new chrome-mask facil-
ity.

Mechanization is judiciously applied
to decrease handling of the product. It
is important that the operator have the
opportunity to sample and inspect the
product as specific points in the pro-
cess to provide process control. To
achieve this control, each “unit opera-
tion” is a mechanized module. The
development of the photoresist image
can serve as an example of a module.

The exposed photoresist images on t
chrome blanks contained in a tray a
placed in the developing apparat
and exposed to the various solvents i
turn. The tray of plates than exi
from the developing apparatus in
dry state, allowing the operator t
sample the tray of plates for the puy
pose of inspection. The samples ar
then returned to the tray and procee
to the next operation. An apparatu
that would automatically procee
from exposure through developin
baking, etching, and the like to finis
ing would increase quantity of yiel
but would be difficult to control. Co
siderable process development woul
be necessary before such a syste
would be feasible.

A production chrome-masking opera
tion requires that all materials flow
through a production line on which
crossovers and bottlenecks are mini
mized or totally eliminated. Dud
consideration has been given to im-
proving flow of product in the new
facility; each step of the process is
consecutive and “in-line.” Adequate
hold stations, inspection stations, and
sinks are provided “in-line” to com-
plete the process without backtrack o
crossover,

A production chrome-masking opera
tion must incorporate adequate
process control at all stages of manu-
facture. Metering for temperature,
whirler speed, light intensity, thick?
ness of deposition, and other factors,
as well as interprocess inspection,

must be instituted.

Conclusion

RCA’s new chrome—photomasking‘
operation began production during
the second half of 1969. Materials and
processes incorporated into this opera-
tion have been reviewed and in some
instances have been improved. Oper-
ating instructions for this facility havd
been published, and factors relating to
selection of personnel and facility ex-
pansion have been reviewed.
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Recent technical books
by RCA authors

resented here are brief descriptions of technical books which have recently been
uthored by RCA scientists and engineers, or to which they have made major contri-
utions. Readers interested in any of these texts should contact their RCA Technical
ibrary or their usual book supplier. For previous reviews of other books by RCA
thors, see the August-September 1968 and August-September 1969 issues of the
CA ENGINEER. RCA authors who have recently published books and who were not
ted in these listings should contact the editors, Bldg. 2-8, Camden, Ext. PC-4018.

lectronic Ceramics

. Irwin Gordon
ontributor)

A Laboratories
inceton, New Jersey

compiling this volume, O. J. Witte-
ore, Jr. of the University of Washing-
bn asked six authorities to contribute
hpers on several specialized areas in the
eld of electronic ceramics. Their contri-
utions reflect the variety and depth in
is highly sophisticated segment of ce-
hmic technology. As a reference, this
ook should be useful both for senior
nd graduate courses and also for the
ontinuing education of graduate engi-
eers. Two papers, on integrated circuits
id on microelectronics, ably describe the
pcent  condensation of electronic  cir-
itry. Other subjects covered are pure
xide ceramic insulators, ceramic to metal
baling, ferrites, and ferroelectrics.

r. Gordon contributed a chapter on the
Relation Between Fundamentals, Prepa-
Ktion Parameters, and Properties of Fer-
tes.” (Special Publication No. 3 of the
merican Ceramic Society, 4055 N. High
treet, Columbus, Ohio 43214).

DR. IRWIN GORDON received the BS
Ceramics from Rutgers University in
948, the MS in 1951, and the PhD in
52 from the same institution. From 1948
b 1952, he held a research assistantship
the School of Ceramics at Rutgers
niversity working on single crystal syn-
hesis and studies of various silicates and
are earth aluminates. In 1952, Dr. Gor-
lon joined the technical staff of RCA
aboratories where he has worked on the
Bvclopment of magnetic materials for
arious applications. This has included
aterials for permanent magnets, multi-
nction composite materials, recording
ape pigments, small size HF antennas,
nd non-spinel type magnetic materials
or use in the VHF and UHF regions.
ost recently he has investigated ferrites
use in laminated computer memories,
s well as ferrites for microwave use. He
s a member of the American Ceramic
Society, the N.J. Ceramic Association,
igma Xi, Keramos, and a subcommittee
0 non-metallic magnetic materials of the
\.S. T.M.

The New Electronics

Bruce Shore
Corporate Public Affairs
New York, N.Y.

This book is a simple yet highly informa-
tive guide to electronics—from the inven-
tion of the transistor in 1948 to the very
latest advances in holography, lasers, and
artificial intelligence. The New Elec-
tronics offers a literate overview of solid-
state electronics and the materials and
phenomena associated with it.

The modern solid-state revolution results
from the development of quantum me-
chanical theory, together with a new
ability to control the composition and
structure of solid materials. From these
have come such achievements as field-
effect transistors, superconductive mag-
nets, Gunn-effect devices, and even office
copying machines. All of this material is
treated with a “how it works and where
it came from” quality, making even the
most highly technical subject easily under-
standable. The text includes the first popu-
lar discussion of hole-electron theory, the
roles of bulk, thin film, and surface phe-
nomena in electronic materials, and the
current trends of modern electronics away
from radio waves and toward light, and
toward integrated circuitry and artificial
intelligence. (McGraw-Hill Book Co.;
1970; price $10.00).

BRUCE H. SHORE received the BA in
English from Yale University in 1952.
Shortly after graduation, Mr. Shore joined
the editorial staff of the New Haven Reg-
ister. In December 1953, he became
associated with the Los Angeles Stock Ex-
change and subsequently worked for Dean
Witter & Co. In May 1954, he joined the
brokerage firm of Walston & Co., and the
following year transferred to the com-
pany’s New York Headquarters, where he
was in charge of the odd lot desk. Two
years later, in 1956, he joined the firm of
Avery-Knodel, Inc., national spot repre-
sentative, as Assistant to the Director of
Promotion. In March 1958, Mr. Shore
joined the NBC Radio Network as a
writer in the Sales Presentation and Pro-
motion Department. Among his responsi-
bilities at NBC was the preparation of

closed circuit presentations to station af-
filiates. In 1960, Mr. Shore was appointed
Administrator, Press Relations, for the
RCA Semiconductor & Materials Division
in Somerville, N.J., a position he held
until going to RCA Laboratories in 1962
to head its Public Affairs activity. He was
named Administrator of Scientific Infor-
mation for RCA Corporate Public Affairs
in April 1967.

Wave Interactions in
Solid State Plasmas

Dr. Martin C. Steele
RCA Laboratories
Princeton, New Jersey

and

Dr. Bayram Vural
City College of the
City University of New York

This book presents the properties of solid
state plasmas and their wave interactions
from a unified point of view. The first part
of the text treats wave interactions in
terms of quasiparticles and the develop-
ment of a macroscopic hydrodynamic
model from the more fundamental micro-
scopic models. In the remainder of the
material, the macroscopic model is used
to study the interaction of electrokinetic
waves (or carrier waves) with one an-
other and with other collective excitations
of the solids such as electromagnetic
waves, sound waves, and spin waves. For
the most part, the authors use semi-clas-
sical approaches since they are considered
adequate for all but very high frequencies.

A major feature of the text is its emphasis
on the unified nature of the collective
behavior of quasiparticles in solids. This
permits the reader to see the commonality
in such seemingly different phenomena as
plasma waves, helicon waves, spin waves,
and sound waves and demonstrates the
manner in which these waves interact
with one another. Each chapter presents
both theory and the pertinent experi-
mental information for the wave inter-
action. One chapter clarifies the role of
collisions in instabilities in solids. This is
the first book in the literature of solid
state plasmas to emphasize the physical
origin of collision-induced instabilities.

The interaction of spin waves with elec-
trokinetic waves is developed in much
greater detail in this text than in any
book published to date. The solid state
pinch effect is treated in an up-to-date
manner, and there is a presentation of the
latest experiments related to the theory.
The comprehensive bibliography is com-
piled with regard to both theory and ex-
periment. (McGraw-Hill Book Company,
New York, 1960, 285 pp.; price $15.50).

DR. MARTIN C. STEELE received the
BChE (cum laude) from Cooper Union
Institute of Technology in 1940, and the
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MS and PhD in Physics from the Univer-
sity of Maryland in 1949 and 1952 re-
spectively. He worked as an engineer for
the Office, Chief of Engineers, before the
war, and as a research physicist in the
Naval Research Laboratory from 1947 to
1955 where he was head of the Cryo-
magnetic Research Group in the Solid
State Division. Since 1955 he has been
with RCA, as head of the Solid State Elec-
tronics Research and for three years
(1960-1963) as the first Research Director
of RCA’s research laboratory in Tokyo,
Japan. At present he is head of the Gen-
eral Device Research Group of the Semi-
conductor Device Research Laboratory at
RCA Laboratories. His research has cov-
ered a wide range of areas in solid state
physics. He has published forty-five tech-
nical papers in these fields and has re-
fereed many articles for the Physical
Review, the Journal of Applied Physics,
and the Journal of the Physical Society of
Japan. He has thirteen issued patents. Dr.
Steele is a Fellow of the American Physi-
cal Society, a member of Sigma Xi, and a
former member of the Washington Acad-
emy of Science.

DR. BAYRAM VURAL had his early ed-
ucation in Turkey and college education
in Switzerland. He received an Electrical
Engineering degree (M.S.) in 1949 and
the Dr. of Technical Sciences degree
(Ph.D.) in 1952 from the Swiss Federal
Institute of Technology, Zurich, Switzer-
land. From 1951 to 1953, he was associ-
ated with Brown Boveri and Company in
Baden, Switzerland. From 1953 to 1959,
he was associated with the Electronic
Equipment and Tube Department of
Canadian General Electric, Toronto,
Canada, working mainly on microwave
problems in connection with radar and
communication. From August 1959 to
September 1967, he was a member of
technical staff at RCA Laboratories, where
he was engaged both in theoretical and
experimental research work on electron
devices of both vacuum and solid-state
types. In September 1967 he joined the
Department of Electrical Engineering of
the City College, the City University
of New York, and is now Professor of
Electrical Engineering.

Filter Design and Evaluation

Grant E, Hansell
Astro-Electronics Division
Princeton, New Jersey

i

This practical volume presents all the ma-
terial necessary to design and evaluate the
most commonly used classes of filters; it
will be especially valuable to the inexperi-
enced designer who wishes to achieve
filter design comparable to that of the
experienced designer, and to the experi-
enced designer who is interested in im-
proving his design methods.

With special emphasis on the evaluation
part of filter design, the author presents

methods, along with data in tabular and
curve form, which permits the designer to
evaluate attenuation, phase, phase delay,
and envelope delay of lowpass, highpass,
and bandpass filters. This makes it pos-
sible to evaluate more than one type of
filter for a particular application and to
select the most suitable design.

The filter parameters are evaluated by
making use of normalized data, and the
information on attenuation and phase is
normalized for a cutoff frequency of one
radian. Envelope delay information is
normalized in microseconds for a one-
kilohertz lowpass filter bandwidth.

Filter Design and Evaluation includes ma-
terial on the following filters having equal
input and output terminations: Butter-
worth, 2 to 9 stages; Gaussian (Bessel), 2
to 9 stages; Linear Phase with 0.05 de-
grees phase error; Tchebycheff, 3 to 9
stages, 0.011 to 0.28 dB ripple; Cauer or
elliptic function, 3 to 7 stages, 0.011 to
0.177 dB, passband ripple and stopband
attenuation >40, 45, 50, 55 and 60 dB.
Much of the data included is not available
in any other known source at this time,
particularly attenuation, phase, and delay
for the Cauer type, which is the most
popular filter at the present time.

Material on the use of computers to aid
in the calculation of actual element values
from the normalized element values, a dis-
cussion of phase correctors, and a novel
method for phase corrector alighment are
also given. (Van Nostrand Reinhold, N.Y .,
December 1969, 204 pp., 130 ill., 815 x 11;
price §15.00)

GRANT E. HANSELL graduated from
Purdue University in 1931 with the BSEE.
He has been employed in research and
development work for RCA since that
time. Mr. Hansell’s work has been in the
communications field. He has had consid-
erable experience in the development of
frequency shift receivers and multichan-
nel SSB receivers for telegraph use in the
HF range. In more recent years, his work
has been in signal processing, chiefly in
the multiplexing and demultiplexing of
signals for satellites. The requirements for
filters and phase correctors for this field
led him to pursue information on their
design and evaluation. Mr. Hansell has
several patents in' the communications
field. He is presently a senior engineer at
the Astro Electronics Division.

Insulator Physics

Dr. Richard Williams
RCA Laboratories
Princeton, New Jersey

This book, written in Portuguese, is based
on a course offered to beginning graduate
students of the department of physics at
the Escola de Engenharia, Sao Carlos, Bra-
zil. Insulator Physics treats several appli-
cations of insulators in current solid state
electronics technology. Among the topics
covered are photoconductors, schottky

barriers, gate insulators, tunneling device
and cold-cathode devices. (S pec_lal pybl
cation, Sao Carlos School of Engineering.

DR. RICHARD WILLIAMS received th
AB from Miami University in 1950 an
the PhD in Physical Chemistry from Ha
vard University in 1954. He served wit}
the U.S. Army from 1954 to 1955 at thg
Army Chemical Center in Edgewooﬂ
Maryland. From 1955 to 1958 he was ar
instructor in Chemistry at Harvard UmL
versity where he was engaged in inve.s
tigations of the luminescence of organi
molecules. In August 1958, he joined thy
Technical Staff of RCA Laboratorie
where his research has been focused
on the studies of the photovoltaic effeci
internal photoemission, electrical propef
ties of insulators, and liquid crystals. Hj
spent nine months in the Research Lab
oratory RCA, Ltd., in Zurich, Switzerland]
and served as a Fulbright Lecturer a
Escola de Engenharia, Sao Carlos, Brazil
Dr. Williams has several publications td
his credit and is a Fellow of the America
Physical Society.

Handbook of Electronic
Packaging

Donald P. Schnorr
(contributor) )
Missile and Surface Radar Div.
Moorestown, N.J.

This handbook, edited by Charles A. Har-
per of Western Electric Corp., is the firsy
to provide essential background material
and step-by-step guidance on all aspects
of modern electronic packaging. Mainly a
professional reference for practicing end
gineers and designers, Handbook of Elec
tronic Packaging is also an ideal reference
to introduce new people to the field. I
can also be used to provide production
personnel with a better insight into elecj
tronic packaging. Mr. Schnorr contributed
Chaper 1 entitled “Design and Applica-
tion of Rigid and Flexible Printed Wir-
ing.” (McGraw-Hill Book Co.; 948 pp.,
929 illus.; price §29.50).

DONALD P. SCHNORR received thg
BSME from Purdue University in 1952
and the MBA from Drexel in 1965. After
joining Westinghouse Electric Corpora-
tion in 1952, he completed a study course
at the Westinghouse Mechanical Design
School, operated in conjunction with the
University of Pittsburgh. After two years
with the Westinghouse Steam Division hﬁ
entered the Armed Forces and serve

from 1954 to 1956. In 1956 he joined the
Burroughs Corporation where he engaged
in packaging of military computers and
mechanical design of servo mechanism
systems. Joining RCA in 1960, Mr.
Schnorr has been involved in develop-
ment of computer peripheral equipment
and in design and development of packag:
ing techniques for highspeed computer
systems. Presently, he is Project Engineer
of Printed Wiring for the Microcircuits
Department at M&SR. He is a Senior
Member of the IEEE and a Professional
Engineer in Pennsylvania.
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Solid-state pulse modulator

Sherman Weisbrod

Microwave Research Laboratory
RCA Laboratories

Princeton, N.J.

Reprint RE-16-2-19| Final manuscript received April 24, 1970.

Several semiconductor devices (such as transferred-electron
devices, laser diodes, and avalanche diodes) require for their
pulse applications and performance evaluation power sources
of high current capability. Typical pulse currents range from 1
to 10 As, with pulse voltages of 50 to 150 V, and pulse widths
from 0.5 to 10 uS. Such requirements have usually been met by
large, high-power pulse generators with one or more power
tubes in the final output stage. This note describes the design
and construction of a compact solid-state pulse generator or
modulator which adequately meets the above characteristics
for laboratory experimentation and, with some modifications,
could also meet specific product applications.

The modulator (Fig. 1) consists of the following stages: 1) a
free running multivibrator Q; and Q.; 2) a monostable multi-
vibrator Qs and Qs; 3) a two-stage emitter-follower amplifier Qs
and Q; and 4) a power-aiplifier output stage Q-.

The free running multivibrator (Q: and Q.) determines the
pulse repetition rate, which for the prototype model has been
set to 200 pulses/second. The RCA transistor 2N1396 has been
chosen for Q; and Q..

The monostable multivibrator (Q: and Q.) determines the pulse
width; in the prototype, provisions have been made to vary this
pulse width from 0.5 to 10 MS. The 2N1396 is also used for Q:
and Q.. This simple pulse train is sufficient for present labora-
tory investigations. For other applications with more elaborate
pulse requirements, such as burst-pulse trains, additional stages
can be added.

The emitter-follower amplifier (Qs and Qs) provides the re-
quired driving power for the output stage, and because of its
high input and low output impedance, also prevents undesirable
loading effects on the multivibrator. The RCA transistor 2N2270
serves for Qs and Q..

The final pulse current and voltage requirements of the load
circuit dictate the choice of the power output transistor. In its
present form, the modulator is used in research and develop-
ment work on anomalous avalanche diodes. For this application,

Fi

1—Modulator schematic.
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Fig. 3—Modulator wave shapes.

Fig. 2—Packaged modulator.

the diode is heavily driven into the avalanche region of the I-V
characteristic until a pulse current of several amperes flows. The
amount of pulse current basically depends on the requirements
of the anomalous operating mode, and is controlled by the pulse
drive to the output transistor. The RCA transistor 40341 com-
bines the high current (10 A) requirement with adequate volt-
age ratings (80 V) and good high-frequency response (50 MHz).
Fig. 2 is a photograph of the assembled modulator. Fig. 3 shows
the current wave shape for a resistive load of 3 ohms. The rise
and fall times of the pulse are 70 ns.

If higher power output pulses are needed, other output tran-
sistors may be used without further changes in the driving
stages. It should also be noted that this modulator acts essen-
tially as a constant current source, with the level of the current
pulse controlled by the driving current (Is) of the output stage.

Acknowledgment: the writer thanks A, S. Clorfeine, R. D. Hughes, and H. J.
Prager for helpful discussions, and K. K. N. Chang for his encouragement.

Rotating Mirror Assembly

Philip J. Donald
RCA Laboratories
Princeton, N.J.
and

Kurt E. Utley
Aerospace Systems Division

Burlington, Mass. r\

. L
Donald Utley
Reprint RE-16-2-19| Final manuscript received May 5, 1970.

Disclosed is a rotating mirror assembly for linearly swinging a
beam of light through an angle without longitudinal or lateral
translation, using a multiple faced mirror. The principle
involved uses secondary reflection of the light beam from a
stationary mirror. The device may be used in an ultralinear
recorder, or flying-spot scanner with single or multiple channels
or as a laser-beam deflector to scan a raster pattern.

An ordinary rotating multiple-faced mirror, which swings a
focused beam of light through an angle, has a noncentric focal
surface due to the fact that the mirror surface is translated as
well as rotated, since the center of rotation is not in the plane
of the mirror face. The rotating mirror assembly herein de-
scribed has multiple faces each of which effectively rotates in
the axis of the assembly, using a unique secondary reflection
from a stationary mirror to prevent the detrimental effects of
mirror face translation.

Assume a horizontal plane mirror, and place a second plane
mirror above it, inclined at a 45° angle, as shown in Fig. 1. The
reflection of the first in the second is now a vertical (virtual)
mirror. If the inclined mirror is rotated about an axis which is
normal to the first mirror and in the plane of the reflection of
the first in the second (as in the device of Fig. 2) the effect,
looking into the pair from any angle, is rotation only of the
vertical (virtual) surface.

The number of facets on the rotating mirror may vary from a
minimum of three to any practical high number. For three
facets, the scan arc approaches 240°.

Fig. 1-—Creation of vertical
mirror in axis of rotation using
secondary reflection.
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Fig. 2—Rotating assembly.
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Zero-voltage-crossover gating sampler

Wayne M. Austin

Consumer Applications
Solid State Division
Somertville, New Jersey
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Fig. 1—Zero voltage crossover gating sampler.

An inexpensive circuit for obtaining a pulse output for the zero
voltage crossover point of a sinusoidal or other type of repeti-
tive signal is shown in Fig. 1.

A dual-gate metal-oxide semiconductor (MOS) field effect tran-
sistor (14) is driven by the secondary winding of a transformer
(10).

The primary winding of the transformer is energized by a re-
petitive signal source, such as the signal from a sinusoidal
oscillator (15). The secondary winding of the transformer,
which has a grounded center tap, drives the gate electrodes, G1
and G2 of the MOS push-pull transistor (14). The circuit
behaves as a cascade gate; and, as shown in the waveform
schematics of Fig. 1, it produces an output, by current conduc-
tion from source to drain, only during the zero voltage cross-
over point of the sinewaves. This point is equivalent to zero
gate-current bias for the MOS device.

The circuit can be used to synchronize an oscilloscope, trigger
an SCR circuit, or, by placing integrating or differentiating
circuits in series with the gate electrodes of the MOS device,
to produce outputs representative of a plurality of different
phases of such repetitive waveforms.

Reprint RE-16-2-19 | Final manuscript received June 30, 1970.

Integrated X-band parametric amplifier

Bura Pan

P. Bura | W. Y. Pan | S. Yuan
Defense Advanced Communications Laboratory
Somerville, New Jersey

As previously reported™® 1c’s have been successfully used in
parametric amplifier design at L, S and C-band frequencies.
Volume reduction of two orders of magnitude was achieved
with no sacrifice in the amplifier performance. This paper
reports an extension of the integrated parametric amplifier
development to cover the X-band frequencies. The first phase
was to develop the amplifier itself—leaving the circuit inte-
gration with a circular and a solid state, Gunn diode pump
source for the second stage of the development.

“ﬂ“ Electronic
Companenss

Fig. 1-—Integrated X-band parametric amplifier.

The amplifier (Fig. 1) consisted of a shunt mounted, packaged
varactor on a gold-alumina microstrip substrate. A Ka-band
RG-96/u waveguide served both as the pump input and the
base plate for the ceramic substrate.

The varactor was probe-coupled to the pump through a hold
in the top wall of the waveguide. The waveguide height an
width were reduced to facilitate power match to the Varactoi
and to prevent idler frequency propagation by increasing the
waveguide cutoff frequency. The pump power match to thg
varactor was achieved by a fixed waveguide short circuit
placed slightly over a quarter of the pump wavelength beyond
the varactor.

The signal circuit consisted of an OSM connector co—axialr
input and a two-section lowpass filter with the cutoff frequency]
12 GHz. The varactor, at zero bias, was self-resonant at the
signal frequency, so there was no need to provide additional
tuning line elements.

The idler circuit consisted of the varactor itself plus a capaci-
tive screw adjustment through the bottom wall of the pump
waveguide. The idler frequency was isolated from the signal
load by the lowpass filter and from the pump by the wave-
guide-beyond-cutoff section. Thus, no idler noise component |
could reach the varactor from those sources and the noise
figure was not degraded. A gallium-arsenide diffused junction
varactor in a standard pill package was used. Its cutoff fre-
quency and junction capacitance at -6-V bias were 450 GHz
and 0.3 pF, respectively. The pump frequency was 35 GHz and
pump poewer for 13 dB gain at the signal frequency of 8 GHz
was 80 mW. The 3 dB bandwidth was 90 MHz. The amplifier
could be tuned over 300 MHz band either by varying the bias
voltage or the pump frequency.

The amplifier noise figure, including 0.4 dB circulator inser-
tion loss, was 2.5 dB. If circuit losses are neglected, the ampli-
fier noise figure is given approximately by

1\ (fs/f) B + 1
P
1 1 G =1 4
where
B = (mifc)*/fsfi; mu = varactor elastance ratio; f. = varactor
cutoff frequency; G = power gain; fs = signal frequency;

and f: =idler frequency.

For zero bias, 8 = 22.9 and the calculated noise figure becomes
F =132 = 1.21 dB

The insertion loss of a lossless five-element lowpass filter is
0.1 dB, so the contribution to the noise figure by the total circuit
loss is AF = 2.1 — 1.3 = 0.8 dB. This is very similar to the
noise figure degradation due to the circuit loss in co-axial and
waveguide parametric amplifiers.

The important advantage in the use of the integrated circuitr
is in the ease of fabrication, reproducibility and in the largd
reduction of the amplifier volume. The amplifier volume, with-
out circulator and pump source, was only 0.1 cu. inches. It
lends itself to a further system integration by incorporating
the circulator and the Gunn diode pump source on the same
substrate.
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MUNICATION SYSTEMS, Traffic Capac-
ity of Three Types of—L. Schiff (LABS,
Pr) IEEE Trans. on Communication Tech-
nology, Vol. COM-18. No. 1; 2/70

DATA COMMUNICATIONS, Using

wrst (CES, Cam) Minneapolis Chapter
of B/C Engineers; Minneapolis,
Minn.; 5/14/70

MOS ANALOG DELAY LINE, Integrated
—R. A. Mao, K. R. Keller, R. W. Ahrons
(DEP, Som) /EEE Trans. on Solid State
Circuits, SC-4; 69

OSCILLATORS, Design Rules for High-
Efficiency-Mode—A. 8. Clorfeine (Labs,
Pr) Solid State Devices Conf.; Seattle,
Wash.; 6/29-7/2/70

CIRCUITS, INTEGRATED
ROME-PHOTOMASKING OPERATION
om the Laboratory o Production, Ma-
turation of—Proc. of 1969 Kodak Semi-
nar on Microminiaturization; 5/70
CMOS INTEGRATED CIRCUITS on Insu-~
lating T
Processing of—J. R. Burns, J. H. Scott
L ABS, Pr} Etectrochemical Society Mtg.;
New York City; 5/10-15/70
DIFFUSION TECHNOLOGY for Advanced
A W. Creig,
K. Cuniff, H. Hyman, S. Mulfer (EC Som)

Decision Processes, Ap-
proaches to Reliable and Efficient—J. J.
Brandinger {Labs, Pr) The Int. Symp. on
Information Theory; 6/11/70 Holiand
HIGH-GAIN FM-IF SYSTEMS, High Per-
formance IC’s for—R. T. Peterson (EC,
Som) IEEE Conf. on Broadcast and TV
Receivers; Chicago, ii; 6/8/70

LASER COMMUNICATION SYSTEM, A
Dual Scan Acquisition Technique for a—
A. Waksberg (LTD, Mont) IEEE Trans. on
Aerospace & Electronic Systems, Vo!l. 6,
No. 3; 5/70

COMPUTER APPLICATIONS
MECHANICAL ENGINEERING, Computer
Technology and—R. G. Walter {(EC, Hr)
Presented at ASME North Bergen Chap-
ter Mtg, Fairleigh-Dickenson University;
N.J.; 5/70

COMPUTER COMPONENTS
PARALLEL PROCESSOR ARRAY, COS/
MOS-—A, Alaspa, E. Dingwall {(ASD, Burl)
Synopsis. in EDN

COMPUTERS, PROGRAMMING
AUTOMATIC TEST EQUIPMENT Pro-
gram for—A. M.

(ASD, Burl} Joint Conf. on Automatic
Test Systems (IEE); Birmingham, Eng-
land; 4/14-16/70

COMPUTER STORAGE

COMPUTER INFORMATION, Safeguard-
ing—H. Mintz (ASD, Burl); Software Age;
5/70; p 23-25

CRYOELECTRIC MEMORY EVOLUTION
—R. A. Gange {Labs, Pr} Joint Applied
Superconductivity Conf.—Cryogenic En-

gineering Program; Boulder, Colorado;
8/17/70
HOLOGRAPHIC Optical Memories—R.

D. Lohman (Labs, Pr) New Technology
for Image Recording; Washington, D.C.;
6/8-10/70

technic Institute; Brooklyn, New York;
5/21/70
ELECTRO-OPTICS

MODULATION TRANSFER FUNCTION of
Electro-Optical Devices, Cl

ELECTROLUMINESCENT DIODE DEG-
RADATION, Evidence for the Role of
Certain Flaws in A

ing—H. Kressel, N. E. Byer, H. Lock-
wood F. 2. Hawrylo, H. Nelson, M. S.

the—C. B. Johnson (EC, Lanc) Presented
at Optical Society of America Mig.,;
Phila., Pa.; 4/7-10/70

REFLEX ELECTRO-OPTIC LIGHT—D, H.
Pritchard (Labs, Pr) SID IDEA Symp.;
New York City; 5/26-28/70

ENERGY CONVERSION

HEAT PIPES—A New Concept in Heat
Transfer—W. E. Harbaugh (EC, Lanc)
Presented at AGA Industrial/Commercial
Gas Sales Conf.; Minneapolis, Minn.;
5/8/70

NICKEL CADMIUM BATTERIES, Thermal
& Design of—T. Wylie, H.

SONIC FILM MEMORY—R. Shahb

P. Herkart, K. Karstad, H. Kurlansik, [
Onyshkevych (Labs, Pr} RCA Review,
Vol. 31, No. 1; 3/70

STORAGE AND MEMORY DEVICES, The
Hierarchy of—J. A. Rajchman (Labs, Pr}
XX Avionics Tech. Mtg. on Data Handling
Devices; Istanbul, Turkey; 6/1-4/70

COMPUTER SYSTEMS
MULTIPROCESSORS for Military Sys-
tems, Panel Session on—A. A. Hast-
backa, chairman (ASD, Burl) SJCC, At-
lantic City, N.J.; 5/70
THIRD-GENERATION MULTIPROCES-
SOR, A Compatible—E. J. Dieterich
(ASD, Burl) Panel Member, Multiproces-
sors for Mititary Systems SJCC; Atlantic
City, N.J.; 5/70

CONTROL SYSTEMS -

MACHINE CONTROL ASSIGNMENT Sys-
tem, A Solid-State—R. J. Smith (CES,
Cam) SMPTE; Chicago, Ilinois; 4/28/70

DISPLAYS
DISPLAY SYSTEM Using the Alphechon
Storage Tube—F. Mariowe, F. Wendt, C.
Wine (Labs, Pr} SID IDEA Symp., New
York City; 5/26-28/70
FACSIMILE PRINTER Utllizing Liquid
Crystal Celis—J. Tults (Labs, Pr) SID
IDEA Symp.; New York City; 5/26-28/70
GRAPHICAL DEBUGGING SYSTEM, An
Interactive—L. J. French (Labs, Pr) 7th
Annual Design Automation Workshop;
San Francisco, Calif.; 6/21-25/70
GRAPHICAL DEBUGGING SYSTEM, An
Interactive—L, J. French (Labs, Pr} SID
IDEA Symp., New York City; 5/26-28/70
LIQUID CRYSTAL DISPLAYS—J. Tults
(Labs, Pr} Electrocal Engineering Collo-
quium; University of Notre Dame; Notre
Dame, Indiana; 5/22/70
MATRIX-ADDRESSED Ferroelectric Bis-
muth Titanate Display—G. W. Taylor, A
Miller (Labs, Pr) SID IDEA Symp.; New
York City; 5/26-28/70
MATRIX DISPLAYS, WIll They Replace
Cathode-Ray Tubes?—J. J. Brandinger
(Labs, Pr) SID IDEA Symp.; New York
City; 5/26-28/70
MATRIX DISPLAYS, Will They Replace
Cathode-Ray Tubes?—M. D. Harsh (EC,
Lanc) Presented as part of Panel Discus-
sion at Symp. of Society for Information
Display; New York, N.Y.; 5/26
PHOTODETECTOR ARRAY Word- Orga-
S.

Mezrnch J. Assour {Labs, Pr) IEEE Trans-
actions on Solid State Circuits, Vol.
SC-4, No. 6; 12/69

DOCUMENTATION
DESIGN DRAFTING, Career Opportuni-
ties In—D. Ruggieri {MSR, Mrstn) Stu-
dents of Moorestown High Schoot;
5/22/70

ENGINEERING WRITING—The Editor's
View-—D. B. Dobson {ASD, Burl) Talk to
Graduate Course in

Thierfelder (AED, Pr} ASME 1970 Space
Technology and Heat Transfer Conf.; Los
Angeles; 6/23-26/70

POWER GENERATION, Tubes vs Solid-
State Devices for—L. S. Nergaard (Labs,
Pr) Naval Research Laboratories; Wash-
ington, D.C.; 6/24/70

ENVIRONMENTAL ENGINEERING
CMOS LOGIC NETWORKS, The Long-
Term Effect of Radiation on—W. J. Poch,
A. G. Holmes-Siedle (AED, Pr) [EEE
Conf. on Nuclear and Space Radiation
Effects; San Diego, Calif.; 7/21-23/70
JEEE Trans. on Nuclear Science

HEAT PIPE DESIGN, Optimum Cryo-
genic—P. Joy (ATL, Cam) ASME Space
Technology and Heat Transfer Conf.; Los
Angeles, Calif.; 6/21-24/70

LITHIUM-CONTAINING SOLAR CELLS,
fRloom Temperature Stability and Perfor-
mance of—An Evaluation—T. 8. Faith,
J. P. Corra, A, G. Holmes-Siedle (AED,
Pr) 8th Photovoltaic Specialists Conf.;
8/4-6/70; Seattle, Wash.; Conf. Proc.
ULTRA-CLEAN AIR—M. N. Slater (EC,
Lanc) American Vacuum Society Symp.;
Princeton, N.J.; 5/28/70

FILTERS, ELECTRIC

ADAPTIVE RESONANT FILTER—S. S.
Periman, J. H. McCusker {Lans, Pr} Proc.
of the IEEE, Vol. 68, No. 2; 2/70

GEOPHYSICS

MICROWAVE SIGNAL FADING in the At-
mosphere of Venus Due to Turbulence,
Evidence for Severe—D. A. de Wolf
{Labs, Pr) Journal of Geophysical Re-
search, Space Physics, Vol. 75, No. 7;
3/1/10

SEA SURFACE TEMPERATURE, Passive

of—D. Shipley, K. Torok (AED, Pr) 1970
IEEE Int. Conf. on Engineering in the
Ocean Environment; Panama City, Fla,;
9/21-24/70 Publ. Conf. Digest

SKAMP—A Station Keeping and Moblle
Platform—E. W. Schlieben (AED, Pr) 6th
Annuat Conf. and Exhibition of the Ma-
rine Tech Soc.; Washington; 6/29-7/2/70

GRAPHIC ARTS

FACSIMILE PRINTER Utilizing Liquid
Crystal Cells—J. Tults (Lans, Pr) SID
IDEA Symp.; New York City; 5/26-28/70
GRAPHICAL DEBUGGING SYSTEM, An
Interactive—L. J. French {Labs, Pr) 7th
Annual Design Automation Workshop;
San Francisco, Calif.; 6/21-26/70
GRAPHICAL DEBUGGING SYSTEM, An
Interactive—L. J. French (Labs, Pr) SID
IDEA Symp., New York City; 5/26-28/70
MULTI-COLORED SLIDES, A Fast, Low-
Cost Method for Producing-—J. M. Sem-
onish {EC, Som) Production Methods for
Industry; 5/70

PHOTOENGRAVING, Dimensional Con-
tro! in—L. Epstem S.Y. Husni (EC, Som}

Northeastern University; 5/13/70
OBJECTIVE DRAFTING ESTIMATING—
C. O. Foerster {(MSR, Mrstn)} Graphics
Science Mag.; 6/70

PROCUREMENT PRACTICES For Mil
Spec Technical Publications—R. J. Ellis
{EASD, Van Nuys) Equip Manuals Symp.
& Related Problems: L.A., Calif.; 7/22/70

EDUCATION

TECHNICAL EDUCATION at RCA Lan-
caster—J, M. Forman (EC, Lanc) Pre-
sented at American Society for Training
and Development; York, Pa.; 5/5/70

ELECTROMAGNETIC WAVES
BACKSCATTER EXPERIMENT-—J. F.
Sprinkle (MSR, Mrstn) ADC Communica-
tions & Electronics Digest; 1/70

HIGH FIELD BEHAVIOR of ZnO-—H.
Kiess (Labs, Pr) Swiss Physical Society
Mtg.; Lucerne, Switzerland; 5/1-2/70
MICROWAVE SIGNAL FADING in the
Atmosphere of Venus Due to Turbulence,
Evidence for Severe—D. A. de Wolf
(Labs, Pr} J. of Geophysical Research,
Space Physics, Vol. 75, No. 7; 3/1/70
SPIN-WAVE/CARRIER-WAVE Interac-
tions—B. B. Robinson, B. Vural, J. P.
Parekh (Labs, Pr) IEEE Trans. on Elec-
tron Devices, Vol. ED-17, No. 3; 3/70

WAVE PROPAGATION in a Random

4/1/70

D. A. de Wolf (Labs, Pr) Elec-
trophysics Department; Brookiyn Poly-

Kodak Mi ization Seminar; San
Diego, Calit.; 5/4-6/70
HOLOGRAPHY

HOLOGRAPHY—Applications in the
Electronic Age—D. L. Greenaway (Labs,
Pr) Swiss Physical Soc. Mtg.; Lucerne,
Switzertand; 5/1-2/70

MAGNETIC HOLOGRAPHY—R. 8. Mez-
rich, H. Schachter (Labs, Pr} Symp. of
Engineering Applications of Lasers; ls-
rael; 6/16-18/70

OPTICAL. MEMORIES, Holographic—R.
D. Lohman (Labs, Pr) New Technotogy
for Image Recording; Washington, D.C.;
6/9-10/70

LABORATORY TECHNIQUES
ACOUSTIC PHONON SPECTROMETER,
A New—C. H. Anderson (Labs, Pr) IEEE
Trans. on Electron Devices, Vol. ED-17,
No. 3; 3/70

SPECTRUM ANALYSIS, Marker Chart
Simplifies—A. Guida (Labs, Pr) Micro-
waves, Vol. 9, No. 6; 6/70

S. H. McFarlane (Labs, Pr
Metallurgical Trans., Vol. 1;

ELECTRON-HOLE PLASMA Instabilities
—B. B. Robinson (Labs, Pr) IEEE Trans.
on Electron Devices, Vol. ED-17, No. 3;
3/70

GaAs,_,P. ELECTROLUMINESCENT DI-
ODES Due High-Energy Electron irradia-
tion, Efficiency Degradation of—C. J.
Nuese, H. Schade, D. Herrick (Labs, Pr)
Metallurgical Trans., Vol. 1; 3/70

IMAGE UPCONVERSION; Part lil—A. H.
Firester (Lans, Pr) J. of Applied Physics,
Vol. 41, No. 2; 2/70

RADIATIVE RECOMBINATION from
Field-Excited Hot Carriers in n-GaAs—
P. D. Southgate, D. S. Hall (Labs, Pr)
Applied Physics Letters, Vol. 16, No. 7;
4/1/70

SEMICONDUCTOR LASERS—H. Kressel
{Labs, Pr} Int. Schoot of Applied Physics;
Erice, ltaly; 6/3-4/70

SEMICONDUCTOR LASERS—H. Kressel
(Labs, Pr} Laser Symp.; Haifa, Israel;
6/16-18/70

SEMICONDUCTOR LASERS—J, I. Pan-
kove (Labs, Pr) Symp. of Engineering
Applications of Lasers, Technion City,
Haifa, Israel; 6/29/70

VISIBLE-LIGHT EMITTING JUNCTIONS
in AlAs, The Preparation of—C. J.
Nuese, A. G. Sigai, M. Ettenberg, J. J.
Gannon, S. L. Gilbert (Labs, Pr} 1970
Device Research Conf.; Seattle, Wash-
ington; 6/29-7/2/70

LINGUISTICS

ADAPTIVE SPEECH RECOGNITION SYS-
TEM Operating in a Remote Time-Shared
Computer Environment—J. C. Miller, P.
W. Ross, C. M. Wine (Labs, Pr) IEEE
Trans. on Audio and Electroacoustics,
Vol. AU-18, No. 1; 3/70

LOGIC THEORY

COMPLEMENTARY MOS LOGIC and Ap-
plications—S. S. Eaton (EC, Som) The
Electronic Engineer; 5/70

THRESHOLD LOGIC ASYMPTOTES--R.
O. Winder (Labs, Pr) [EEE Trans. on
Computers, Vol. C-19, No. 4; 4/70
TRANSITIONAL LOGIC as an Aid to
Complex Switcher Operation—J. M.
Walter, C. R. Monro (CES, Cam) SMPTE;
Chicago, llinois; 4/28/70

LOGISTICS

SUPPORT SYSTEM, Interrelation of On-
Board and Ground ATE in Achieving the
Most Effective Overall—O. T. Carver
(ASD, Burl) Proc. of the AGARD/NATO
Symp. on Avionics Test Equipment.

MANAGEMENT

DEFENSE CONTRACTS, Pricing and Ne-
gotiating—W. L. Myers, Jr. (Labs, Pr)
NAA Seminar—The Accountants Role in
Government Contracting; Chicago, fli,;
5/12-18/70

ENGINEERING MANAGEMENT (panef)—
N. A. Teixeira, moderator {ASD, Burl}
Panel at IEEE Boston Section Manage-
ment Symp.; Burlington, Mass.; 4/11/70
PROJECT MANAGER, The Role of the—
A, Mason (CES, Cam) presented at an
AMA Seminar in New York City; 5/13/70

MATHEMATICS

COVARIANCE MATRIX ESTIMATION in
Linear Models—V. Chew (Ser Co, Pat
AFB) American Statistician; 3/70
FACTORS OF REPUNITS—S. Yates
(MSR, Mrstn) J. of Recreational Mathe-
matics; Vol. 3, No. 2; 4/70

LEAST SQUARES SOLUTION to an En-
Non-
AFB)

Typicai—V. Chew (SerCo, Pat
American Statistician; 10/70
MODELING PROCESS, A Modei of the—
R. Roop (MSR, Mrstn) Panet on Systems
Analysis & Environmental Management;
University City Science Center; 4/7/70
MODULATION TRANSFER FUNCTION of
Electro-Optical Devices, Characterizing
the—C. B. Johnson {EC, Lanc) Presented
at Optical Society of America Mtg.;
Phila., Pa.; 4/7-10/70

MONTE CARLO SOLUTIONS for Hyper-
sonic Flow of Binary Mixtures Over
Axially Symmetric Bodies—G. K. Bien-
kowski, R. R. McKinley, S. M. Siskind
{AED, Pr} Seventh Int. Symp. on Rarified
Gas Dynamics; Pisa, ltaly; 6/29-7/3/70

MECHANICAL DEVICES

ACTUATOR for Spacecraﬂ Thermal can-
trol P A
L K.

STRAIN GAUGES for the
of Strain Waves on the Surface of Fuzed

(AED, Pr)
5th Aerospace Mechamsms Symp., God-
dard Space Flight Center; 6/15-16/70

Quartz—S. Barasch (Labs, Pr) IEEE
Trans. on Sonics and U , Vol.
8U-17, No. 1; 1/70

LASERS

DOUBLE INJECTION in the Perfect Insu-
lator: Further Analylic Results—L. M.
Rosenberg, M. A. Lampert (Labs, Pr) J.
of Applied Physics, Vol. 41, No. 2; 2/70

SURFACE TENSION DEVICES for Pro-
pellant Acquisition, A Survey of Current
Developments in—Y. C. Brill, D. L. Bal-
zer {AED, Pr) AJAA J. of Spacecraft and
Rockels; AlAA 6th Propulsion Joint Spe-
cialist Conf.; San Diego, Calif; 6/15-
19/70
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VIBRATION CONTROL, Selection of Ma-
terials for—C. H. McKee (EC, Lanc)
matics; Vol. 3, No. 2; 4/70

PROPERTIES, ACOUSTIC

ACOUSTIC PHONON Spectrometer, A
New—C. H. Anderson (Labs, Pr} IEEE
Trans. on Electron Devices, Vol. ED-17,
No. 3; 3/70

LIQUID HELIUM FILMS by Acoustic
Wave Interference, Measurements of the
Thickness of—E. S. Sabisky (Labs, Pr)
Catholic  University; Washington, D.C;
5/1/70

SOFT PHONON EFFECTS Upon the Ultra-
sonic Attenuation in Strontium Titanate
—W. Rehwald (Labs, Pr} Swiss Physical
Soc. Mtg.; tucerne, Swilzerland; 5/1-
2/70

PROPERTIES, CHEMICAL

CHEMICAL VAPOR DEPOSITION TECH-
NIQUES for the Fabrication of Semicon-
ductor Devices——J. A, Amick, W. Kern
(Labs, Pr) Second int. Conf. on Chemical
Vapor Deposition; ECS Mtg; Los Angeles,
Calit.; 5/10-15/70

DOPED OXIDE DIFFUSION SOURCES
for Silicon—J. A, Amick, A. W. Fisher
(Labs, Pr) NEPCON; New York City;
6/16-18/70

ELECTROLESS NICKEL--Mechanism and
Applications—N. Feldstein (Labs, Pr)
Seminar to the Electrochemical and Sur-
face Llab; UCLA, Los Angeles, Calif.,;
5/15/70

ELECTROLESS NICKEL PLATING
BATHS, New Room Temperature—Prop-
erties and Characteristics—N. Feldstein
(Labs, Pr) The Electrochemical Soc. Mtg.;
Los Angeles, Calif.; 5/10-15/70

ELECTROLESS PLATING TECH JES

PROPERTIES, SURFACE

ELECTRON PARAMAGNETIC RESO-
NANCE of Zinc Oxide, lodine Effect on—
S. tarach, J. Turkevich (Labs, Pr} Sur-
face Science, Vol. 20, No. 1; 3/70

Pb.Sn,_.Te EPITAXIAL FILMS, Prepara-
fion and Properties of—T. O. Farinre,
J. N. Zemel (Labs, Pr) J. of Vacuum Sci-
ence & Technology, Vol. 7, No. 1; 1/70
2/70

SILICON-ON SAPPHIRE FILMS, Deep
Levels within the Forbidden Gap of—
D. J. Dumin (Labs, Pr) Solid-State Elec-
tronics, Vol. 13; 70

SOLID LAYER OF HELIUM ON ALKA-
LINE Earth Fluoride Substrates, The Ab-
sence of 8—C. H. Anderson, E. S. Sabisky
{Labs, Pr) Symp. on Thin Helium Films;
Stevens Institute of Technoloby; Hobo-
ken, N.J.; 6/4-5/70

STEADY-STATE FIELD Along a Thin
Layer of N-GaAs Biased Above the Gunn
Threshold, Controlling the—R. H. Dean
(Labs, Pr) 1870 Device Research Conf.;
University of Washington, Seattle, Wash-
ington; 6/29-7/2/70

SURFACE CHARGE WAVES in 2 N-InSb
MOS inaTi i

Field, Nonlinear Effects of—M. Toda
{Labs, Pr} Japanese J. of Applied Phys-
ics, Vol. ¢, No. 1;1/70

THIN-FILM DEVICES on Dielectric Sub-
strates—C. W. Mueller (Labs, Pr) J. of
Vacuum Science & Technolfogy, Vol. 7,
No. 1; 1/70 2/70

THIN SILICON FILLMS Grown from Silane,
Control of—D. J. Dumin (Labs, Pr) Symp.
on Silicon Device Processing, ASTM
Mig; Washington, D.C.; 6/2-3/70

WURTZITE AND ZINCBLENDE Lattices,

Survey of Selective—N, Feldstein {Labs,
Pr) AES Annual Convention; Montreal,
Canada; 6/21/70

INSULATOR-Si INTERFACE Opfical Con-
stanis on Ellipsometric Measurements of
Dielectric Films, Effect of—A. N, Saxena,
K. H. Zaininger (Labs, Pr} Electrochemi-
cal Soc. Mig.; Los Angeles, Calif.; 5/10-
15/70

VISCOELASTIC DAMPING to Improve
Performance of (Horizontal) Vibration
Test Fixture, The Application of—E. J.
Setescak {AED, Pr) 41st Shock and Vibra-
tion Symp.; U.S.A.F. Academy; Colorado
Springs; 10/27-29/70

OPTICS

ELECTROFAX DEVELOPMENT by Rever-
sal Liquid Toning, Physical Processes in
—E. C. Hutter (Labs, Pr) SPSE Conf. on
Photographic Science; New York City;
5/18-22/70

LIQUID TONERS for Reversal Develop-
ment of Electrofax Layers—G. S. Lozier
(Labs, Pr) SPSE Conf. on Photographic
Science; New York City; 5/18-22/70

PARTICLE BEAMS

SOFT PHONON MODE and Ferroelectric-
ity in GeTe—E. F. Steigmeier, G. Harbeke
(Labs, Pr) Swiss Physical Soc. Mtg.; Lu-
cerne, Switzerland; 5/1-2/70

PLASMA PHYSICS

ELECTRON-HOLE PLASMA Instabilities
—B. B. Robinson (Labs, Pr) JEEE Trans.
on Electron Devices, Vol. ED-17, No. 3;
3/70

GENERALIZED SPECTRAL FUNCTIONS
for Velocity Turbulence, Time Variations
of—I. P. Shkarofsky {LTD, Mont) A/AA J.,
Vol. 8, No. 4; 4/70

PROPERTIES, ATOMIC

ION IMPLANTATION, Evidence for For-
mation of Silicon Nitride, Silicon Oxide,
and Silicon Carbide Layers by—A. N.
Sazena, W. B. Mann (Labs, Pr} int. Symp.
on lon Implantation; Thousand Oaks,
Calif.; 5/4-7/70

PROPERTIES, MOLECULAR

HgCr,Se, SINGLE CRYSTALS by Chemi-
cal Transport, Growth of—T. Takahashi
{Labs, Pr} J. of Crystal Growth, Vol. 6;
1970

Polar of—R. W. Nosker, P.
Mark, J. D. Levine (Labs, Pr) Surface
Science, Vol. 19, No. 2; 2/70

SELECTIVE ELECTROLESS PLATING of
Metals and Their Alfoys—N. Feldstein
(Labs, Pr} 8th Annual Industrial Precious
Metal Plating Conf.; University of Rhode
Istand, Kingston, Rhode Island; 5/23/70

SILICATE GLASSES for use with Silicon
Devices, Chemical Vapor Deposition of;
1 Deposition Techniques; Il Film Proper-
ties—W. Kern, R, C. Heim (Labs, Pr) J. of
Electrochemical Soc., Vol. 117, No. 4;
4/70

Y and La Oxysulfides, Energy Loss and
Energy Storage from the Eu*’ Charge-
Transfer States in—C. W, Struck, W. H.
Fonger (Labs, Pr) Electrochemical Soc.
Mtg.; Los Angeles, Calif.; 5/10-158/70

PROPERTIES, ELECTRICAL

ANOMALOUS HALL EFFECT in Anthra-
cene, Search for the—J. Dresner {Labs,
Pr) Fifth Molecular Crystats Symp.; Phila-
delphia, Pa.; 6/8-11/70

CADMIUM CHROMIUM CHALCOGEN-
IDES, On the Electronic Band Structure
of—G. Harbeke, H. W. Lehmann (Labs,
Pr) Swiss Physical Soc. Mtg.; Lucerne,
Switzeriand; 5/1-2/70

ELECTRON TRANSPORT in GaAs, Low-
Temperature Non-Ohmic—R. 8. Crandall
(Labs, Pr) The Physical Review B; Vol. 1,
No. 2; 1/15/70

HgCrX, (X=S and Se), Magnetic, Opti-
cal, and Electrical Properties of—K. Mi-
vatani, K. Minematsu, T. Takahashi (Labs,
Pr} Int. Conf. on Ferrites, Kyoto & Sen-
dai, Japan; 6/1-13/70

LOW-TEMPERATURE NON-OHMIC
TRANSPORT in GaAs, Application of the
Electron Temperature Model to—R. S.
Crandall (Labs, Pr) J. of the Physics and
Chemistry of Solids, Vol. 3t1; 70
SCHOTTKY BARRIER Properties and
Applications—A. N. Saxena (Labs, Pr)
University of Denver; Denver, Colorado;
5/1/70

PROPERTIES, MAGNETIC

FERROMAGNETIC SPINELS, Semicon-
ducting—P. J. Wojtowicz (Labs, Pr) /EEE
Trans. on Magnetics Vol., MAG-5, No. 4;
12/69

(H-)-LIKE QUASIPARTICLE IN GaP,
Some Experimental Evidence for a2 —W.
Czaja, L. Krausbauer, B, J. Curtis (Labs,
Pr) Swiss Physical Soc. Mtig.; Lucerne,
Switzerland; §/1-2/70

HEISENBERG FERROMAGNET CdCr,Se,,
The Critical Phenomena of the—K. Miya-
tani (Labs, Pr) J. of the Physical Soc. of
Japan, Vol. 28; 70

PROPERTIES, MECHANICAL

HgCrX, (X=S and Se), Magnetic, Opti-

cal, and Electrical Properties of—K. Mi-

yatani, K. Minematsu, T. Takahashi (Labs,

Pr} Int. Conf. on Ferrites, Kyoto & Sen-

dai, Japan; 6/1-13/70

PbCr,Se, and Some Isotopic Compounds,
i lies of—

¥ ysica P
F. lkamoto, K. Miyatani, K. Minematsu,
Y. Wada, S. Harado (Labs, Pr) Int. Conf.
on Ferrites, Kyoto & Sendai, Japan; 6/1-
13/70

PROPERTIES, OPTICAL

ANOMALOUS ABSORPTION-EDGE SHIFT
in the Metamagnetic Temperature Range
of HgCr,S,—H. W. Lehman, G. Harbeke
(Labs, Pr) Physical Review, Vol. 1, No. 1;
1/70

GREEN-EMITTING GaP DIODES, Proper-
ties of—B. J. Curtis, A. E. Widmer (Labs,
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3,519,330; July 7, 1970

Threshold Gate Counters—R, O. Winder
{Labs., Princeton, N.J.) U.S. Pat. 3,519,-
941; July 7, 1870

Radiation-Sensing Matrix Circuit—D. H.
Vilkomerson (Labs., Princeton, N.J.) U.S.
Pat. 3,519,996; July 7, 1970; Assigned to
U.s. Government

INFORMATION SYSTEMS

Magnetic Memory with Noise-Cancella-
tion Sense Wiring—F. D. Cassidy (CSD,
Needham, Massachusetts) U.S. Pat.
3,518,640; June 30, 1970

Weighted Time Accounting in Time-
Shared Computer—J. E. Croy (CSD,
Cherry Hill, NJ.) U.S. Pat 3,518,633;
June 30, 1970

Balanced Mixer Circuits—B. B. Bossard,
S. Yuan (CSD, New York) U.S. Pat.
3,513,398; May 19, 1970; Assigned to
U.8. Government

COMMERCIAL ELECTRONIC
SYSTEMS

Arrangement for Handling Printable
Character Bit Codes—R. C. Peyton (CES,
Palm Beach, Florida) U.S. Pat. 3,517,165;
June 23, 1970

A for Slides—W. F.
Schacht, W. F. Fisher (CES, Camden,
U.S. Pat. 3,514,198; May 26, 1970

Modulation Error Cancelling Apparatus
—J. J. O’Toole (CES, Camden, N.J.)

Preset Sensitivity and Amplification Con-
trol System—R. R. Brooks {CES, Cam-
den, N.J)} US. Pat. 3,518,371; June 30,
1970

Push-Pull Current Source—D. C. Herr-
mann, J. L. Bazin (CES, Camden, N.J.)
U.S. Pat. 3,518,457; June 30, 1970

GRAPHIC SYSTEMS DIVISION

Device for Producing Line Halftone
images Similar to the Images Produced
by the Woodcut Type Method of Printing
—R. J. Klensch (GSD, Dayton, N.J.} U.S.
Pat. 3,517,118; June 23, 1970

Portable Color Television Camera Sys-
tem~-A. J. Gravel (GSD, Dayton, N.J.)
U.S. Pat, 3,518,360; June 30, 1970

DEFENSE ENGINEERING

Recel Re-
cording of Parllal Multiplexed Message
Transmissions—D. P. Dorsey (ATL, Cam-
den, NJJ} US. Pat. 3,519,736; July 7,
1870

7 H. J.
(ATL, Camden, N.J) U.S. Pat. 3,519,766:
July 7, 1870

Magnetic Core Memory Plane Assembly
and Method—R. S. Fow (ATL, Camden,
N.J.) U.S. Pat. 3,513,453; May 19, 1970

NATIONAL BROADCASTING
COMPANY, INC. RECORD DIVISION

Tape Basket Stripper Apparatus—C. G.
Hawkins (Record Div., Indianapolis, Ind.)
U.S. Pat. 3,514,024; May 26, 1970

Dates and
Deadlines

Be sure deadlines are met—consult
your Technical Publications Adminis-
trator or your Editorial Representative
ar the lead time necessary to obtain
A approvals (and government ap-
provals, if applicable). Remember, ab-
stracts and manuscripts must be so
approved BEFORE sending them to
he meeting committee.

CT. 28-30, 1970: 1970 IEEE International
|lectron Devices Meeting, Sheraton-Park
tel, Washington, D.C., |IEEE Electron
vices Group. Deadline info: (abst)
1/70 (late news abst) 9/15/70 to: Ed-
‘ward O. Johnson, Program Chairman,
1970 International Electron Devices

Meeting, RCA Corporation, Electronic
“Components, 415 South Fifth Street,
Harrison, New Jersey 07029,

AN, 19-21, 1971: 1871 Mexico Interna-
tional IEEE Conference on Systems, Net-
orks and Computers, Oaxtepec, Mor.,
Mexico, Region 8 and Mexico Section of
iEEE. Deadline ‘info: (three copies of
bne page, single spaced abst) 8/31/70

to: Dr. Roberto Canales R., Instituto de
Ingenieria, Ciudad Universitaria, Mexico
20, D. F., Mexico.

JAN. 31-FEB. 5, 1970: Winter Power
Meeting, Statler Hilton Hote!, New York,
N.Y., G-P. Deadiine info: (papers)
9/15/70 to: I|EEE Hdgs., Tech. Conf.
Svcs., 345 E. 47th St, New York, N.Y.
10017.

APRIL 18-21, 1970: Off-Shore Technol-
ogy Conference, Houston, Texas, TAB
Oceanography Coordinating Committee
et al. Deadline info: (abst) 10/1/70 to:
[EEE Hdgs., 345 E. 47th St, New York,
N.Y. 10017,

MAY 10-14, 1871: Symposium on Flow—
Its Measurement and Control in Science
and Industry, William Penn Hotel, Pitts-
burgh, Pa.,, AIAA, AIP, ASME, ISA, and
Nat. Bureau of Standards. Deadline info:
{abst) 9/1/70 (ms) 3/1/71 to: Program
Chairman, Prof Rodger B. Dowdell, Cot-
lege of Engineering, University of Rhode
Island, Kingston, R.1. 02881.

MAY 11, 12, 13, 1971: Engineering for
Conservation of Mankind, Wood Lake
inn, Sacramento, California, 1EEE. Dead-
fine info: {abst 12/1/70 (ms) 3/1/71 io:
Dr. D. H. Gilot, Program Co-Chairman,
IEEE Region 6 Conference, Sacramento
State College, Dept. of Electrical Engi-
neering, 6000 Jay Street, Sacramento,
California 95819 and Dr. R. F. Soohoo,
Program Chairman, iEEE Region 6 Con-
ference, University of California at Davis,
Dept. of Electrical Engineering, Davis,
California 95616.

Meetings

SEPT. 20-25, 1970: Intersociety Energy
Conversion Engineering Conference,
Frontier Hotel, Las Vegas, Nev., G-ED,
G-AES, AIAA, ASME, AIChE et al. Prog
info: A. J. Smith, AFWL (WLAS 3/A),
Kirtland AFB, New Mexico 87117,
SEPT. 21-24, 1970: Int’l Conf, on Engi-
neering in the Ocean Environment, City
Marina Aud., Panama City, Fla., TAB
Oceanography Coordinating Committee,
et al. Prog info: C. B. Koesy, Code P 750,
Naval Ship R & D Lab., Panama City,
Florida 32401,

SEPT. 21.23, 1970: The Technology of
i Steel C

Vail, Colorado, AIME. Prog info: The
Metals Engineering Division, The Amer-
ican Society of Mechanical Engineers,
United Engineering Center, 345 East 47th
Street, New York, New York 10017,
SEPT. 23-24, 1970: Electron Device Tech-
niques Conference, United Engrg. Ctr,
New York, N.Y., G-ED. Prog info: May-
den Gatiagher, Hughes Res. Labs., 3011
Malibu Canyon Rd., Maiibu, Calif. 80265,
SEPT. 24-26, 1970: Fail Broadcast Tech.
Symposium, Washington Hilton Hotel,
Washington, D.C., G-B. Prog info: IEEE,
Technical Activities Board, 345 East 47th
Street, New York, N.Y. 10017.

SEPT. 27-30, 1970: Jt. Power Generation
Conference, Pittsburgh Hifton Hotel,
Pittsburgh, Penna., G-P, ASME. Prog
info: W. S. Morgan, Am. Elec. Pwr. Svc.
Corp., 2 Bdwy., New York, N.Y. 10008.
SEPT. 29-OCT. 2, 1970: Conference on
Trunk Telecommunications by Guided
Waves, London, Engiand, [EE, (EEE,

UKRI Section, IERE. Prog info: IEE Of-
fice, Savoy Place, London W.C. 2 Eng-
land.

OCT. 4-9, 1970: 108th SMPTE Technical
Conference and Equipment Exhibit, New
York Hilton Hotel, New York, SMPTE.
Prog info: Herbert Pilzer, Motion Picture
Enterprises, Tarrytown, N.Y.

OCT. 6-7, 1970: 1970 Symposium on Fea-
ture Extraction and Selection in Pattern
Recognition, Argonne National Labora-
tory, Argonne, illinois, IEEE. Prog info:
Prof. K. 8. Fu, School of Electrical Engi-
neering, Purdue University, Lafayette, In-
diana 47907 and Mr. A. Hamburgen, IBM
Corporation, 3605 Highway 52 North,
Rochester, Minnesota 55901.

OCT. 5-7, 1970: UMR—Mervin J. Kelly
Communications Conf., Univ. of Missouri,
Rolla, Missouri, G-IT, Univ. of Missouri,
St. Louis Section. Prog info: J. R. Betten,
Univ. of Missouri, 123 EE Bldg., Rolla,
Missouri 65401,

OCT. -8, 1970: IGA Group Annual Meet-
ing, LaSalle Hotel, Chicago, Ilinois,
G-IGA. Prog info: A. M. Killin, 3916
Edgewater Dr., Ashtabula, Ohio 44004.

OCT. 6-8, 1970: 1970 IEEE Electrcmag;
netic Ct ibility

El Tropicano Moior Hotel, San Antonio,
Texas, The Central Texas |EEE Section
through its Electromagnetic Compatibil-
ity Group Chapter with the participation
of The |EEE Group on Electromagnetic
Compatibifity (G-27) and SWIEEECO.
Prog info: Carl C. Lambert, Program
Chairman, The Eleciro-Mechanics Com-
pany, P.O. Box 1546, Austin, Texas
78767.

OCT. 7-9, 1970: Allerton Conference on
Circuit & Systems Theory, Univ. of llli-
nois, Monticello, 1il., G-CT, G-AC, Univ.
of Illinois. Prog info: G. Metze, Univ. of
lllinois, Urbana, 1lfinois 61801,

OCT. 14-16, 1970: Systems Science &
Cybernetics Conference, Webster Hall
Hotel, Pittsburgh, Penna., G-SSC. Prog
info: R. A. Mathais, Westinghouse R&D,
Pittsburgh, Penna. 15235.

OCT. 21-23, 1970: Ultrasonics Sympo-
sium, Jack Tar Hotel, San Francisco,
Calif., G-SU. Prog info: W. J. Spencer,
Bell Telephone Labs., 555 Union Blvd.,
Allentown, Pa. 18103.

OCT. 23, 1970: The End of Communicat-
ing: The Impact of Technology, Boston
University's Sherman Union, Boston
Chapter, Society of Technical Writers
and Publishers. Prog info: Mr. Charles
Urbon, The MITRE Corporation, P.O. Box
208 (D-140), Bedford, Massachusetts
01730.

OCT. 26-28, 1970: Electronic & Aero-
space Systems Convention, Sheraton
Park Hotel, Washington, D.C., G-AES.
Prog info: Richard Marsten, NASA Hdgs.,
Code SC, Washington, D.C. 20546.

OCT. 28-30, 1970: Swilching & Automata
Theory Symposium, Miramar Hotel,
Santa Monica, Calif., G-C., Univ. of Calif.
Prog info: IEEE Office, Technical Activi-
ties Board, 345 East 47th Street, New
York, N.Y. 10017

OCT. 29-30, 1970: Joint Engineering
Management Conference, Drake Hotel,
Chicago, lliinois, G-EM, 8 other societies.
Prog info: AIEE Headquarters, 345 E.
47th St., New York, N.Y. 10017,
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Engineering

Edward O. Johnson appointed Manager,
Solid State Optoelectronics

William C. Hittinger, Vice President and
General Manager, Solid State Division,
has appointed Edward O. Johnson as
Manager of the newly-formed Solid State
Optoelectronics Products activity. In this
new position Mr. Johnson will be respon-
sible for directing the development, engi-
neering, production and marketing of all
solid state optoelectronic products man-
ufactured by the Solid State Division.
These products now include non-coherent
and coherent infrared diodes and arrays,
photocells, liquid crystal devices and tun-
nel diodes.

“The newly-formed Solid State Optoelec-
tronics Products activity has been created
by consolidating a number of RCA opto-
electronic activities to add greater em-
phasis to the company’s role in this field,”
according to Mr. Hittinger. “In addition,
this consolidation will enable RCA to
take a more active position in the solid
state optoelectronic industry than the
company has in the past. RCA has been
a pioneer in the development of optoelec-
tronics materials and products for many
years,” he added.

Prior to this appointment Mr. Johnson
was Manager, Engineering, Technical
Programs, for RCA Electronic Compo-
nents since 1963. He received the BSEE
from Pratt Institute. He also undertook
PhD courses at Princeton University and
at the Swiss Federal Institute of Tech-
nology. In 1948 he joined RCA Labora-
tories at Princeton, N. J. and became
Manager, Electron Device Research, in
1957. He transferred to the RCA Semi-
conductor and Materials Division in 1959,
as Manager, Advanced Development, and
in 1961 was appointed Chief Engineer.
He is a fellow of the IEEE, the holder of
fifteen patents, and the author of 20 tech-
nical papers. A co-recipient of the IEEE
Editors’ Award, he has also received two
RCA Achievement Awards. He is listed
in “Who’s Who In Engineering”.

Mr. Johnson has managed a number of
IEEE Solid State Circuits Conferences
and is presently technical program chair-
man for the 1970 IEEE International
Electron Devices Meeting. He is also-a
member of the U. S. Department of Com-
merce Technical Advisory Board Panel
on Electrically Powered Vehicles.

William Ragan is Chief Engineer of
Magnetic Products Division

Dr. William A. Ragan has been appointed
Chief Engineer of the Magnetic Products
Division. Dr. Ragan received the PhD in
organic chemistry from the University of
Notre Dame; his career for the past 20
years has been one of proven accomplish-
ment with E. I. DuPont de Nemours. At

News and Highlights

DuPont, Dr. Ragan had technical respon-
sibility for all packaging film research
and the development of such products as
“Nylon”, “Mylar”, “Vexar”, “Clysar”,
“Kapton”, polyolefin film, and associated
structures. Dr. Ragan’s experience with
the chemistry of films, design and opera-
tion of production lines for the movement
of film, etc., has a direct relationship to
Magnetic Products’ type of operation.

P. K. White

Paul White named Chief Engineer,
Memory Products Division

Paul K. White recently joined RCA as
Chief Engineer of the Memory Products
Division in Needham, reporting to Steven
P. Marcy, Division Vice President and
General Manager. He comes to RCA after
18 years with General Electric. One of his
most significant accomplishments within
those 18 years was the development of
Magnetic Film Memory technology in
Phoenix, Arizona. Mr. White started his
successful career with General Electric
after receiving the BEE from Rensselaer
Polytechnic Institute, where he was a
member of-the honorary societies, HKN
and TBP.

Promotions
Electronic Components

P. G. Bedrosian: from Engr., Product
Development to Mgr., Standardizing
(H. A. Kauffman, Lancaster)

P. D. Strubhar: from Engr. Ldr, Product
Dev., to Mgr., Chemical & Physical
Lab. (R. H. Zazhariason, Lancaster)

Solid State Division

R. E. Brown: from Ldr., Product Devel-
opment to Mgr., Engineering Standards
(M. Bondy, Somerville)

C. Horsting: from Sr. Engr., Product De-
velopment to Engrg. Ldr., Product De-
velopment (M. Bondy, Somerville)

Dr. J. C. Miller: Engrg. Ldr., Product De-
velopment to Mgr., Design Automation
and Advanced Test Technology (B.
Jacoby, Somerville)

Computer Systems Division

E. Fulcher from Sr. Mbr.,, D & D Engd
Staff to Ldr., Technical Staffi (H. N
Morris, West Palm Beach, Fla.)

K. Hoffman from Sr. Mbr.,, D & D Enng
Staff to Ldr., Technical Staff (H. N
Morris, West Palm Beach, Fla.)

J. LeGault from Sr. Mbr., D & D EngH
Staff to Mgr., Automated Design Ope
ations (H. N. Morris, West Palm Beac}
Fla.)

J. Leise: from St. Mbr., D & D Engr
Staff to Ldr., Tech. Staff (H. N. Morri
West Palm Beach, Fla.)

W. L. Schulte: from Mbr., Engrg. St
to Sr. Mbr., D & D Engrg. Staff (H.
Morris, West Palm Beach, Fla.)

R. Singleton: from Pr. Mbr., D &
Engrg. Staff to Ldr., Tech. Staff (H.
Morris, West Palm Beach, Fla.)

W. D. White: from Mbr., Engrg. Staff f
Sr. Mbr.,, D & D Engrg. Staff (H.
Morris, West Palm Beach, Fla.)

Missile & Surface Radar Division

J. Daglian from Engr. to Lde. D & LT
Radiation Equipment (P. Levi, Moores
town, New Jersey)

E. B. Darrell: from Ldr. Field Support t
Mgr., Equip. D & D (W. Perecinic
Moorestown) 1

J. D. Frattura from Engr. to Ldr. ESF
Tactical Systems (C. C. Botkin, Moores
town, New Jersey)

H. Geyer: from Ldr. ESP to Mgr
TRADEX Site (L. Nelson, Moores
town)

J. F. Hawkins: from Sr. Prog. Cont. t
Engr. (E. T. Hatcher, Moorestown) 4

D. D. Keys from Engr. to Ldr. ESP, Tect
nical Assurance (G. R. Field, Moores
town, New Jersey)

B. Matulis from Engr. to Ldr., T/A
Comp., Product Design (W. Perecinic
Moorestown, New Jersey)

M. Nowlan from Engr. to Ldr., Enginee:
ing System Projects (H. Grossman
Moorestown, New Jersey)

S. M. Paskow from Ldr. to Mgr., FPS-9
Site (N. Lesso, Moorestown, New Jei
sey)

W. T. Patton from Ldr. D & D to Mgr
Equip. D&D, Product Design (W. Perx
cinic, Moorestown, New Jersey)

G. A. Senior from Ldr. D & D to Mg
Equip. D & D, Product Design (W
Perecinic, Moorestown, New Jersey)

J. M. Sommerville from Ldr. to Mgr
Range Operations Programs (J. M. Se
igman, Moorestown, New Jersey)

E. Zarnoch from Engr. to Ldr, D & |
Engineers (G. A. Senior, Moorestow!
New Jersey)

Commercial Electronic Systems

W. E. Bauer: from Engr. to Ldr., Des. «
Dev. Engrgs. (R. J. Smith, Camden)

{




A Service Company

J. Lobe: from Engr. to Mgr., Market-
ing District. (G. E. Pinkston, Mktg.,
Cocoa Beach, Fla.)

. G. Commean: from Engr., Systems
Service to Ldr., Systems Service Engrgs.
(W. R. Hayford, Sanguine Project,
Clam Lake, Wisconsin)

wards
erospace Systems Division

orris Z. Neiman, of Electro-Optics &
ontrols Engineering has been selected
b Engineer of the Month for March for
s outstanding work on the Huey Cobra
ogram. Mr. Neiman provided technical
rection to a major aircraft subcon-
actor for the purpose of modifying three
reraft to accept the entire Huey Cobra
ystem.

he Pulse Doppler Radar team of R.
arter, R. dePierre, D. W. Fogg, J. B.
uller, N. G. Hamm, J. I. Herzlinger,
. Honda, J. D. Johnson, M. J. Kurina,
. A. Michitson, J. S. Newell, K. T.
onan, J. A. Shay, P. T. Tremblay, and
. J. Zerfas from RF Engineering has
been selected for a Team Award for
arch. On a fixed price contract, the
Pulse Doppler Radar system was com-
bleted within the contract schedule and
uthorized funding. The system is a tail-
varning radar applicable to SAC and
AC aircraft for detecting missiles and
pther aircraft to take protective action.

illiam P. McDonald of Systems Devel-
bpment and Applications, has been se-
ected as Engineer of the Month for
\pril for his work in simulating the ef-
ectiveness of the Pulse Doppler Radar
n aiding in the protection of tactical and
trategic aircraft. The purpose of the sim-
lation was to evaluate the need for a
ail-warning radar and determine the per-
ormance which this radar must provide
o help protect aircraft.

eorge J. Lamonakis of System Design
Bupport has been selected as the Engi-
cer of the Month for May for his
Butstanding work in conducting environ-
mental shock and vibration tests on the
L.CSS Source Detector Adapter. The test
program required the design and im-
blementation of modifications of existing
est fixtures to accommodate the complex
test specimen, to provide adequate stif-
ening and ballast and to accept an
®dequate vibration driving technique.

he LLLTV team of Frank R. Amand,
David A. French, R. James Gildea, Jr.,
‘Olof C. Johnson, Jr., Edwin W. Ketler,
Kenneth M. Knowles, Ronald P. Larson,
nd Richard G. Popvich from Electro-
ptics and Controls Engineering was se-
ted for a Team Award for May. The
ward recognizes the outstanding Team
effort in the development of the low light
evel television system for the Huey
obra aircraft. The program required a
MRdesign using the RCA silicon image tube
in place of the SEC tube used in earlier

camera system designs. To meet a 4-
month delivery schedule the camera de-
sign team drew heavily on the TRIM and
other similar camera designs.

Astro-Electronics Division

Kevin J. Phillips of the Advanced De-
velopment Activity has been selected as
the most recent recipient of the Engi-
neering Excellence Award. He was se-
lected for this award as a result of his
outstanding work in the analysis of the
stability of the TIROS-M Satellite.

Professional activities
Aerospace Systems Division

Barry A. Bendel has been elected to the
Executive Committee of the Merrimack
Valley subsection of the IEEE. He will
serve as membership and attendance
chairman for the 1970-71 seasof.

Astro-Electronics Division

M. H. Mesner has been awarded Knight-
hood in the Guard of St. Patrick (summa
cum laude) by the University of Mis-
souri College of Engineering student body.

J. D’Arcy has just completed one year’s
service as President, Junior’s Organiza-
tion of the Engineer’s Club of Philadel-
phia, Pa.

W. J. Hawkins won the first prize of
$20,000 in the Popular Science magazine
“Anti-Car-Theft Device” competition,
sponsored by the Allstate Insurance Co.

Graphic Systems Division

R. M. Carrell has accepted an invitation
to assume chairmanship of the Quality
Subcommittee of the National Microfilm
Association’s Computer on Microfilm
Standards Committee.

Defense Electronic Products

Joseph G. Mullen has been elected Presi-
dent of the William Penn Chapter of the
Association of the United States Army
(AUSA) which is a voluntary, non-profit
organization composed of individuals de-
voted to advancing the aims of the U.S.
Army and the security of the United
States.

RCA Laboratories

G. Kenneth Dye has won a Certificate of
Merit for his manuscript, “Casting Up a
Projection” in the annual manuscript
competition of the National Association
of Accountants.

Research and Engineering

Arthur N. Curtiss, Staff Vice President,
Administration, received a Certificate of
Special Recognition at the recent annual
meeting of the Armed Forces Communi-
cations and Electronics Association in
Washington, D.C. Mr. Curtiss, one of
five National Directors of the AFCEA,
was honored for his service during the
past eight years.

Staff announcements
Operations Staff

Chase Morsey, Jr., Vice President, Mar-
keting has appointed Joseph W. Curran
in addition to his continuing responsibil-
ity as Staff Vice President, Advertising
and Sales Promotion, to assume responsi-
bility, in an acting capacity, for the direc-
tion of the Corporate Staff Product and
Marketing Planning activity; Stephen
Russell as Staff Vice President, Opera-
tions Staff Administration; and Richard
W. Sonnenfeldt, Staff Vice President, re-
sponsible for special projects and studies
in the field of communications.

Degrees granted

A. G. F. Dingwall, SSD, Som. ............... MSEE, Brooklyn Polytechnic Inst; 6/70
E. L. Lattanzio, SSD, Som. ...... P MSEE, Newark College of Engineering; 6/70
S. D. Smith, AED, Pr. .................. BSEE, Newark College of Engineering; 6/70
A. Cohen, M&SR, Mrstn. .................... BS, Physics Electronics, La Salle; 6/70
A. D. Korbin, M&SR, Mrstn. ................ PhD, University of Pennsylvania; 6/70
T. Murakami, AEGIS, Mrstn. ................ PhD, University of Pennsylvania; 6/70
G. A. Sparks, M&SR, Mrstn. ................. PhD, University of Pennsylvania; 6/70
H. P. Schiefer, EC, Lanc. .................. MS, Physics, Franklin & Marshall; 6/70
E. L. McHugh, AED, Pr. ... ... i BS, Physics, La Salle; 6/70
J. C. Phillips, CES, Cam. .......................... BA, Mathematics, Rutgers; 6/70
G. Beakley, Labs, Pr. ................ ... PhD, Comm. Theory, Yale; 6/70
C. Catanese, Labs, Pr. .............. .. i PhD, Physics, Yale; 6/70
G. Chandler, Labs, Pr. ............ ... .. i, PhD, Univ. of Illinois; 2/70
J.Davy, Labs, Pr. . ... PhD, Univ. of California; 6/70
L. Goodman, Labs, Pr. ... ... ... . ... . PhD.EE, MIT; 6/70
W.Ham, Labs, Pr. ........................ PhD.EE, Southern Methodist Univ; 5/70
T. Hitch, Labs, Pr. ........... PhD, Materials Eng, Rensselaer Polytechnic Inst.; 5/70
H. Kawamoto, Labs, Pr. ........................ PhD.EE, Univ. of California; 3/70
M. Kovac, Labs, Pr. ....... ... ... ... ... PhD.EE, Northwestern University; 6/70
A. Levine, Labs, Pr. ......... ... . ... ... ....... PhD, Seton Hall University; 5/70
S.Kipp, Labs, Pr. ... i PhD, Chemistry, Univ. of California; 3/70
C.Oh,Labs,Pr. ................ PhD, Organic Chemistry, St. John’s University; 6/70
A. Sigai, Labs,Pr. . ... PhD, Rensselaer Polytechnic Inst; 1/70
H. Wasserman, Labs, Pr. ................... PhD, University of Pennsylvania; 12/69
R. A. Dallitis, Globcom, N.Y. ........ BSEE, New York Institute of Technology; 6/70

D. G. Epstein, Globcom, N.Y. ............... ... MSEE, New York University; 2/70
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R. C. Bitting, Staff Vice President, Select-
aVision Business Development has an-
nounced the organization of SelectaVision
Business Development as follows: H.
Ball, Director, Systems Development; F.
X. Conaty, Manager, Administration and
Controls; D. I. Brenner, Administrator,
Program Controls; D. F. Miller, Director,
Marketing; R. C. Bitting, Acting Director,
Business Planning.

Thomas J. Mc Dermott, Staff Vice Presi-
dent, Special Projects for SelectaVision,
has appointed Anthony D. Thomopoulus
as Manager of SelectaVision Programs.
In his new position, Mr. Thomopoulus
will negotiate programming contracts, ac-
quire talent, and develop a film library
for SelectaVision, RCA’s new color tele-
vision playback system.

Research and Engineering

Edward W. Herold, Director, Technology,
has appointed Harold Sobol Staff Engi-
neer, Technology.

RCA Laboratories

Kerns H. Powers, Director, Communica-
tions Research Laboratory has appointed
Henry Tan, Head, Cable Systems Re-
search.

Solid State Division

William C. Hittinger, Vice President and
General Manager, has appointed Edward
O. Johnson, Manager, Solid State Opto-
electronic Products.

D. Joseph Donahue, Manager, Solid State
Department, has announced the organiza-
tion of the Solid State Department as
follows: Melvin Bondy, Manager, Tech-
nology and Engineering Services; Robert
M. Cohen, Manager, Quality and Reliabil-
ity Assurance; D. Joseph Donahue, Act-
ing Manager, Marketing Services; Paul
Greenberg, Manager, Somerville Ser-
vices; Robert L. Klem, Manager, Solid
State Signal Marketing; John P. Mec-
Carthy, Manager, Solid State Power
Operations; Roy H. Pollack, Manager,
Solid State Signal Operations; Parker T.
Valentine, Manager, Solid State Power
Marketing.

Electronic Components

John F. Wilhelm, Manager, Commercial
Engineering has appointed Eleanor M.
McElwee Manager, Solid State Power
Devices—Commercial Engineering. -~

C. Price Smith, Manager, Power & Elec-
tro-Optics Products Department has an-
nounced the organization of Power &
Electro-Optics Products as follows: Wil-
liam T. Kelley, Manager, Power & Elec-
tro-Optics Services; Robert T. Rihn,
Administrator, Special Projects; Ralph E.
Simon, Manager, Electro-Optics Prod-
ucts; C. Price Smith, Acting Manager,
Power Products.

William T. Kelley, Manager, Power &
Electro-Optics Services has announced
the organization of Power & Electro-

Optics Services as follows: James W.
Kiehl, Manager, Facilities Planning;
Charles Hanlon, Administrator, Services;
D. Franklin Herr, Administrator, Power
Products, Walter W. Houck, Administra-
tor, Electro-Optics Products; Douglas
Williams, Administrator, Facilities; Harry
B. Walton, Administrator, Operations
Planning; Donald G. Kann, Administra-
tor, Planning.

Ralph E. Simon, Manager, Electro-Optics
Products has announced the organization
of Electro-Optics Products as follows:
Clarence H. Groah, Administrator, Elec-
tro-Optics Products Administration; J.
Kenneth Johnson, Manager, Camera &
Display Tube Operations; Ralph E.
Simon, Manager (acting), Advanced
Technology.

C. Price Smith, Acting Manager, Power
Products has announced the organization
of Power Products as follows: Leonard
W. Grove, Manager, Regular Power &
Laser Operations; Robert E. Reed, Man-
ager, Power Products Engineering, Mer-
rald B. Shrader, Manager, Advanced De-
velopment, Thomas E. Yingst, Manager,
Super Power Operations.

Merrald B. Shrader, Manager, Advanced
Development, has announced the organi-
zation of Advanced Development, Power
Products, as follows: Wilford P. Bennett,
Engineering Leader, Product Develop-
ment; G. Yale Eastman, Engineering
Leader, Product Development; Robert
Roth, Manager, Development Shop.

Leonard W. Grove, Manager, Regular
Power & Laser Operations has an-
nounced the organization of Regular
Power and Laser Operations as follows:
John T. Mark, Manager, Regular Power
Products Design Engineering; Herbert W.
Sawyer, Superintendent, Regular Power
Products; William M. Sloyer, Superinten-
dent, Regular Power Products.

Robert E. Reed, Manager, Power Prod-
ucts Engineering, has announced the or-
ganization of Power Products Engineering
as follows: Claude E. Doner, Engineering
Leader, Product Development; John R.
Eshbach, Manager, Electrical Equipment
Construction & Maintenance; Jerome J.
Free, Engineering Leader, Product Devel-
opment.

Thomas E. Yingst, Manager, Super Power
Operations, has announced the organiza-
tion of Super Power Operations as fol-
lows: Thomas E. Yingst, Acting Manager,
Super Power Design Engineering;
Thomas E. Yingst, Acting Administrator,
Super Power Products Administration.

Graphic Systems Division

Gerard O. Walter, Chief Engineer, has ap-
pointed Robert S. Eiferd, Manager, Font
Development.

N. Richard Miller, Division Vice Presi-
dent and General Manager, has appointed
David Meredith, Manager, Programming
Development.

David Meredith, Manager, Programmi
Development, has appointed T. Albe
Korn, Manager, Systems.

Astro-Electronics Division

Abraham Schnapf, Manager of Progra
Management has appointed H.
Schwartzberg, Manager, Improved TIRO
Operations System (ITOS) satellite pr
gram. Mr. Schwartzberg will be respo
sible for the design, development an
production of the ITOS weather sat
lites.

Abraham Schnapf, Manager of Progra
Management has appointed Robert Mille]
Manager, Nimbus Project. Mr. Miller w
have overall responsibility for electron
equipment and subsystems being dev
oped at AED for the Nimbus expe
mental meteorological satellite.

Aerospace Systems Division

John R. McAllister, Division Vice Pres
dent and General Manager has appointe
William H. Price, I1, as Manager, Arm
Weapons Systems Sales. Mr. Price will br
responsible for the marketing of Arm
related systems at the Burlington Divi
sion. He will report to George A. Earld
Manager, Marketing.

Consumer Electronics

Robert A. Schieber, Division Vice Presﬁ
dent, Operations, has appointed Loren R
Kirkwood, Chief Technical Advisor. Ii
this capacity, Mr. Kirkwood will assis
management in the development and ap
plication of technical advances in the fiel
of Consumer Electronics.

Robert A. Schieber, Division Vice Pres
dent, Operations, has appointed Marvi
H. Glauberman, Chief Engineer, Engﬁj
neering Department.

RCA personnel active in IEEE Chapte
on Reliability

Several engineers of the Defense Com
munications Systems Division are makiz)f
significant contributions to the Philader
phia Chapter of the IEEE Group on
Reliability. Among those playing an ac-
tive role are Ed. J. Westcott, Chapter Vice
Chairman; Sam Canale, Publicity Com-
mittee Chairman; Nick Salatino, Program
Committee Chairman; John Davaro, Ar
rangements Committee Chairman; Jig
Goodman, Advisory Board Chairman an
Past Chapter Chairman; and Bob Killion.
Seminar Management Committee Chair
man.

New technique for producing metallic:
film holograms

Development of an experimental tech
nique which involves use of a laser as
a kind of optical branding iron to im
press holograms into thin metal films fo1
use as fixed, high-capacity compute
memories was announced recently by




RCA Laboratories, Princeton, N.J. The
hew  technique “eliminates chemical de-
belopment and the massive, low-vibration
ables required in. the making of con-
entional holograms, and may also find
hpplication in non-destructive testing and
bcientific. measurement, according to Dr.
illiam - M. Webster, Vice President,
RCA Laboratories, Princeton, N.J.

hen the laser light falls on the metal
ilm, it is converted to heat of sufficient
ntensity to evaporate portions of the
Im, producing a kind of holographic
Engraving in from 5 to 20 billionths of a
becond. With such a short exposure time,
he information, or object, being re-
orded would have to be moving faster
han 20 feet per second with respect to
he film for the hologram to become
Historted.

Furthermore, because no chemical pro-
essing or other development is required,
he RCA hologram can be viewed imme-
diately after it is exposed without mov-
ng it in any way. Thus, the hologram
is perfectly positioned for the successive
observations required in non-destructive
industrial testing of materials and
products.

The new technique is also quite adapt-
able to the storing of large amounts of
fixed data in optical memory systems,
such as those contemplated for auto
license bureaus, insurance companies, and
other government and commercial of-
fices that require large amounts of data
hat are changed relatively infrequently,
if at all.

For example, Dr. Webster noted, approx-
imately 300 million bits of permanent
information could be stored on a sin-
gle holographic card 16 by 414 inches
(the dimensions of a standard magnetic
Imemory card that holds about 2 million
bits). He said the RCA holographic ap-
proach has many advantages over other
large-scale optical storage techniques that
require the shining of light through min-
ute holes (0.1 mil in diameter) in thin
metal films for reading, and, therefore
are quite vulnerable to dust, scratches
Pand other physical distortions that do not
affect holograms.

The new RCA technique was developed
under the direction of Dr. Jan A.
Rajchman, Staff Vice President, Informa-
tion Sciences. The research was done by
Dr. Juan A. Amodei, of the RCA Solid
ptate Research Laboratory, and Dr. Reu-
in S. Mezrich, of RCA Information
Sciences Research.

Computerized testing of jet engine fuel
control

Aerospace Systems Division, Burlington,
ass., has obtained a $1.9 million Air
“Force contract to develop and install
:a computerized system that performs
_checks on jet engine fuel controls faster
han is possible with conventional, man-
ual techniques. The system, which also
offers major advances in checking the

accuracy of such parameters as fuel flow,
pressure drop, and fluid temperatures,
will automatically check out main and
afterburner fuel controls for J79 jet
engines.

The Automatic Test System/Jet Engine
Accessories (ATS/JEA) will be installed
at Tinker AFB, Okla., to service fuel
controls during engine overhauls. How-
ever, the system also could find future
use on production lines during engine
manufacturing and in maintenance facil-
ities of commercial airlines.

Major equipment components in ATS/
JEA include three main fuel control test
stands, one afterburner fuel control test
stand, and a time-shared process control-
ler to operate the stands in conjunction
with the test stand operator.

While the test stands will be controlled
by one process control subsystem that is
programmed to operate all four stands
simultaneously, each operator will appear
to have exclusive access to the controller.
At no time will any of the operators be
aware of demands made by other stands.
Each test stand is a self-contained unit
with its own hydraulic system and reser-
voir, transducers, actuators, control panel,
digital displays, and teletypewriter.

In the ATS/JEA automatic mode, all
stimuli and measurements are controlled
by the process controller. The operator
performs test stand hook-up and fuel
control mechanical adjustments in accord-
ance with simplified printed instructions
and/or visual displays. The system then
tests the fuel control automatically.
Should an adjustment or replacement be
necessary the ATS/TEA will identify the
required action to the operator by print-
ing out a message.

RCA will also furnished the Air Force
with complete operating manuals and will
assign field engineers to provide main-
tenance support for a one year period
following ATS/JEA’s acceptance.

Earth-controlled color TV system for
moon exploration

Astro-Electronics Division of DEP,
Princeton, N.J. is developing an earth-
controlled space TV system that will
beam live, full-color pictures from the
Lunar Rover vehicle that Apollo astro-
nauts will drive over the moon’s surface.
Designated the Ground Command Color
Television Assembly (GCTA), several
of the systems are being built for NASA
by AED under a $1.62 million contract
which covers both color TV cameras and
remote-control units. The system is slated
for use in Apollo 16 and in subsequent
lunar exploration missions.

The RCA space color TV camera to
be used in the GCTA system employs
the revolutionary Silicon Intensifier Tube
(SIT). The camera is capable of trans-
mitting pictures under all extremes of
lighting on the moon, ranging from the
dimness of sunrise to the brilliance of
high noon. It is immune to damage from

sunlight, even when pointed directly at
the sun.

The color TV camera will be cable-
connected to its associated control unit
which, in turn, will be connected to the
RCA-built Lunar Communications Relay
Unit (LCRU) mounted on the Rover.
(The LCRU, a briefcase-sized system
which will permit communications from
the moon to stations on earth without
the signals being relayed through the
LM, is being developed under a separate
NASA contract by Defense Communica-
tions Systems Division of DEP, Cam-
den, N.J.)

In this mode, the camera either could
be operated manually by the astronauts
or controlled remotely from earth. Man-
ual switches will permit the astronauts to
override all ground command functions
and operate the camera without damage
to the GCTA system. The switches will
be spring returnable so that once released
by the astronaut the function will be
back under ground command.

If required, the camera can be con-
nected directly to the LCRU, although
it will not be ground commandable in
that configuration. It also can receive
power from the Lunar Module for pic-
ture transmission, but again without
remote-control capabilities.

Being remotely controlled from earth
will offer greater flexibility in TV cov-
erage of the moon since the camera can
be employed at any time without depend-
ing on the astronauts to operate it. Op-
erators in NASA’s Manned Spacecraft
Center at Houston will be able, by means
of radio remote control, to turn the
camera on and off, raise, lower, and turn
the camera, adjust the zoom lens focal
length, and switch the automatic light
control from peak to average. The sys-
tem will have nearly full-circle panning
capabilities and will be designed for an
upward tilt to 85 degrees and downward
to 45 degrees.

Depending on the Rover’s remaining
battery life, a ground-commanded cam-
era could telecast the LM lift-off and
continue to transmit video from the moon
after the astronauts have left.

CSD receives $25 million computer order
from Navy

Computer Systems Division has re-
ceived the largest computer order in its
history, a $25 million contract award
from the Navy for 14 computerized mes-
sage distribution systems. Awarded by
the General Services Administration, the
contract calls for installation of 14 Spec-
tra 70/45’s in naval operations centers
around the world.

Each communications system also in-
cludes two RCA 1600 computers and five
70/7522 video data terminals. The first
system will be installed by the end of this
year at the office of the Chief of Naval
Operations in the Pentagon.
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A. R. Harris

Art Harris is new TPA for CSD,
Palm Beach

Arthur R. Harris has been appointed
Technical Publications Administrator for
the Computer Systems Division at Palm
Beach Gardens, Florida. In this capacity,
Mr. Harris will be responsible for the
review and approval of technical papers;
for coordinating the technical reporting
program; and for promoting the prepara-
tion of papers for the RCA Engineer and
other journals, both internal and external.

Mr. Harris received the BA in Writing
from Southern Methodist University of
Missouri, and the MBA in Engineering
Management from Rollins College, Flor-
ida. He was a Senior Technical Editor at
Cape Kennedy for twelve years, includ-
ing seven years with RCA-MTP. He left
RCA in 1964 to become Lead Technical
Editor with The Boeing Company at Ken-
nedy Space Center, Florida, and at
Seattle, Washington. Mr. Harris rejoined
RCA at Palm Beach Gardens in June
1970. He is a Senior Member of the
Society of Technical Writers and Pub-
lishers (STWP).

R. P. Lamb is appointed Ed Rep for MTP

Robert Paul Lamb has been appointed
Editorial Representative for RCA Service
Company’s Missile Test Project. In this
capacity, Mr. Lamb is responsible for
planning and processing articles for the
RCA Engineer, and for supporting the
activities of M. G. Gander, Technical
Publications Administrator for the Ser-
vice Company.

Mr. Lamb, a former Florida weekly news-
paper publisher, has also been named
Employee Publications and Services Ad-
ministrator for the Missile Test Project. In
addition, Mr. Lamb will serve as editor of

the MTP NEWS. He replaces Walt Mack

who has transferred to Cherry Hill, N.J.,
where he is a staff writer with News and
Information, Computer Systems Division.
Mr. Lamb attended Georgia Southwestern
College and the University of Georgia
under a scholastic scholarship from the
Macon newspapers. Following completion
of college in December, 1964, he returned
to Macon to work for the local news-
papers in which he received several cita-
tions for outstanding police investigative
stories. He left newspaper work in De-
cember, 1965, to work full-time at his
publicity and promotion company spon-

R. P. Lamb

soring entertainment shows. Mr. Lamb
closed his public relations organization
in August, 1966, to accept a position as
editor of corporate publications for the
Marriott Corporation. He moved to Flor-
ida in August of 1968, and has since
served as president of a small corporation
which operates apartment units in Tampa
and publishes a weekly newspaper in
Fort Meade.

New Appointment to RCA Engineer staff

W. O. Hadlock, Editor, RCA Engineer,
has announced the following changes to
the RCA Engineer editorial staff: J. C.
Phillips, Associate Editor; F. J. Strobl,
Consulting Editor; Miss Diane Juchno,
Editorial Secretary; and Joan P. Dunn,
Design and Layout Specialist.

Mr. Phillips, who was formerly Assistant
Editor, received the Bachelor of Arts de-
gree in Mathematics with honors in June
1970 from Rutgers University. He pre-
viously completed two years of evening
study at Newark College of Engineering.
Before joining the RCA Engineer staff
in 1967, he was an Editorial Representa-
tive at Astro-Electronics Division. In
1962, he joined RCA at the Astro-
Electronics Division where he was closely
associated with publications for most of
the major AED space programs. From
1960 to 1962, he was a technical writer
at the Bendix Corporation where he ad-
vanced to the position of group leader.
From 1956 to 1960, he was on active duty

with the U.S. Navy where he was as
signed the responsibility for maintenance
of all types of submarine -electronic
equipment. Mr. Phillips is a Membelf
of the IEEE and is active in the Group
on Engineering Writing and Speech, as
Associate Editor of the Transactions
and as a member of the Administra-
tive Committee.

Mr. Strobl’s primary responsibility is
Editor, TREND (The Research and Enf{
gineering News Digest); however, he is|
now assisting the RCA Engineer staff in
planning, editing, and author contacts
Mr. Strob! received the AAS in Electrica
Technology from New York City Com
munity College in 1954. In addition to
taking further courses in Engineering
Mr. Strobl is pursuing the BS at thg
evening division of Rugers University
His early experience included two year
in the U.S. Army as a Instructor of th
NIKE Missile System. From 1958 to 1960,
he was a customer engineer for IBM, and
from 1960 to 1962, he was a technical
writer for the Bendix Corporation where]
he became a lead writer preparing tech-
nical manuals on the B-58 flight control
system. Mr. Strobl joined the Astro-
Electronics Division of RCA in 1963,
where he has served as project writer for
the NEW MOONS Program and the Navy
Navigation Satellite Program.

Mrs. Dunn will be responsible for pro-
viding page-layout and design assistance]
to the editorial staff. Mrs. Dunn studiedd
fine art for eight years under Frederick
Reiniger; she attended Rutgers Univer-
sity for one year, majoring in English;
and took courses at Harris School of Busi-
ness for one year. Currently she is taking
fine arts caurses at Fleisher Art Institute.
In the fall, she plans to continue her
education with a course in industrial arts!
For the past two years, Mrs. Dunn has
worked with the Continuing Engineering
Education program RCA Corporate Engi-
neering Services, specializing in the prep-
aration and use of graphics for the video
tape media.
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Editorial Representatives

The Editorial Representative in your group is the one you should contact in scheduling
technical papers and announcements of your professional activities.

iefense and Commercial Systems
Defense Electronic Products

Aerospace Systems Division D, B. DOBSON* Engineering, Burlington, Mass.
Electromagnetic and Aviation Systems Division R. J. ELLIS* Engineering, Van Nuys, Calif.
J. MicDONOUGH Engineering, West Los Angeles, Calif.
Astro-Electronics Division |. M. SEIDEMAN* Engineering, Princeton, N.J.
S. WEISBERGER Advanced Development and Research, Princeton, N.J.
Missile & Surface Radar Division T, G. GREENE* Engineering, Moorestown, N.J.
Defense Communications Systems Division A, LIGUORI* Engineering, Camden, N.J.
Defense Engineering M. G. PIETZ* Advanced Technology Laboratories, Camden, N.J.
M. R. SHERMAN Defense Microelectronics, Somerville, N.J.

J. E. FRIEDMAN Advanced Technology Laboratories, Camden, N.J.
J. L. KRAGER  Central Engineering, Camden, N.J.

Defense Plans and Systems Development  E. J. PODELL Engineering Information and Communications, Camden, N.J.
Commercial Electronics Systems p._g, praTT* Chairman, Editorial Board, Camden, N.J.

N. C. COLBY Mobile Communications Engineering, Meadow Lands, Pa.

C. E. HITTLE Professional Electronic Systems, Burbank, Calif.

R. N. HURST Studio, Recording,”& Scientic Equip. Engineering, Camden, N.J.
R, E. WINN Broadcast Transmitter & Antenna Eng., Gibbsboro, N.J.

Industrial and Automation Systems M. COLESTOCK Engineering, Plymouth, Mich.
nformation Systems

Computer Systems Division 5, HaRRIS* Palm Beach Engineering, West Paim Beach, Fla.
. W. D. STELLMAN?® (acting TPA) Engineering, Marlboro, Mass.
M. MORTENSON* Instructional Systems Engineering, Palo Alto, Cal.
. AARONT Service Dept., Cherry Hill, N.J.
G. EVANS Development, Indianapolis, ind.
A. WOOD Engineering, Needham, Mass.

GOLD* Engineering, Dayton, N.J.

Magnetic Products Division
Memory Products Division

Graphic Systems Division

Research and Engineering
Laboratories

P @m

. W. SALL* Research, Princeton, N.J.

ylectronic Components
Receiving Tube Division

. A. MEYER* Chairman, Editorial Board, Harrison, N.J.

. KorFe Receiving Tube Operations, Woodbridge, N.J.
. J. MASON Receiving Tube Operations, Cincinnati, Ohio

CH. LIPSCOMBE Televis'lzon Pjcture Tube Operations, Marion, Ind.

[+
[
&
R
Television Picture Tube Division J 310 > )
E. K. MADENFORD Television Picture Tube Operations, Lancaster, Pa.
J
H
D
M

Industrial Tube Division . Ki. FORMAN Industrial Tube Operations, Lancaster, Pa.

. J. WOLKSTEIN Microwave Tube Operations, Harrison, N.J.
. H. WAMSLEY Engineefing, Harrison, N.J.

.B. ALEXANDER Solid State Power Device Engrg., Somerville, N.J.
T.J. REILLY Semiconductor and Conversion Tube Operations, Mountaintop, Pa.
J. D. YOUNG Semiconductor Operations, Findlay, Ohio
I. H. KALISH Solid State Signal Device Engrg., Somerville, N.J.

. Technical Programs
bolid State Division

Consumer Electronics Division ¢. HoYT* Chairman, Editorial Board, Indianapolis, Ind.
D. J. CARLSON Advanced Devel., Indianapolis, Ind.

R. C. GRAHAM Procured Products Eng., Indianapolis, Ind.
P, G. McCABE TV Product Eng., Indianapolis, Ind.

J. OSMAN Electromech. Product Eng., Indianapolis, Ind.
L. R. WOLTER TV Product Eng., Indianapolis, Ind.

B. F. SHELTON Resident Eng., Bloomington, Ind.

RCA Service Company w.w.cooK Consumer Products Service Dept., Cherry Hill, N.J.
M. G. GANDER* Consumer Products Administration, Cherry Hill, N.J.
K. HAYWOOD Tech. Products, Adm. & Tech. Support, Cherry Hill, N.J.
R. . LAMB Mi/ssile Test Project, Cape Kennedy, Fla.

RCA Global Communications, Inc. w.s.iEls* RCA Global Communications, Inc., New York, N.Y.

*National Broadeasting Company, Inc. W. A HOWARD* Staff Eng., New York, N.Y.
Record Division . L. WHITEHURST* Record Eng., Indianapolis, Ind.
RCA International Division €. A. PASSAVANT* New York, N.Y.
RCA Ltd. w. 5. cHisHOLM* Research & Eng., Montreal, Canada
Patents and Licensing J. EPSTEIN Staff Services, Princeton, N.J.

* Technical Publication Administrators listed above are
responsible for review and approval of
papers and presentations.
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