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Expanding business opportunities

Each of us must be ever aware that we live in a highly competitive world
that is changing at an accelerating rate. These changes, which are
reflected in growing domestic and foreign markets, offer great business
opportunities for new applications of existing technologies and products
and for the development of new products. Careful research of market
trends and application of creative and innovative engineering skills and
talents are major elements for providing the types of products and services
that will meet these growing market needs.

In this issue are several articles dealing with Numitron digital display
devices. This new product line offers several superior performance
features over existing competitive products in selected areas of a rap-
idly growing digital display market. NumitroN digital display devices, in
their design and development stages, added creative engineering to
existing technological knowledge that had already proven itself in small
vacuum tubes. Similarly, in the manufacturing, marketing, and distri-
bution areas, well proven skills and resources are being utilized. Like
most new products, Numtron digital display devices have had their
share of market entry and growing problems, but we continue to see an
excellent opportunity for establishing another profitable, growth product
line.
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Our cover

. . . features NUMITRON display devices. Several
articles in this issue (Farina, Reichert, Feyder)
discuss the design, applications, and potential
market of these directly viewed. filament-type
devices. Among the NUMITRON's advantages
are low cost. high contrast, and compatibility with
integrated circuitry. Photo credit: John Semon-
ish, Commercial Engineering. Electronic Com-
ponents, Clark, N.J.
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editorial
input

In basic research organizations, as in
academic institutions, publishing is the
primary vehicle of recognition. The
researcher’s reputation is measured to
alarge extent by the usefulness of what
he reveals and by the quality and sta-
ture of his publications.

However, only part of RCA’s activities
are devoted to research, and essen-
tially none to academia. A well-
designed competitive product must
always be the primary goal. Con-
sequently, most engineering and
development work is product and mar-
ket oriented, and most engineers are
busy—designing, developing, and
manufacturing new products—moving
rapidly from one assignment to the
next—often taking little time to pause
and consider the real need and value
of documentation.

Therefore, the great practical benefit
to be derived by the company and the
individual engineer from a well-
designed documentation program is
frequently underestimated. This can be
a grave omission; the best designed
product is useless in the marketplace
without the companion engineering
article, the attendant product descrip-
tion, the instruction book, and the sup-
porting sales materials so vitally
needed to effectively launch the pro-
duct into the marketplace.

But who will supply this much-needed
help to RCA's planners and mar-
keteers? The obvious answer is the per-
son possessing the basic information
and know-how. That person is the pro-
duct engineer; he must initiate the pro-
cess.

Such a process, once initiated, gener-
ates a spinoff of benefits far beyond
the original intent. For example, when
an engineer publishes a professional
technical paper, he may be aware that
he enhances his professional prestige
and adds to the technical stature of his
company. Beyond that the benefits
seem rather nebulous. However, it is
beyond these acknowledged benefits
that the published paper accrues unex-
pected rewards for the author and his
company.

publish
or perish

The most immediate but subtle reward
comes during the writing effort itself.
The conscientious author re-evaluates
his work as he writes. The prospect of
facing a broader, possibly more critical
audience causes him to uncover new
ideas and correct his original thinking.

The review-and-approval cycle adds
further to this re-evaluation process.
Comments fed back from legal, patent,
technical, marketing, and policy sec-
tors of the company solidify the paper
and reinforce the engineer's confi-
dence in his work. Yet even in this pre-
liminary form, the information starts to
become useful to others: to the patent
department as a possible disclosure,
to the marketing department as a
description of a customer-oriented
device, to the publications activity as
a base for other documents, and to the
author's management as a concise
wrap-up of the work performed.

By publishing in a trade or professional
journal, the author fulfills his original
goal—enhancing his professional sta-
ture and that of his company. But the
benefits do not stop there. The reprint
can now be used to answer inquiries,
to supplement technical proposals,
and to train new employees. It can be
bound together with other papers to
form a brochure displaying RCA's
unique skills in a particulartechnology.

Further, the first publication often
prompts invitations to participate in
other professional activities—the
author is asked to present his paper
at a technical conference, or the paper
is re-published elsewhere. This is a
particular advantage of publishing in
the RCA Engineer. Because the RCA
Engineer is distributed only to RCA
engineers and scientists, these papers
can be published again in the “open”
literature without change.

Thus, most published professional
papers benefit the authors and the
company far beyond the initial appear-
ance. The exact dollars-and-cents
value of a published paper is impossi-
ble to estimate. However, because of
its unobtrusive, authoritative, logical
approach, the professional paper is far
more valuable than most other forms
of communication—and far more
rewarding to the author.
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Future issues

The next issue. the seventeenth anniversary of the
RCA Engineer, will contain representative papers
from most areas of RCA. Some of the topics to
be covered are:

The AEGIS program

Integrated circuits for AM radios
Angle to sine/cosine digital conversion
Circuit failure analysis

Global Communications

Test automation

Holotape

Discussions of the following themes are planned
for future issues:

Advanced Technology Laboratories
Mathematics in engineering
COS/MOS integrated circuits

Radar and antenna engineering
Transportation

Communication

Broadband information systems
Crime prevention systems

SelectaVision Systems
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Five hats of R&D management

Dr. James Hillier

Editor's note: On September 29, 1971, Dr.
James Hillier, Executive Vice President,
Research and Engineering, delivered a
keynote address at the National Conference
on the Administration of Research at Wil-
mington, North Carolina.

Dr. Hillier prefaced his talk by stating that
“no industrial manager can hope to present
a complete synthesis of all the divergent
ideas and attitudes that exist.” However, his
message treats a broad range of problems
affecting research and development in the
U.S. Among these problems are technical
obsolescence, consumerism, a tight
economy, reduced government support for
R&D, and foreign competition. Since these
problems are shared, to some extent, by
each of us on the technical staff, Dr. Hillier's
comments should be of considerable inter-
est. The fulltext of Dr. Hillier's speech follows.

W HEN  WE  SPLAK  OF  UPDATING
OUR VECTORS.* we must remem-

ber that a vector can be, and usually

Reprint RE-17-6-18

*The maintheme of the conference was calching the wave
of re-adjustment’ and the theme of the keynote speeches
was “updating our vectors in moving co-ordinates

is. the result of many components. No-
where is this more true than in today’s
management of R&D. Some of these
components are . . .

Tightening of the economy. particularly in
the R&D-intensive industries.

Public emphasis on ecology. consumerism.
product safety. etc.

Overreaction that blames technology for our
problems and yet puts an unrealistic hope
on technology to solve them.

Reduced rate of growth of government sup-
port of R&D. including the relatively
greater impact on the government support
of basic research.

Increasing foreign competition—particularly
in high-technology industries.

Growth of the "future shock™ problems:
that is, problems introduced by the
increasing discrepancy between the rate
of accomplishing an R&D project and the
rate of change of the technical and
economic environment.

[ncreasing rate of technical obsolescence in
our technical stafts.

Even this partial listing 1s staggering in
its implications for industrial R&D
management. Euach of these compo-
nents could be the topic of a full length
talk at this meeting—in fact, of several
talks. since | suspect that the treatment

of each would be quite different accord-
ing to that specific part of the total R&D
spectrum each speaker represented.
My remarks will have to be quite
general. However, | shall try to give
some perspectives that may be helpful.

Now. more than ever, the R&D mana-
ger of a company must be an active par-
ticipant in all phases of the planning
activity of his company. His respon-
sibilities and problems have not really
changed. but the risks of incomplete
planning have greatly increased. in
other words, the R&D manager is now
faced with really doing all the things
he has been talking about for the past
decade or so.

The familiar dilemma of the R & D man-
ager has beenthat while his organization
must work for the future it must do so
within the constraints and conditions of
today. The rightened economy brings
this dilemma into exquisite focus.

Dr. James Hillier
Executive Vice President
Research and Engineering, RCA

-

studied at the University of Toronto, where he received a BA in , . FIp
Mathematics and Physics wn 1937, MA in Physics in 1938, and
PhD in Physics in 1941 Between 1937 and 1940, while Dr Hillier
was a research assistant at the Umwversity of Toronto, he and a
colleague. Albert Prebus, designed and built the first successful
high-resolution electron microscope in the Western Hemisphere
Following this achievement, Dr. Hillier joined RCA n 1940 as a
research physicist at Camden, NJ Working with a group under
the direction of Dr V K Zworykin, Dr H.llier designed the first
commercial electron microscope to be made available in the
United States In 1953, he was appointed Director of the Re-
search Department of Melpar, Inc.. returning ‘o RCA a year later
to become Administrative Engineer. Research and Engineering. In
1955, he was appointed Chief Engineer. RCA Industrial Elec-
tromic Products In 1957, he returned to RCA Llaboratcries as
General Manager and a year later was elected Vice President
He was named Vice President. RCA Research and Engineering,
In 1968, and (n January 1969 he was appointed to his present
posttion Dr Hillier has written more than 100 technical papers
and has been issued 40 US patents He is a Feilow of the
Amernican Physical Society. the AAAS, the IEEE, an Eminent
Member of Eta Kappa Nu, a past president of the Electron Micro-
scope Society of America, and a member of Sigma Xi. He served
on the Governing Board of the American Institute of Physics dur-
ing 1964-65. He has served on the New Jersey Higher Education
Committee and as Chairman of the Advisory Ccuncil of the De-
partment of Electrical Engineering of Princeton University. Dr,
Hillier was a member of the Commerce Technical Advisory
Board of the US Department of Commerce for five years. He
was elected a member of the National Academy of Engineering
in 1967 and is presently a member of its Council.
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The constraints and conditions of today
force the R&D manager into a much
more intimate relationship with his
financial, marketing, administrative,
and personnel counterparts in his com-
pany’s organization. He is like the old-
time vaudeville juggler who at some
point in his act would pick up a number
of top hats. Then, in a dazzling display
of virtuosity, he would shift each hat
in rapid succession to his head while
keeping all of the others spinning
through the air.

In current industrial R&D manage-
ment, this is an act that we must per-
form almost every day. | may begin
the day wearing my scientific hat, then
as the day progresses. | find myself
shifting—sometimes quite rapidly—into
the marketing hat, the administrative
hat, the financial hat. or the personnel
hat. There are times when urgent neces-
sity or the basic planning function for
the R& D activity seems to require me
to wear all five hats simultaneously.

This is not to say that R&D managers
are going to exercise primary corporate
responsibilities in non-scientific areas
of competence. Quite obviously. such
functions are performed by senior cor-
porate officers. and divisional ones as
well, who specialize in the fields of
administration. finance. marketing. and
personnel. But they cannot be expected
torelate effectively to the peculiar prob-
lems of research and development with-
out the informed counsel. recommenda-
tions. and active participation of the
R&D management. Nor can R&D
managers hope to operate efficiently
unless they are both knowledgeable in,
and responsive to. non-scientific busi-
ness criteria.

With this caveat in mind. let me briefly
touch on some of the basic considera-
tions that must preoccupy the mind of
any five-hatted industrial R&D mana-
ger. While I will treat each of them
separately. and in so doing try to relate
them to the relevant components of our
vector, do not forget that each of the
five hats is just part of an integrated
whole.

The financial hat

First, because successful R&D man-
agement must stem from a sensible
economic base. fet’s put on the financial
hat. Here we must consider the com-
pany’s financial resources and their

allocation to the total innovation pro-
cess that carries the research and
development through engineering and
all the way to the marketplace. For-
tunately in large diversified companies
such as RCA, it is possible to develop
certain rules of thumb with respect to
financial considerations which. if not
precisely accurate. are at least informa-
tive and provide some guidance.

We know. for example, that for every
dollar spent for successful basic and
exploratory research we can expect to
invest another ten dollars for applied
research, engineering development,
and design. But that’s just the begin-
ning. Beyond this we must be pre-
pared to lay out $100 for all of those
things it takes to create a new busi-
ness or adapt an old one—new plants,
new tools. new marketing and sales
personnel. new training, etc.

Note that | have indicated that this one.
ten. hundred-rule-of-thumb applies
only to money spent on successful
R&D. Since not all R&D projects are
successful, the simple formula must be
modified. In actuality, expenditures on
the necessary basic and the unsuccess-
ful exploratory research may very well
total three or four dollars for every one
dollar of successful and exploratory
research obtained. In addition to this.
one must realistically expect to budget
for expenditures of perhaps eleven or
twelve dollars at the applied research
and engineering level to achieve ten dol-
lars of useful output.

So you can see that one dollar’s worth
of successful basic and exploratory
research involves a commitment to
spend about fifteen dollars just to make
it happen, and to bring it to the point
where it could be introduced into the
economy. And we're still committed to
spend another one hundred dollars if
the effects of the research are to have
an impact upon the company’s and the
nation’s economy.

It becomes obvious in this admittedly
simplistic theory that it is the one
hundred dollars that becomes a signifi-
cant controlling factor in the R&D deci-
sion making process. In other words,
if we can determine how much innova-
tion investment money our growing.
maturing and dying, and on-going
businesses can generate, we would at
least know roughly how much we could
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afford to spend in the basic and explor-
atory research activities and in develop-
ment. engineering. and design. Unfor-
tunately. the problem is complicated
by the fact that basic corporate account-
ing systems tend to reveal only a
fraction of the innovation investment
money available. The remainder—and
probably the larger part—tends to be
buried in a myriad of different operating
accounts. ltinvolves the cost of retrain-
ing salesmen. redistributing the sales
force. retraining operators on the pro-
duction line. retooling and rescheduling
the production line. and a host of other
items which are considered as part of
the on-going business expenses but in
reality are part of the investment in the
total innovation process.

I am sure that all of you will recognize
that. while there is no easy way of iden-
tifying the innovation investment
money available for the total R&D pro-
cess, in any company, or for that mat-
ter in the whole society. a multitude of
self-correcting mechanisms ultimate-
ly do adjust the level of the company’s
research activities. It is my conviction
that you have seen precisely this type
of mechanism at work in the changing
rate of growth of the government
support of R & D.

The obvious difficulty with allowing the
self-correcting mechanisms to operate,
particularly in a company, is that they
tend to do so on historical data whereas
the research activity should be deter-
mined primarily by the anticipated
needs of the future. In other words. if
we do not take explicit action. it is easy
to find our research spending out of
phase with our true research needs.

On the national scene there is. of
course, understandable concern in
many quarters about the effect of the
diminished spending for basic research.
Fears are being expressed that we are
in imminent danger of dismantling the
academic base of all R&D. I do not
share these fears. We are experiencing
curtailment in this area. yes. But. more
than that, what we are witnessing is a
gradual shifting of responsibility for
R&D from the public to the private sec-
tor of the economy—and a reordering
of priorities towards an enlarging accent
on applied rather than basic
research—all in an effort to make our
research activities more effective in
improving our economy. This readjust-
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ment—and [ think that is the exact
word that applies—is taking place in the
wake of a period in which support for
basic research had grown more rapidly
than support for applied research or
development. Between 1958 and 1968,
funds for basic research multiplied six
times; applied research. four times; and
development, three times. Basic
research was not short changed in this
growth but note—u/l these rates of
growth were unsustainable particularly
that for basic research.

The number of people involved in R&D
in this country has grown at a much
more rapid rate than the population as
a whole. The research output per man ,
is, in all likelihood, greater than it
was a quarter of a century ago. One
can only conclude that the out-
put of our laboratories has also
been increasing much more

—a  situation  which  obvi-
ously could not be sustained
indefinitely without outstrip-
ping our ability to gener-
ate enough innovation in- !
vestment money to exploit \\
1t.

rapidly than our population \\,

The nation seemed to be
working on the philosophy
that if research is good, more
research is better, and without
any consideration as to how

much the nation could afford.

Yet we seemed confounded

when the inevitable self-cor-
recting mechanisms began to

take over. We did not seem to
recognize the significance of the
fact that twenty years of astronom-
ical growth rates in our expendi-
tures on research, including a dec-
ade of very high spending rates, had
had no corresponding impact on the
growth rate of our economy. Yet every
R&D manager knows full well that if
R&D is necessary for business success
in his industry, it is definitely not suf-
ficient. So | am really making two
points—if research is good, more re-
search is better only if the nation can
afford it—and if the other segments of
our society and economy are in place
to exploit it.

Thus, while 1 still have my financial hat
on, | must conclude that the R&D man-
agers must wrest the control of the
appropriate level of R&D spending in

our companies away from the self-
correcting mechanisms in order to bring
the expenditures into phase with future
needs. The need to do this becomes
more clear and urgent when we recog-
nize that the pace of competitive
developments must continue to quicken
while the pace of our in-house research
canonly remain relatively steady. If our
research spending is out of phase at the
same time as it is being buffeted by com-
petitive developments, [ believe that we

|un"/l/’ll'll/_/ﬂmﬂm

12 I iemy | it

T

have lost control and research manage-
ment is merely participating in a game
of chance.

The marketing hat

Determining the appropriate level of a
company’s R&D budget is obviously
only a first step. | must now endeavor
to make an appropriate allocation of the
total funds among our research pro-
jects. To do this | must put on my mar-
keting hat but juggle it rather quickly
with my scientific hat. my financial hat,

—

MARKETING /

/

and even for very short times., my
administrative and personnel hats.

To make sure we are communicating.
let me note that I am using the term
marketing in its broad sense to make
a basic distinction between selling and
marketing. 1t has been said that selling
tries to get the customer to want what
the company has. while marketing tries
to have what the customer wants.
There’s a world of difference in these
two concepts.

[t is obvious that, for the marketing to
be successful. it must have a very tight
association with the R&D planning.

\\ It is marketing, working in conjunc-

tion with finance. that can appraise
the relative impacts that different
products will have on the future
profits of the company. The R&D
4~~~ mManager, with his marketing
« hat on, must comprehend
’ such conclusions and use
them, factored by proba-
bilities of technical success.
as part of his judgment in
the process of allocating
resources to his research
"’ projects.

This is basically no different
than it has ever been; how-
ever. times have changed. In

the past. the market-planning

—

_ >~ process was quite often con-
\\\ tained entirely within the brain

of the chief executive of the com-
pany who seemed to be working
entirely on the basis of subjective
and intuitive thinking. Sometimes
—and certainly this is true in my
own company’'s case—the intuitive
feel for what product the market
would respond to proved to be bril-
liant indeed. Unfortunately, as com-
panies have grown larger and their
organizations more complex, the inputs
needed for that type of intuitive thinking
have become dispersed among many
staff and operating functions. Somehow
these inputs must be transmitted to the
chief executive since it is he and only
he who can commit the company to a
major change of direction. Such inputs
can only come from the collaborative
efforts of marketing. R&D. finance.
etc.

Another change in our times is that
technology has become plentiful. This
iseertainly true in electronics and possi-
bly in several other industries. In elec-
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tronics. we have a myriad of new pro-
ducts and services which have passed
through the R&D labs at least to the
stage where they have been demon-
strated as technically feasible. You
might ask the obvious question—why
is it that these products have not
reached the marketplace? It is my
observation and belief that it is
unwieldy corporate organization that is
at fault.

The next step in R&D would be to
develop a product prototype to demon-
strate that it can also be a cost-effective
product. However, this is an extremely
expensive step and one that has con-
siderable risk as to time of accomplish-
ment. The decision to invest in this pro-
duct and to accept the attendant risks
usually has to be made by the top execu-
tive of the company. In earlier days.
and even sometimes today. the chief
executive would make such a decision
rather quickly on the basis of his own
intuition and conviction as to whether
or not the market is ready for the pro-
posed product. Today, he is more likely
to base such a decision on a number
of studies made by his staff and operat-
ing departments.

In the marketing department. for exam-
ple. such a study will call for extensive
market research to obtain answers to
basic marketing questions: How big is
the market? What is its composition?
How intense is the level of demand?
At what prices should our product be
sold in order to achieve profitability?
What share of the market must we aim
for? and so on. Such market research
is quite well developed for the easily
understood modification of a simple and
common product. However. it is also
notoriously unreliable in predicting the
market factors for the completely new
and strange product or service. Yet.
how often have you seen an executive
hesitate when there is a disparity
between his intuitively developed judg-
ment and the results of a formal market
study?

Another respect in which times have
changed concerns the timing of market-
ing and. therefore, R&D decisions. In
RCA, certain types of R&D projects
take rather well-established lengths of
time to accomplish. At one extreme is
the completely new, complex system
which appears to take about eight years
from the original conception of the pro-
duct to the time that it is actually de-

livered to customers. At the other
extreme are simple transistors and
integrated circuits for which the same
process takes from a few months to a
year. The remarkable fact is that the
duration of this period has changed rela-
tively little over the last several
decades. As the process has been
speeded up by our becoming increas-
ingly adept in a given discipline. it has
been comparably slowed by the increas-
ing sophistication and complexity of the
product. If this appears to contradict
the general concept of an accelerating
technology. | need only remind you of
my earlier statements concerning the
rapid growth of our national R&D
which has certainly increased the fre-
quency of occurrence of new develop-
ments but has not necessarily shortened
the time required to attain any one of
them. This leads to the concept of
“*future shock™ to which 1 referred
earlier. In the course of the total
development sequence of a new pro-
duct. there is. today. an ever-increasing
probability that one or more competi-
tive developments will appear that will
threaten the integrity of the original
plan. Extensive and continuing collabo-
ration of the R& D management and the
marketing activity is the only present
defense against this problem.

In a commercial environment. market-
ing is the name of the game. No R&D
manager can afford to ignore its implica-
tions nor does he dare abdicate his
responsibility in this field.

The administrative hat

Then, there’s that third hat to be put
on. the administrative one. It’s an old
and familiar hat in corporate life. but
when fitted for R& D managers it natur-
ally tends to differ in shape and style
from those worn by other executives.
The whole thrust of R&D management
is. after all, aimed at unleashing and
guiding highly specialized forms of
creativity in the directions of the cor-
poration’s perceived areas of growth.
Given too tight a rein, such R&D
creativity tends to languish; held in
check too loosely. itrides off in all direc-
tions at once. This is a problem with
which we are all familiar. However, in
today’s tight economy , it tukes on a new
significance and becomes even more
difficult of solution. Today we are run-
ning our laboratories with less “*fat™
and less ““cushion™ . As a result, our
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laboratory programs are even more
delicately balanced than they have been
in the past. Any change in the allocation
of our manpower resources represents
a substantial change from the status
quo.

Around our laboratory. we have fallen
in the habit of calling this the '‘going
from A to B problem.”” A4 is obviously
the present situation and B is the desired
situation that | assume can be worked
out satisfactorily. More often than not.
it turns out transition from 4 to B is
the most difficult part of a problem. At
this point I find that | am quickly jug-
gling between my administrative and
my personnel hats.

While [ still have my administrative hat
on | will, of course. be worrying about
the normal problems of procedures con-
trol, information flow. and the function-
ing of the organization. These more or
less familiar functions have changed in
at least one fairly important aspect. The
information flow that today’s R&D
manager requires in order to be able
to function well under his five hats has
become much more extensive and com-
plicated than the straightforward
technical reporting of a few years ago.

The personnel hat

Now | shall turn to consideration of the
fourth hat worn by R& D management
—the personnel hat.

I dislike that word. personnel. |t
sounds, somehow, too impersonal, too
devoid of human values. The chronic
problem we always have in any R&D
organization is that of attracting and
retaining outstanding people. This
requires us to cultivate an attitude that
is open, receptive. and flexible. Talent
is where you find it. It is not necessarily
clustered in a few prestigious academic
institutions. but may be found even in
those halls of learning that are not
primarily noted for their emphasis on
scientific training. The best talent is
always in short supply in good times
or bad. These are generalities with
which I'm sure you are all familiar. In
today’s tight economy., however, we
find many of our personnel trends sub-
stantially changed.

Economies have forced us to cut much
of the fat and deadwood out of our
organizations. So they are working con-
siderably more efficiently than in the
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past. At the same time, the voluntary
attrition rates have almost vanished.
Under these conditions. there is the
possibility that the R&D manager may
relax, comfortable in the fact that he
has a reasonably stable organization for
the first time in two decades. Person-
ally. 1 consider such comfortable feel-
ings an illusion and would propose that
times of tight economy are precisely the
time to do some upgrading in the R&D
organization. This is a time when the
competition for the best graduates is
reduced though by no means negligible.
Of course. the “'new blood™ must usu-
ally be balanced with some attrition. In
bad times, such attrition has to be
forced but by the same token it can be
controlled and specific. Thisis instrong
contrast to good times when the attri-
tion may be high and allow substantial
infusion of new blood, but the attrition
is uncontrolled and may include some
of your best people and the new blood
may be of a considerably lower caliber.

There is another motive for upgrading
the R&D organization during bad
times. Particularly now. [tis my convic-
tion that there is going to be a very seri-
ous shortage of industrial R&D
technologists and scientists in the
middle-70's, I am aware that the demog-
raphers of science are predicting a sur-
plus of scientists during the 70's with
a shortage appearing only in the 80°s.
But such statistics include all scientists.
Industrial scientists are a special breed.
and there is primarily a negative motiva-
tion for today’s high school graduates
to aim their careers in our direction.
Consumerism. the general disaffection
with business. our association with the
military and with pollution, taken in
conjunction with the well-publicized
unemployment among aerospace
engineers—all have served to steer the
students leaving high schools into other
more fashionable careers. We have had
little opportunity, and perhaps we have
not known quite how, to counteract the
negative image that many high school
students have of industry and its R&D
activities.

In great corporations, we have another
problem that takes our personnel and
other talents to try and solve. Year after
year we face the possibility of losing
some of our best and most productive
talent who insist on leaving and setting
up their own companies. Such individu-
als. who frequently possess an entre-
preneurial flair, become absorbed in

projects that the corporation cannot
economically justify supporting. The
project may be afascinating one. It may
even be potentially profitable. But
economic necessity dictates that large
corporations refrain from frittering
away their resources on high-risk ven-
tures with relatively small profit poten-
tial.

As a result. the individuals associated
with research on such projects. unwill-
ing to abandon them. begin sooner or
later to seek an environment in which
they can continue to work toward their
fulfillment. Often. they acquire a cer-
tain amount of financial backing and
venture forth to form their own small
company. Lacking adequate resources.
characteristically undercapitalized. the
majority of such ventures tend to fail.
But, since they often involve our most
talented people. enough of them do suc-
ceed to make the risk appear attractive
to others.

One might expect that in a tight
economy. this type of situation might
tend to decrease primarily because ven-
ture capital may be more difficult to
locate. While that may be true. it also
tends to be balanced by the fact that
companies tend to concentrate on main-
stream projects in periods of tight
economy. This tends to increase the
number of good projects in our research
programs that are candidates for spin-
offs.

How do we deal with this problem? Can
we do so in a way that does justice to
the people involved and yet does not
distract the corporation from concen-
trating on its most productive areas of
growth? A number of solutions are
being proposed. Almost all of them. in
one way or another. attempt to create
some kind of autonomous. or semi-
autonomous. organization to provide an
outlet for the best of the relatively small,
high risk projects that intrigue some of
our best people.

In essence. we are being challenged to
recreate an artificial entrepreneurial
environment in which outstanding
people will be permitted to pursue pro-
jects to which they are totally commit-
ted. At best, this may open up new
avenues of growth and profitability for
our companies. At worst it will give us
a means of reabsorbing into the cor-
porate structure the kind of talents
whose continued defection weakens our
R&D capabilities. While I believe these

concepts are good or at least looking
in the right direction. 1 do not know
of any operating scheme that has proven
itself to be successful. This is still a chal-
lenge for the future.

The science hat

Now let me don the fifth. and in many
ways the most comfortable. of all the
R&D management hats: the one
devoted to science.

This is. after all. the key responsibility
of all R&D management. It is our over-
riding function. our reason for being.
But in the corporate environment. our
devotion to this area of responsibility
must be tempered by an ability to juggle
our other four hats. Committed to cor-
porate goals, we must direct our energy
towards those avenues of exploration
that will best serve to strengthen our
company’s economic base. and there-
fore. that of the nation.

Such industrial R&D management has
always required us to become scientific
generalists. In the process of doing so
we have all jokingly considered that we
were learning less and less about more
and more science and that we had to
escape from the prison of our own
specific education. experience, and
expertise. Today | have made a strong
point that we must add many non-
scientific disciplines of management to
our generalist’s repertoire. Neverthe-
less. 1 still believe that our scientific
hat is the most critical of all our hats.
It is the sieve through which we must
sift all of our non-scientific respon-
sibilities. This is the vantage point that
we alone possess. It is through the
coupling of science to the other manage-
ment disciplines that we are able to
make the maximum contribution to the
fortunes of our companies and to the
economic well being of our country.

Conclusion

If it seems to you that [ dwelled at some
length on the five hats of commercial
R&D management, please understand
that it is not being done introspectively.
If there’s one thing that my brief and
necessarily incomplete comments point
up. it is the urgent necessity we have
of learning more about how to master
these different roles. Recognizing the
increasing relevance and importance of
these other disciplines in the R&D man-
agement function may be. by itself, a
large step in the right direction.
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Sears Tower, Chicago

Cushman & Wakefield—a profile

Frank J. Strobl, Consulting Editor*

On October 14, 1970, Cushman & Wakefield, Inc. became a wholly owned subsidiary of
RCA. As such, it functions as a separate entity under its own board of directors, personnel,
and management. Today, the firm is leasing or management agent for more than 75 million
square feet of office space in over a dozen U.S. cities and Puerto Rico, and it has an

ORMED OVER S0 years ago in New
York City, Cushman & Wake-
ficld. Inc. is now one of America’s lead-

ing commercial real estate corpora-

outstanding record in the commercial real estate industry.
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tions. The firmis headquartered in New
York City with four offices in the met-
ropolitan area and offices in nine other
cities from coast-to-coast, including
San Juan. Puerto Rico.

From its initial business as a leasing
broker and managing agent, Cushman
& Waketield has broadened its role con-
siderably and is now applying its differ-
ent expertises to the changing skylines
of a number of American cities. Today,
Cushman & Waketield provides a mul-
tiplicity of commercial real estate ser-
vices . . . these include brokerage func-
tions, such as sales and teasing, building
operation and management, project
consultation, building modernization,
insurance, and appraisal. Of all these
services, the brokerage operation (sales

*Mr. Strobl is also Editor of TRenD, The Research and
Engineering News Digest
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and leasing) provides the bulk of
Cushman and Wakefield's income—
over 75%. Table I shows how total
income is derived.

Table |—Income by service line.

Service Income (by percent)
Brokerage (sales and leasing) 75.1
Project consuiting 10.7
Building modernization.
operation & management 10.9
Appraisal 1.4
Insurance 1.9

Cushman & Wakefield as broker—
sales and leasing

Cushman & Wakefield's brokerage
activities involve the sale or lease of
office space and industrial facilities,
from complete manufacturing plants
and office building complexes to partial
floors in major structures. A partial list-
ing of Cushman & Wakefields’ indus-
trial clients is shown in Table 1I.

The major capital investment called for
in a long-term lease for office space
involves many complex factors. Essen-
tially, most companies make such deci-
sions about acquisitions with respect to
future growth. Because their decisions
must be sound for many years, many
companies turn to a professional broker
for assistance in the selection of build-

Tabla ll—Partial liat of Cushman & Wakefield indus-
Irial chanis.

Aot Laborataries inc.
Addressograph-Multgraph Corporation
AMBAL Corporation

Alanls Gult & Pacitic Camparny

Atlante Richfieid Corporalon

Basler Leboraories, In:c.

Tra Horden Comgarny

Burraughs Sarporation

Diara Sloras Cofeoratiorn

(LEagtnan Kodak Compisty !
Figher Sciantitic Comoany

General Amearican Transparation Conacalion
{Gareral Firapraaling

The Herlz Corporation

“nnayaal, Inc,
gI.'||pa|rr'a|i-::n5|r Flavors & Fregrances Ing
ITT

jdaqu&' Cars, Inc.

"Minnagoia Mining & Manofacturding Company

The Hatiosl Cash Ragsier Company L
| Mesztia Comaany

Mew York Telepnora Compary

Parke Davs Company

FepsiCa, Inc.

ACA Carparatian

Faytheon Manulasturing Company
The Reuben H. Darneliey Corporarion
AFears, Poabuck ard Ca.

Sperry Rand Corparation

Steelcasa, Inc,

Linion Bag-Camg Paper Corparation
Union-Caroide Carperation

Jhe Weich Sceentilic Company
Western Electric Gomparny, Inc
Wasterr Union Telegraph Company
‘Westinghouse Eleclric Corporalion
Zale Comgoradion

ings best suited for its immediate and
long-range needs.

The task of selecting the best locations
and buildings for a wide range of clients
demands the evaluation of all available
intelligence. This information is
obtained from local chamber of com-
merce, development authorities, and
city planning agencies, as well as from
C&W’s own resources. Comparative
studies of tax structures, labor supply,
transportation, land and construction
costs, and housing accommodations for
employees help the client select the area
most suitable. Field studies then deter-
mine exactly which plants or plant sites
are available.

The client may lease an existing facility
or lease one built to his specifications
by an investor-builder, freeing capital
for other purposes.

Upon selection of the proper facility,
the broker negotiates the most equitable
lease for the tenant and owner. This
process considers a combination of fac-
tors such as rental, term of lease, tenant
standard and special installations and
improvements, options for future
expansion space, renewal options, can-
cellation privileges, extent of building
services provided, disposition of the
tenants existing lease obligations, and
many other essential details. With each
lease provision subject to negotiation,
the application of a combination of the
broker’s skill, ability, and objectivity
creates the most equitable lease agree-
ment for both landlord and tenant.

As aleasing agent, C& W has negotiated
five of the largest leases ever executed
in America. Four of these transactions
involved America’s largest banking
institutions—Chemical Bank of New
York, Chase Manhattan Bank, Bank-
er’s Trust Company, and First Na-
tional City Bank. A total of about
4,300,000 square feet of office space
was contracted for in these leases.

Another of the firm’s major accomplish-
ments was leasing 1,300,000 square feet
to the New York Telephone Company.
Upon completion, this structure will be
the largest telephone facility in the
world.

A client may choose to buy an existing
structure or to design and build to his
own requirements. Cushman &
Wakefield provides counsel on the most
advantageous methods of acquiring a
facility.
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Building management

A corollary service of C&W is the oper-
ation and management of buildings. As
building manager, Cushman &
Wakefield performs a variety of ser-
vices, from the complete management,
operation, provision of services, and
maintenance of a structure to the per-
formance of a single function such as
the collection of rents. Presently, C&W
acts as manager for over 84 high-rise
office buildings in the New York City
area. Through a subsidiary in San Fran-
cisco, the firm acts as manager for a
number of smaller apartment-type
dwellings. On a national basis, C&W
is managing agent for more than 300
properties.

Typical of the operation and manage-
ment functions performed by C&W are
the provision of building maintenance
services, building attendants, and oper-
ation of other mechanical or electrical
equipments. In the modern building,
sophisticated electrical installations,
automatic elevators, and computer-
controlled air conditioning and heating
systems require an experienced and
skilled operations team.

Project consultation

As project consultant and developer,
C&W represents the owner/investor or
corporation in the intricate task of creat-
ing a new skyscraper complex, supply-
ing the direction, supervision, and pro-
fessional expertise required to ensure
the success of the client’s investment.

C&W's project consultation service
may begin with site selection and advice
in acquiring construction loans and per-
manent financing. The firm then pro-
vides assistance in the selection of
architects, engineers, and contractors,
working closely with each specialist and
the structure’s future occupants, to
erect a modern and efficient building.

Another project consultation service
can be the rental or sale of extra
office/industrial space once a structure
is completed. In many cases, project
consultation clients of Cushman &
Wakefield request the firm to operate
and manage the new building once the
tenants have moved in.

Buildings served by Cushman &
Wakefield as project consultant
include:

Sears Tower—a 110-story, 4,464 ,000-square-
foot structure being erected in down-
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town Chicago will serve as the headquar-
ters building for Sears Roebuck and Co.
Sears will occupy approximately 2-
million square feet, with the remainder
available to outside tenants. At 1,450 feet,
itis destined to be the world’s tallest build-
ing. This dramatic project will be served
by 102 high-speed elevators, including 14
double-deck units, plus 16 escalators for
serving lower levels, concourse, plaza,
mezzanine levels, and ‘'sky lobbies’ at
the 33-34th and 66-67th floors. Actually,
the building will have the equivalent of
seven main lobbies. Cushman &
Wakefield assembled the site, is project
developer, leasing, and managing agent.

The John Hancock Center—sponsored by
John Hancock Insurance Company, is
actually a second city within Chicago.
This unique 100-story building contains
office space, apartments, shopping,
restaurants, indoor swimming pool, health
club, observation deck, and parking, all
under one roof. C&W was owner's rep-
resentative for the project and is leasing
agent for the office space.

Dresser Tower—will be the Third tallest
building in Houston. The facility will
house 6,000 people and contain an inde-
pendent garage on an adjacent block for
parking 1,600 cars.

Atlantic Richfield Plaza—in downtown Los
Angeles is sponsored jointly by Atlantic
Richfield Company, Bank of America,
and Kaiser Industries. This $175 million,
4.3-million-square-foot office complex has
twin 52-story towers, the city's tallest.

Franklin Town development in Phila-
delphia—one of the more exciting ven-
tures in which Cushman & Wakefield is
participating is a planned new commun-
ity sponsored by five leading Philadelphia
corporations and The Girard Bank, with
C&W acting as project consultant.

Urban development project

Historically, cities have been built for
industrial and commercial purposes. In
turn, residential areas have sprung up
around the city core, with the more
affluent population housed on the fur-
thest perimeter. As a consequence, ac-
tivity in the city dies at night; tax rata-
ables decrease; and the city slips further
into economic decay and deterioration.

Franklin Town is an innovative attempt
to revitalize an essentially dormant sec-
tion of center-city Philadelphia. Frank-
lin Town will be a $400-million, 50-acre
development covering 22 blocks.
The development will consist of a major
new in-town residential neighborhood
built around a two-acre ‘‘Town
Square.”’ In addition there will be a
commercial center with nearly 4 million
square feet of space for offices, hotels,
and convention and shopping facilities.

The entire development will be serviced
by enclosed parking. The buildings will
vary in style from ‘‘low rise’’ town
houses to ‘‘high rise’’ apartments and
office buildings. The more than 4,000
residential units will be priced for
families with a wide range of income
and will include both rentals and sales.

In addition, the sponsoring corpora-
tions also have plans for a separate non-
profit program to lend financial and
technical assistance to disadvantaged
communities near the new neighbor-
hood.

Insurance and appraisal services

Supplementing its capabilities in
brokerage, building operation and man-
agement, and project consultation,
C&W offers the services of insurance
and appratisal. For insurance needs, the
firm provides building owners with
advice and counsel regarding the proper
type and amount of insurance coverage
needed for a particular property.
Cushman & Wakefield also assists in
obtaining such coverage at the most
economical rates.

Appraisal activities center on providing
valuation figures for property sale,
acquisition, or condemnation purposes,
as well as for ad valorem tax require-
ments.

Building modernization

Cushman & Wakefield is extensively
involved in the supervision of building
modernization projects. In such pro-
jects, older structures are completely
renovated with remodeled lobby areas,
new floor plans, and modern mechani-
cal, electrical, and environmental sys-
tems to make them competitive with
new office space. Building moderniza-
tion services offered by the firm encom-
pass a broad spectrum—from advance
study, to project direction, contractor
selection and supervision, and finally,
but most importantly, leasing space at
the most advantageous rental rates.

The firm has modernized several New
York City landmarks and is presently
completing the modernization of the
Chicago Board of Trade building under
a $9.3-million program.

Business prospectus

Cushman & Wakefield is continuing to
expand its realty activities. Receiving
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particular attention are urban renewal
and low-to-moderate income housing
projects. In these areas, the firm is
active through its ownership of a 50%
interest in Construction for Progress,
Inc., ajoint venture with Celanese Cor-
poration, to build moderate-income and
low-income housing in New York City.

Construction for Progress (CFP), sup-
ported strictly by private capital, builds
apartments under the ‘‘Turnkey™
arrangement. Using this technique,
CFP negotiates a building proposal with
the New Ycork City Housing Authority
with the understanding that on comple-
tion, it willbe purchased by that agency.
CFP has constructed and sold five
apartment buildings to the City of New
York. The latest is a six-story, 90-unit
structure in the South Bronx which sold
for $2.2 million. The CFP project has
$12 million still under construction.

Construction of moderate- and low-
income housing is expected to experi-
ence a rapid and dramatic growth on
a national basis. As a Cushman &
Wakefield subsidiary, CFP will partici-
pate in this national activity as oppor-
tunities develop.

Another Cushman & Wakefield sub-
sidiary, Buckbee Thorn in San Fran-
cisco, is engaged in the management of
apartment buildings. An affiliate,
Cushman & Wakefield of Puerto Rico,
is involved in a similar venture.

Cushman & Wakefield management is
also evaluating the area of shopping
center and mall consultation and man-
agement.

Although acquired by RCA as a profit-
making subsidiary, Cushman &
Wakefield’s expertise can also be of sig-
nificant benefit to the needs of RCA
with the Corporation’'s substantial real
estate holdings and future require-
ments. For example, C&W was an
agent in the sale of the Lewiston,
Maine and Cincinnati, Ohio, plants and
the firm is presently the agent for
several other facilities including the
plants at Dayton, N.J., and Marlboro,
Mass.
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Digital readouts

P. L. Farina

The past few years have seen many changes in data presentation. In place of a

meter scale or other analog indicator, the trend has been to digital readouts for

applications ranging from voltmeters and desk calculators to medical instrumentation,

clocks, and even wrist watches. This article describes the digital readout devices

that are presently available, and surveys the market for these devices.

I IVE BASIC CHARACTERISTICS of

digital readout devices should be
considered when making a selection:

1Y Visibility—The characters should be
bright and well shaped and provide strong
contrast with the background. The unlit
segments should be invisible. The viewing
angle should be adequate.

2) Compatibiliry—The device must be com-
patible with digital encoders. and should
be screened trom any RF-induced interfer-
ences.

3) Reliability—The average life should
exceed 100,000 hours: replacement should
be easy: and a failure should be readily
detectable.

4) Esthetics—The appearance of the numer-
als must be good at normal brightness: a
wide range of colors should be provided.

Sy Cost—The device should help to
minimize the system cost.

A dozen different digital readouts are
discussed in this survey. They include
electro-magnetic units. image projec-
tors. cathode-ray tubes. and new solid-
and liquid-state devices. Each has
advantages and disadvantages that the
engineer will weigh when selecting the
display units for his particular system.

Reprint RE-17-6-3
Final manuscript received February 29. 1972,

Electromagnetic display systems
(Ferranti-Packard)

This type of display. generally used in
stock exchanges. accepts serial or
parallel ascti{ American Standard Code
for Information Interchange) input at
speeds up to 250 characters/second.
These displays have been interfaced
with computers as well as keyboard and
tape readers. The readout is an array
of discs free to rotate to show either
a colored or a dark side. Each disc is
a permanent magnet, as shown in Fig.
1. and aligns itself with the field of an
electromagnet that is controlled by two
coils on a coincident-current basis. A
200-us current pulse sets the elec-
tromagnets. and their remanence pro-
vides the memory to bring the disc to
the desired position and keep it there
without any further power consump-
tion. Reversing the current in the coils
causes the other side of the disc to
show. Viewing is by reflected light. so
visibility increases with ambient light
level. Because there are no mechanical
linkages to wear or filaments to burn
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Management from Newark Coliege of Engineering in 1956.
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Air Force as a Navigator In 1942, and returned to RCA
in 1945 He advanced to electrical equipment designer
and became Manager of Technical Services for Equipment
Development, Receiving Tube Division n 1951 and Mana-
ger of Advanced Development in Equipment Development
in 1959, where he was responsible for the design of equip-
ment for the Nuvistor and Thermoeleciric programs in
1962. he became Manager of Engineering Administration
for Receiving Tube Product Engineering and tn 1965 con-
tinued this responsibility for Commercial Receiving Tube
and Semiconductor Product Engineering In 1968, he
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Fig. 1—Electromagnetic display unit.

out. life in the order of 20 million opera-
tions is possible. The change from one
character to another occurs within a
fraction of a second. There is redun-
dancy of the dot matrix, so failure of
a dot to operate will neither change a
character nor make the character hard
to read. Writing speeds vary with the
application: the standard speed is 10 to
15 characters/second, and control units
giving rates of 80 or 250 characters/
second are available. Power is used
only to change characters. so the aver-
age power consumption depends upon
how often the data is changed: 200 watts
1s an approximate value. After a mes-
sage is written, no power is consumed
by the display: if power fails, the infor-
mation will remain displayed. This type
of presentation is best suited for airline
arrival/departure boards. stock and
commodity exchanges.

Edge-lighted displays

Edge-lighted readouts use miniature
lamps arranged so that each one can
edge-light one of a series of engraved.
transparent acrylic plates stacked in
depth behind a readout window. When
a lamp is switched on. the character or
message engraved on its plate glows
through the other plates, which remain
unlighted.

These displays are most suitable for
laboratory bench instruments. small
one-man consoles, vending machines.
and other applications where the dis-
play is to be viewed head-on and close-
up. Interference and parallax reduce the
viewing angle. and the reliability of the
display depends on the life expectancy
of the bulbs. Today, this type of display
enjoys little popularity.

Projected-image displays

Incandescent rear-projected displays
use a lamp in a light-tight housing
behind a printed transparent integer
outlined on an opaque condensing lens.
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When alamp is lit, the character in front
of it is projected onto a viewing screen.
The film or mask can be altered to give
any format or display required. The
major advantages of this display are its
versatility and wide viewing angle (up
to 150 degrees). The disadvantages
include limited brightness, higher cost
than segmented displays, and wasted
space. Brightness, a function of lamp
wattage, is limited by the sensitivity of
the module to heat. Character images
can be distorted by a slight warping of
the plastic lenses or by irregularities in
the bulb filament. The cost of these dis-
plays is relatively high ($14 to $35).

Incandescent bar-segments

An incandescent bar-segment display
consists of either seven or sixteen seg-
ments on a viewing block, each segment
(bar) lighted by 4 separate incandescent
lamp. Seven-segment displays can form
numerals 0 through 9 and several letters
of the alphabet. The sixteen-segment
display can form all of the numerals and
the complete alphabet. Each segment,
with its own lamp source, is a separate
unit. The segments are bonded to the
molded viewing block to form a single
display. Light is piped from each bulb
to the surface of the block through a
light pipe or chamber. Some advanced
models provide for high contrast
between lighted and unlighted segments
by means of a 0.025-inch filter
molecularly bonded to the surface of
the viewing block. The filter reduces
surface glare, and also virtually
eliminates external lighting of the unlit
segments. Incandescent bar-segment
displays are fairly reliable because only
the lamps are subject to wear and in
a properly designed unit the lamps could
last up to 100,000 hours. Maintenance
varies with the supplier; some provide
for direct lamp replacement, some
require replacement of the lamp bank
(sealed units), and others recommend
replacing the whole display unit. The
advantages of these devices are light
weight, maximum reliability, and
reasonably long life. The prime disad-
vantage is high initial cost. The lower
cost units, however, have an average
lamp life of 10,000 hours.

CRT displays

Cathode-ray tube (crT) readouts are
usually custom engineered for highly
specialized applications such as military
uses. However, shaped-beam crT's and
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Fig. 2—Construction of an electroluminescent
panel.

character generators that can write
decimal information on conventional
tubes are standard products. Some
devices provide alphanumeric informa-
tion, catalog formats, and page prints.

Digital character formation is generally
accomplished either by extending an
electron beam through individual
“*character cutters™ pierced in a stencil-
like mesh or by generating X- and Y-
deflection voltages that cause the
cathode ray to trace out a fixed charac-
ter matrix. On command, selected seg-
ments are intensified to produce the
required character.

Numerical CRT

Industrial Electronic Engineers, Inc.
has built a low-cost miniature crT, the
“*Nimo,"” that is capable of displaying
four digits. This device combines CRT-
display technique with the character-
generation techniques of the rear-
projection readout.

Fundamentally, the Nimo is a 10-gun
cathode-ray tube. Each gun has a grid
that controls the aperture of an electric
lens in the gun structure. When any
control grid is positive with reference
to the cathode, the associated aperture
is open: electrons are accelerated from
the gun structure through the aperture.
When the grid potential is sufficiently
positive with respect to the cathode,
the lens aperture is fully open, and the
grid has no further effect. Under this
condition, the character focus and posi-
tion are determined only by the
mechanical configuration of the gun
structure.

The beam is picked up by the electro-
static field of the anode and accelerated.
A metal mask with openings etched in
the form of the desired characters,
situated within the anode structure.
shapes the cross section of the electron
beam. The shaped beam is further ac-
celerated by the anode field and finally
collides with the P-31 phosphor screen
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at the viewing end of the glass en-
velope, causing the phosphor to display
a solid character. Because each gun
isindependentandismechanically aimed
at the screen, the only requirement for
character selection and generation is
the application of voltage to the proper
control grid.

The Nimo tube has a diameter of 1.1
inches and a maximum length of 2.6
inches. The filament rating is 1.1 volts
and 2 amperes, and the maximum anode
requirement is 3 kV and 55 uA. The
normal brightness is 140 foot lamberts.
The fluorescent color is green. with a
persistence of 10 millisecond to 25 per
cent brightness. This device displays
four digits having a character height of
0.35 inch. The advantage of the Nimo
tube is its relatively low cost per digit.
The major disadvantage is the need for
a high voltage (3 kilovolts DC) power
supply, although the overall power con-
sumption is low. Recently a new minia-
ture CRT has been introduced by
Industrial Electronic Engineers, Inc.
that can display any of 64 messages or
symbols in a custom-tailored character
mask. The life expectancy of this device
1s 20,000 hours.

Electroluminescent numerals

Electroluminescence has been known
for over 20 years, and has been used
in lights for small areas (numerical and
bargraph devices). but two difficulties
have prevented widespread use: 1) the
short lifetimes of materials when
moderate-to-high light intensities are
required; and 2) low output efficiency,
which means that high input power is
required and heat loss is high for large
matrix applications.

As shown in Fig. 2, an electrolumines-
cent panel is constructed by making a
sandwich of a back-conductive plate;
a phosphor: a dielectric, transparent-
conductive layer; and a protective
transparent cover. (The phosphor and
dielectric may be combined in one
layer.) The light output depends on the
voltage and frequency of the electrical
supply, the phosphor dielectric used,
and the spacing of the electrodes.

The efficiency of a typical zinc sulphide
electroluminescent device operated at
9 to 85 volts pc is 10# lumens/watt.
This efficiency compares with 21
lumens/watt for a 500-watt tungsten
light bulb and 50-70 lumens per watt
for a fluorescent bulb. Brightness is

13
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not very high; levels of 100 footlamberts
can only be achieved at the expense of
lifetime of the materials.

Operation with Ac requires 100 to 600
volts. A typical 400-Hz device produces
8.5 footlamberts at 200 volts. Efficiency
and brightness are low. Brightness
varies linearly with frequency and not
with a voltage. Luminance is directly
proportional to the number of cycles
applied. so half intensity (half-life) is
obtained ten times faster at 600 Hz than
60 Hz: however, the panel may last only
1,000 hours instead of 40,000 hours.

New developments in phosphor
technology give hope that better
devices will be available shortly. Elec-
troluminescent devices could have
wider applications because they do
have valuable assets. They are thin and
light-weight: and because they fade at
a known rate, preventive maintenance
can be scheduled to avoid total loss of
information at a crucial moment.

The major supplier has been Sylvania.
More recently. Sigmatron introduced a
light-emitting film (LEF) display. It has
a sandwich of glass, a transparent tin
oxide front electrode, atransparent zinc
sulphide film, a light-absorbing dielec-
tric. and opaque rear electrodes that
form the segments.

The Nixie" Tube

The most popular numeric readout
has been the bold-cathode gas-filled
Nixie*® tube made by Burroughs, and
similar tubes made by Amperex. Ray-
theon. National. and Alco. Their cost
is low and their 1c decoder/drivers are
also available at low cost.

The Nixie* has stacked elements in the
form of metallic numerals with a com-
mon anode. When negative voltage is
applied to a selected character. it glows
like the cathode of a simple gas-
discharge tube. However, only the
selected numeral is visible in the view-
ing area because the visual glow dis-
charge is larger than its metallic source.
They can be adapted for binary-code
decimal input by isolating the odd
cathodes from the even ones and using
two anodes. The operating voltage is
170 volts DC.

The major advantages of the Nixie®
tube have been long life. high speed.
relatively low power consumption,
well-shaped characters. adequate
brightness. and good reliability. In the

"Registered 1rade Mark of Burroughs Corp.

past. these qualities have made it the
first choice for calculators, digital
meters and other instruments. Its prime
disadvantage is electronic complexity.
The cathode current must be kept
within tight limits. Moreover, if the ion
current is excessive. the off cathodes
will glow and produce background
haze: but if the ion current is insuf-
ficient. there will be only partial presen-
tation.

Vacuum fluorescent tubes

Vacuum fluorescent tubes made by
Nippon Electric. Itron. Tung-Sol.
Sylvania, and GE compete with the
Nixie". This type of tube uses fluores-
cent screens between the anode and
cathode to enhance the light output.
Their cost is low, and. requiring only
12 to 30 volts, they can be driven di-
rectly by Mos circuitry.

The readout is segmented into seven
bars of phosphorescent material. The
phosphor is treated P15 and is a green-
blue color with low persistence. It is
excited by electron bombardment from
the cathode space-charge cloud when
a segment is biased positive (as low as
4 volts). Because luminosity is gener-
ated on the surfaces of identical
phosphor-coated segments. the charac-
ters are inherently of uniform bright-
ness. All segmented characters are
formed in the same viewing plane. pro-
viding wide-angle parallax-free viewing
at distances up to 40 feet. The cathodes
are almost invisible wires strung
between the segments and the viewer.
They draw 45 mA at 1.6 volts (AC or
DC) and operate at 700°C. which is an
unobjectionable dull red.

The Tung-Sol, Sylvania. and GE tubes
are diodes. while the Nippon Electric
and Itron tubes are triodes with fine-
mesh grid between the anodes and
cathodes. The grid serves to smooth out
the brightness. The grid can be used
to strobe the tube so that all the tubes
in a display register can use the same
driving logic. This feature is useful in
desk calculator displays.

These tubes have some weaknesses.
The long fine-wire filament will respond
to external vibration and some of them
are influenced by external electrostatic
fields: moving one's hand close to an
unshielded tube could cause momen-
tary blackout of its segments, but pre-
coating the tube with antistatic fluid
eliminates this effect. The phosphor
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Fig. 3—RCA NUMITRON digital display devices.

light output decreases 30 per cent when
temperature increases from 20°C to
70°C. When a diode device is operated
at less than 15 volts, definite "*hot
spots™ form on the three horizontal seg-
ments underneath the cathode.
However. manufacturers claim that
these devices will last for 100,000 hours.
They ultimately fail because of
phosphor poisoning by cathode sputter-
ing throw-off, or because the glass
envelope darkens.

Filamentary displays

The RCA NUMITRON devices discuss-
ed in companion papers in this issue
are outstanding examples of directly
viewed filamentary display devices.
Fig. 3 shows the Numitron types.
NumiTroN digital display devices
have fully adjustable high brightness.
low operating voltage (4.5V), high con-
trast. rugged construction, wide spec-
trum light emission, and a wide viewing
angle that is free of **clutter.”” They are
inexpensive. fit a low-cost socket. and
are completely compatible with 1C
decoder/drivers.

Recently a new series has been
introduced with a 68% power reduction
(2.5V and 14 mA per segment) and a
40% reduction in brightness.

Liquid crystal display

Liquid crystals are an unusual class of
organic materials that have certain
properties of both liquid and solids.
Liquid crystal compounds resemble
liquids in that they pour. fill containers.
and have a wide range of viscosities.
However, their molecules are arranged
in ordered structures such as those of
crystalline solids. Liquid crystals are
divided into three classes: smectic,
nematic. and cholesteric phases. The
liquid-crystal display developed by
RCA, shown in Fig. 4, uses material
of the nematic phase. where long slen-
der molecules are randomly parallel to
each other. Inthe display. the asymetric
nematic molecules rotate and realign
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Fig.4—RCA liquid crystal display (reflection type).

under electrical or magnetic fields. Bas-
ically. this readout consists of a thin
layer of liquid crystal placed between
two glass layers having appropriate
electrodes. In a reflective display one
electrode is transparent. while the other
is reflecting. With no field applied, the
reflective liquid-crystal display appears
to be an ordinary mirror. When voltage
is applied. the liquid becomes turbulent.
scatters light. and appears white,
Increasing the field increases the bright-
ness until saturation occurs. Depending
upon the construction and material
used, risetimes of 10 to 50 ms and decay
times of 50 to 500 ms are obtainable.
A contrast ratio of 15:1 is obtainable
at a power level of one milliwatt/square
inch. Typical operation requires 30 to
45 volts ac. Present devices operate
over a temperature range from approx-
imately 5°C to over 70°C. depending
upon the specific liquid crystal material
being used. Resolutions of more than
700 lines/inch can be attained.

Light scattering occurs due to varia-
tions in refractive index caused by the
vibrating liquid-crystal molecules. The
scattering centers are large compared
to the wavelength of light. and the vibra-
tions are caused by the disruptive
effects of ions in transit through the
ordered nematic medium.

Other companies like American Micro-
Systems. General Electric. Interna-
tional Liquid Crystal. Motorola, North
American Rockwell, Sperry. and Texas
Instruments are active with liquid
crystals. Optel Co. has a three-digit
display for sale with 0.450-inch char-
acters. it operates at 15 to 60 V and
consumes 40 uW/segment at 20 V. The
cost is about $15 each in 1000 quantity
and a life of 13.000 hours is indicated at
this time.

Although liquid-crystal displays may
become a low-cost unit. there are
problems associated with them. Speed
is a problem below 15 V and at lower
temperatures. the turn off time of 100
to 200 ms is noticeable making multi-

plexing very difficult. Operating with bc
causes an electroplating action which
reduces life substantially.

Multiple gas-discharge displays

Fig. S shows the Digivue electronic
digital display panel. a plasma-
discharge device fabricated by Owens-
Hlinois. consisting of an all-glass sand-
wich incorporating orthogonal elec-
trode lines that are isolated from a
selected gas mixture by glass dielectric
sheets. Each intersection of two elec-
trode lines defines an individual cell
location. The isolation of the discharges
at individual cell locations is accom-
plished by control of device parameters
rather than by physical separation using
a perforated center sheet. During
operation., the memory is maintained
by the storage of charge on the dielectric
sheets covering the respective elec-
trode patterns,

In operation the Digivue panel has an
AC-sustaining signal of approximately
100 to 150 V peak normally applied to
all X and Y electrodes. If a sinewave
sustainer is used. 150 V peak at S0 kHz
is satisfactory. Any cell within the panel
can be addressed by selecting the
desired pair of X and Y conductors. as
in a core memory. A 4-inch by 4-inch
panel with 33!/3 cells per inch has been
demonstrated. and development of 8-
inch-square and 10-inch-square panels
is now underway. Manufacture of a 17-
inch-by-17-inch panel. providing a 1024
x 1024 dot matrix. is considered possi-
ble.

Another contender in the multiple
numerical readout field comes from
Burroughs in the form of a miniature
plasma panel specifically designed to
eliminate 90 per cent of the addressing
and drive circuitry usually needed for
gas-discharge arrays. This design uses
a self-scanning technique whereby a
row of dots is sequentially scanned by
a crossed array of backface wire anodes
and cathode conductors. Neon gas-
filled pinholes in the cathode. which are
nearly invisible. serve as sources for
spreading the glow discharge to a larger

Fig. 5—The DIGIVUE gas plasma display.
|[DIGIVUE is a trademark of Owens-lllinois, Inc.]

cell in an insulator sheet between the
cathode and front-face, wire-address-
ing. anodes. The sequential firing tech-
nique makes the device useful for large
flat displays: its brightness is 200 foot-
lamberts. Initial applications were a 16-
digit electronic calculator display and a
similar 16-digit. dot-matrix display for
other instruments. A 2S56-character
communications terminal is also avail-
able.

More recently. Burroughs has intro-
duced their Panaplex I and Panaplex 11
multiple. single-plane panels. They are
available in 8 to 16 digits per display.
The Panaplex [ has a numeral height of
0.4 inch and Panaplex 11 is 0.255 inch.
The cathode segments. as well as
anodes and the screen, in Panaplex |
are made of stamped and formed metal
strips. positioned in a glass form. In
Panaplex 11, common cathode seg-
ments and interconnections are
screened onto a glass substrate.

Although a 170 V bpc supply is still
required for the Panaplex. the voltage
swing needed to illuminate a segment
is as low as 25 V making it compatible
with Mos devices for the first time.

In March, 1971, Sperry introduced a
0.33 inch and 0.5 inch. seven bar
numeric readout having two digits in
one flat package and a three-digit ver-
sion. This product shares the same
advantages and disadvantages of other
gas-discharge devices.

Solid state displays

The solid-state light emitting diode
(LED) has attracted a great deal of
interest. and there are many suppliers.
Light-emitting diodes can be obtained
from Bowmar. Dialight. Fairchild.
General Electric. Hewlett-Packard,
Litronix. Monsanto. Opcoa. Texas
Instrument. and Hitachi.

The emission from the 1 ED is produced
by the recombination of injected holes
and electrons. As these excess carriers
recombine. they give up energy in the
form of photons. In theory. the total
photon output should equal the electri-
cal input into an LED. but ohmic losses.
losses by recombination at the crystal
defects. and absorption of the emitted
photons cause low efficiencies.

Because the most commonly used
material. gallium arsenide phosphide
(GaAs-P). is opaque. the light-emit-
ting junction must be located very
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close to the surface to minimize absorp-
tion. Also, this material permits the
generated light to escape over a rela-
tively narrow angle. In contrast, gallium
phosphide (G« P) is translucent and has
higher efficiencies. Red GaP diodes
show efficiencies of 7% in the labora-
tory and usually 2% in production.

Readouts using 1 ED’s are available
today with either segment or dot-matrix
character elements. and in either
monolithic or hybrid construction.
They operate from low voltages used
for bipolar logic circuits. If operated
from a 5-V supply. a series resistor is
required so that the seven segments will
consume 200 mW or more. The choice
of color is red and the brightness varies
from 100 to 500 footlamberts.

In mid-1969 Monsanto introduced the
hybrid MAN-1 in which individual
diode chips are bonded to a substrate
and interconnected with thin-film
metallization. By March, 1970, Mon-
santo introduced the MAN 3. the first
monolithic LED display in which all
diodes are on a single chip. Although
this development suggests a lower cost
unit, the lowest prices today are for hy-
brid and not monolithic 1L.ED displays.

In February. 1971, GE announced
developmental GaAsreadouts for green
or for red through yellow. The GuaAs
segments are coated with a phosphor
that emits visible light when excited by
infrared emission. By November, 1971,
Monsanto announced a green and a yel-
low LED. Both of these devices should
be commercially available in the near
future. However, the light-output effi-
ciency of green GaP is only 10% of the
red GuP efficiency. Studies also con-
tinue on a blue-emitting silicon carbide
diode. The LED readouts are solid-state
and should enjoy long life; however,
wire bonds do break and leaks in pack-
ages can allow humidity to reduce life.
The cost of LED’s over the past four
years has dropped from $60 per digit
to less than $5 today. Prices are
expected to drop further but not below
$2.50 per digit in high volume.

Digital readout market

The numeric display market was $25
million in 1968 and was approximately
$30 million in 1969. In 1969, Nixie™,
segmented incandescent. and rear pro-
Jjection devices constituted 95% of all
digital readouts. with the Nixie by far
the most popular.

The Nixie™ dominated the market, with
sales of about $15 million in 1968 and
$17 million in 1969. This market is
increasing rapidly, primarily because of
reduced cost of digital readouts and
associated circuitry (1c’s). The position
of the Nixie is threatened, however, by
lower voltage devices such as vacuum
fluorescent tubes, the RCA NuUMITRON
device, solid-state displays, liquid crys-
tals, and gas-discharge multiple read-
outs. The IEE **Nimo’" crr display has
good numerical formation, good bright-
ness and relatively low cost per digit
and, therefore, should be able to share
in a limited segment of the market.

Electroluminescent panels have been
studied longer than other matrix arrays.
They require higher voltage and have
low energy-conversion efficiency and
short lifetime when made to give moder-
ate light intensities. These properties,
along with complex fabrication. make
them unattractive unless new
phosphors are discovered. It s not clear
today that they will beat the intensity
and lifetime problems. Electrolumines-
cent displays will find some use as low-
level area illuminators and. because of
their mechanical stability. as numerical
readouts in military applications and in
the Apollo program. Otherwise, they
are not expected to be a significant fac-
tor in the numerical readout market.

Recent developments in the liquid
crystal field have made possible a new
type of information display offering
extremely low power dissipation, good
contrast under high ambient lighting
conditions, and a new dimension of flex-
ibility in both size and information con-
tent of displays. RCA has pioneered
these developments and is now begin-
ning to offer liquid crystal displays for
commercial use along with several other
manufacturers. If problems associated
with liquid crystal displays are solved,
they will make a significant impact in
the digital readout market.

Vacuum fluorescent tubes have become
very popular in calculator applications
because they are compatible with mMos,
large-scale integrated circuits and are
lower cost than Nixie. But the trend
of the calculator market is toward lower
selling prices, approaching $100 /cal-
culator. This trend, in turn, requires
lower cost digital readouts ($1/digit)
which precludes the use of multiple-
type displays such as the Sperry or Bur-
roughs Panaplex gas-discharge devices.
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A multiple vacuum fluorescent readout
would be necessary to share in this
future market.

The technology of LED’s is sufficiently
perfected to permit their effective
penetration in the numerical readout
market. Their lower voltage require-
ments. extended lifetime, and complete
compatibility with solid state 1C's make
them attractive. providing the price is
right. But when compared to the cost
of vacuum fluorescent, gas-discharge,
and incandescent types, it does not
appear that they can get below a
$2.50/digit cost in the near future.
Although they do have extended life,
the popular low-cost devices last longer
than most equipment. The speed of
LED's is three orders of magnitude
greater than that of the competitive de-
vices, but most customers don’t care
since competitive devices are fast
enough. Sales of LED displays were
$1.8 million in 1969, $2.0 million in 1970,
$5.0 million in 1971, and are expected to
be about $25 million in 1975.

Digital readouts in the industrial and
commercial markets are growing at a
rate in excess of 20%/year. This rate
of increase is supported by forecasts.
For example, digital panel meter sales
were $9 million in 1970 and will grow
to $17 million in 1975: digital voltmeters
$37 million in 1970 to $42 million in 1975,
and calculators from $119 million in
1970 to $490 million in 1975. Added to
these markets are applications such as
digital clocks, digital scales, medical
monitoring systems, cash registers,
marine depth finders and compasses,
police Vascar, gas pumps. and automo-
tive, to list only a few.

Summary

There is no display device that is well
suited to all applications. Every type
of display device has its advantages and
disadvantages, and the design engineer
must sift through such characteristics
as performance, cost. form factor. and
reliability to make a suitable choice.

It is generally agreed that there is a need
for better visual presentation of infor-
mation at lower costs. Because of this
need, there is a real opportunity and
challenge to engineers and scientists in
the industry to come up with technical
breakthroughs and manufacturing skills
to produce the display of the future. The
potential market exists, is growing, and
will represerit very substantial sales.
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Visible-light-emitting diodes
Dr. C. J. Nuese | Dr. H. Kressel | I. Ladany

This paper reviews the operation and characteristics of electroluminescent p-n junc-
tions which are specifically designed for incoherent emission in the visible portion
of the optical spectrum. We hope to describe those parameters and phenomena which
limit the performance of present light-emitting diodes (LEDs), and to indicate material
and technological trends which could provide future advances. Throughout this paper,
each aspect of electroluminescence is covered only in sufficient depth to clarify its
role in the performance of electroluminescent diodes. For further details, the reader
is referred to several recent review articles which more strongly emphasize lumines-
cent materials,’- 2recombination mechanisms¥2 and electroluminescent junction prop-
erties.58 Introductory treatments of electroluminescence also can be found in recent
texts.”.®

H. Kressel, Head, Semiconductor Devices Research Group. Materials Research Laboratory. RCA Laboratcries. Princeton.
N. J., received BA in 1955 from Yeshwa Unwversity the MS in 1956 from Harvard University the MBA in [ndusinal
Management and the PhD degree in Materials Science and Metallurgy from the University of Pennsylvamia in 1959
and 1965, respectively From 1959 to 1963 and from 1965 1o 1966. he was with the Solid State Division where he
worked initially on the cevefopment of hign frequency sincon transistors and later supervised a group responsibie tor
the development of high power microwave diodes subsequently used for the tunar Excursion Module communication
system From 1963 to 1965 he was a David Sarnoff Fellow at the University of Pennsyivania He lransferred to the RCA
Laboratories Princeton. N. J in 1966 and became Head of the Semiconductor Ogtical Devices Research group in
1969 He proneered i the hield of (AiGa)As-GaAs heterojunction devices and has heen actively engaged in the study
of luminescent processes in various lll-V compound matenals He s the recipient of three RCA Achievemenl Awards
two of which were for contributions to the microwave diode held including the high power avalanche diodes Dr Kressei
1$ a member of the IEEE the American Physical Society and Sigma Xi

C. J. Nuese, Semiconductor Materials Research Group. Materials Research Laboratory. RCA Laboratories. Princeton,
N. J., received the BSEE with distinction from the University of Connecticut. Storrs in 1961 and the MS and PhD in
electrical engineering from the University of lllinots Urbana 1n 1962 and 1966 respectively Since joining the lechmical
staff of RCA Laborateries in 1966 he has carried out studies of electroluminescent p-n junchions in a variety of 1i-v
semiconductor compounds. including GGaAs GaAs j_x Py. AIAS Inj_y GayAs and 1 1_x GaxP He has also devised
improved techmiques for etching and contacting compound sem:conductors Recently he has become involved in the
development of vapor-grown GaAs bipolar transistors and Shockley diodes For his etforts in the helds ol Hi-V
electroluminescent diodes and bipolar transistors. Dr Nuese received an RCA Laboratories Achievement Award 1in 1970
He has published about 25 technical vapers on semiconductor devices and matenals Dr Nuese 15 a member of Eta
Kappa Nu, Tau Beta Pri. and Sigma Xi

l. Ladany, Semiconductor Devices Research Group. Materials Research Laboratory. RCA Laboratories. Princeton, N. J..
received the BS and MS from Northwestern University In 1953, he joined the Naval Research Laboratory in Washington
D.C . where he worked brietly in the hield of underwater sound. spending most ot nis time n semiconductor device
research Since joining the statf of RCA Laboratories in 1966 he has worked on GaP GaA/P and Gaks luminescent
diode research In 1969 he was awarded an RCA Laboratories Achievement Award 1or his contrnibutions 1o GaP elec-
troluminescence He 1s the author or coauthor of some twenty publhished papers Mr Ladany 1s a member ¢f the Amencan
Physical Soctety the IEEE and Sigma Xi

Authors Ladany, Kressel, Nuese (left fo right).
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Fig. 1—Electroiuminescent p-n junction operation.
(a} Zero bias. Built-in potential across the p-n junc-
tion represents a large barrier for motion of elec-
trons and holes. (b) Forward-bias. Potential barrier
is significantly reduced by the external voltage. (c)
Majority and minority carrier concentrations on the
n- and p-side cf a forward-biased p-n junction.

UMINESCENCE is the emission of op-
L tical radiation (ultraviolet, visible
or infrared) which results directly from
the energy released during electronic
transitions within a material. The
luminescence arises from a two-step
process in which 1) electrons and holes
are generated in concentrations greater
than those statistically permitted at
thermal equilibrium. and 2) a significant
fraction of these carriers recombine via
mechanisms whereby the energy of the
recombining holes and electrons is used
to generate photons. The recombina-
tion process itself is nearly independent
of the source of the excess carriers, but
is very strongly characteristic of the
physical and electrical properties of the
material.

The mannerin which the excess carriers
are generated in an electroluminescent
diode is the same used to inject minority
carriers from the emitter into the base
region of a bipolar transistor. For a
zero-biased p-n junction in thermal
equilibrium tFig. la). a built-in potential
barrier prevents the large concentration
of mobile conduction-band electrons on
the n-side of the junction from diffusing
into the p-side, and similarly prevents
the holes in the valence band from dif-
fusing from the p- to the n-side of the
junction. Under forward-bias (Fig.
1b). the magnitude of the potential bar-
rier is reduced. which allows some of
the conduction-band electrons on the
n-side and some of the valence-band
holes on the p-side to diffuse across the
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junction. Once across. these carriers
significantly increase the minority car-
rier concentrations (Fig. Ic). [For
example. a p-n junction passing 10
Alcm? injects minority carriers at a rate
of about 10%! carriers/cm?®-sec within a
narrow region typically 1 to 2 um wide
adjoining the junction. Assuming a
minority carrier lifetime of 107 sec. this
generation rate yields a net excess car-
rier concentration of 103¥ x107*=10""
carriers/cm®, which is much in excess
of typical equilibrium minority carrier
concentrations at room temperature. |
The “‘excess™ carriers then recombine
with some of the many oppositely
charged majority carriers, thereby tend-
ing to return the minority carrier con-
centrations to their equilibrium values.
The recombination of these excess
minority carriers within a diffusion
length. L. of the junction is the mechan-
ism by which the optical radiation (elec-
troluminescence) is generated.

Radiative recombination

The desire for semiconductor materials
with an energy-band structure that can
support laser operation has enhanced
the exploration of direct bandgap
semiconductors since 1962, In fact,
prior to about 1964, a direct bandgap
was assumed to be a prerequisite for
efficient LEDs. Although directrecom-
bination of electrons and holes from the
conduction and valence band. respec-
tively {or from “‘tails™ of these bands
into impurity states) can indeed be
highly efficient. the indirect-bandgap
material GaP can also provide reason-
ably efficient electroluminescence. as
first illustrated in 1964 by Grimmeiss
and Scholz.Y For this reason. both
direct and indirect recombination pro-
cesses will be considered in this section.
Intrinsic (band-to-band) recombination
will be treated first; then the more
realistic case of “extrinsic’” recombina-
tion via impurity states will be consid-
ered.

Intrinsic (band-to-band) recombination

When an excess minority electron con-
centration, An. is injected into the p-
side of an electroluminescent junction.
the probability of an excess electron in
the conduction band recombining with
one of the many available holes, p, in
the valence band is proportional to the
concentration of both An and p. The
radiative recombination rate. R, for
such a process can be written

R=K(Anmp. (n

where the proportionality factor, K, is
called the recombination coefficient.
For an electron and hole to recombine
and emit a photon. both energy and
momentum must be conserved. Al-
though a photon can have consider-
able energy. its momentum {(/n/c¢) is
very small. Therefore. the most simple
(and most probable) recombination pro-
cess will be that where the electron and
hole have the same value of momentum.
Such a situation actually occurs in many
111-V compounds when the conduction-
band minimum and the valence-band
maximum both lie at the zero momen-
tum position, as shown in Fig. 2a. A
semiconductor energy-band structure
such as this is said to be direct.

In contrast, Fig. 2b illustrates an
indirect band structure, where the
conduction-band minimum and the
valence-band maximum occur at differ-
ent values of momentum. For an
indirect semiconductor, the band-
to-band recombination necessarily
mustinvolve a third particle to conserve
momentum. Phonons (i.e.. lattice vibra-
tions) serve this purpose, however, the
probability of electron-hole recombina-
tion in this three-particle process Is
drastically reduced relative to the sim-
pler two-particle direct recombination
process. This difference is clearly
reflected in significantly larger values
of K for direct- than for indirect-
handgap semiconductors. as illustrated
in Table | ' for several 111-V com-
pounds and for S/ and Ge.

Impurity eftects in direct-bandgap materiats

In the /11-V compounds. the introduc-
tion of donor and acceptor impurities

Tabte |—Recombination coefficient for representa-
tive direct- and indirect-bandgap semiconductors.'®
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plays a major role in determining not
only the conductivity type and resistiv-
ity of the material. but also the dominant
recombination processes for light gene-
ration. The choice of a particular impur-
ity is usually made from the group-V/
donors—Te, Se, and S—and from the
group-11 acceptors—Zn, Cd, and Mg.
In some cases. amphoteric dopants
such as Ge, Si, and S» from group IV
of the periodic table can be used as
either donors or acceptors, depending
on which of the two available types of
lattice sites (group /11 or V) they
occupy.

For each dopant and semiconductor
combination. an optimum impurity con-
centration is usually determined empiri-
cally for most efficient electrolumines-
cence. In general. the following limits
can be placed on such concentrations:
they cannot be too smuall because 1) the
recombination probability for an
injected minority carrier is directly
proportional to the concentration of
majority carriers with which it will
recombine. and 2) the higher series
resistance which results from low car-
rier concentrations can cause excessive
heating and large voltage drops at high
currents. On the other hand. the con-
centration cannot be too lurge because
metallurgical imperfections such as pre-
cipitates and metal complexes are
introduced at concentrations near the
solubility limit of the semiconductor.
Such 1mperfections are known to
introduce competing nonradiative
recombination centers which drasti-
cally reduce the electroluminescence
efficiency. For these reasons. impurity
concentrations in the range of 10'" to
10" ¢m™ for donors and 10'7 to 10"
cm™—? for acceptors generally have been
found to be best for high electrolumines-
cence efficiency.

Concerning the relative efficiency of the
radiative recombination from n- and p-
type material, it was originally thought
that the radiative processes in p-type
material were the more efficient.
perhaps due to the involvement of
acceptor states. This idea was based
largely on the fact that the dominant
emission from most LEDs was found
to originate from the p-side of the elec-
troluminescent junction. Detailed
cathodoluminescence measurements
revealed. however, that the lumines-
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First. the injection of electrons into the
p-region is usually favored over the
injection of holes into the n-region by
the large ratio of electron-to-hole mobil-
ity for most /7/-V compounds. In addi-
tion, since the Fermi level is slightly
higher than the intrinsic energy gap in
n-type material but slightly less than the
energy gap for p-type material, a
heterojunction is created which reduces
the injection of minority holes into the
n-side of the junction. Finally. since the
emission energy is usually slightly
higher in n-type than in p-type material.
any radiation which does originate from
the n-side of the junction is very
strongly absorbed in the p-type mater-
ial. where strong band tailing has effec-
tively shrunk the energy gap. Con-
versely. the radiation originating in a
heavily doped p-type layer will pass
through n+ material with reduced
absorption losses due to the reduced
emission energy for p-type material.
This consideration is usually used to
good advantage in designing efficient
LEDs.

Impurity eftects inindirectbandgap materials

As previously mentioned. electron-hole
recombination without the intermediary
of impurity centers is a very inefficient
way of obtaining light from indirect
bandgap semiconductors because the
participation of a phonon is needed to
conserve crystal momentum. This re-
quirement can be removed however by
first localizing one of the charge car-
riers at animpurity centeter, and by then
attracting the oppositely charged car-
rier. By being trapped on a neutral im-
purity center. a carrier is very highly
localized in space, and it then follows
from the Heisenberg Uncertainty Prin-
ciple that the crystal momentum ex-
tends over a large range, thereby allow-
ing it to take up the momentum differ-
encein an indirect transition with an op-
positely charged carrier. In this fash-
ion. efficient radiative recombination
can be obtained in an indirect bandgap
semiconductor. However. only a rather
limited number of impurities have been
found to be suitable for this purpose.
In GaP, nitrogen'? has been found to
so enhance the efficiency of the near-
bandgap green emission. while Zn and
O centers are used to obtain efficient
red emission '3 14

The nitrogen substitution for
phosphorus in the GaP lattice is said
1o be isoelectronic because both N and
P are in the same column of the periodic
table. As a result. nitrogen introduces
only a short range. non-Coulombic
attractive potential with a binding

energy of about 8 meV for electrons.
After the capture of an electron. the
center becomes negatively charged and
the long-range Coulombic potential
now allows it to capture a free hole,
thus forming a bound exciton. The
annihilation of this exciton by radiative
recombination gives rise to the rela-
tively efficient green diode lumines-
cence at room temperature.' Unfor-
tunately. the exciton may dissociate by
thermal activation prior to radiative
recombination. and many competing
processes exist for the nonradiative
recombination of electrons and holes.
As a result. the internal quantum effi-
ciency for the green luminescence in
GaP is on the order of 1%, which is
significantly lower than that for direct
bandgap radiative recombination pro-
cesses.

The efficient red emission is obtained
from p-type GaP by a related but not
identical method. Here the shallow ac-
ceptor Zn (E, =60 meV)and deep donor
oxygen (E,=800 meV) are beheved to
be situated on nearest neighbor gallium
and phosphorus sites. This complex.
which is effectively neutral with regard
to long range Coulombic forces when
both impurities are ionized. behaves as
an isoelectronic complex with a binding
energy of 300 meV for electrons. At
room temperature. the red emission re-
sults mainly from recombination of an
electron and a hole captured by the
Zn—0 complex. and is centered at
1.79eV.'%-'" The internal red emission
quantum efficiency (10 to 150) is con-
siderably higher at this time than the
green emission, and is limited both by
competing nonradiative centers and by
Auger recombination in which the elec-
tron-hole recombination energy is
transferred to a third particle in the form
of kinetic energy. A drawback of the
GaP:Zn.0 system is that the intensity
of the red emission saturates at rela-
tively low current densities (<10 A/cm?)
because the effective density of Zn—0
centers is limited to the low 107 ¢cm™
range. In GaP:N, ontheother hand, the
nitrogen concentration can reach 10
cm™, and the green luminescence
does not readily saturate.'”

Upconversion phosphors

As an alternative to the use of high-
energy-gap  semiconducting  com-
pounds to obtain visible emission. one
can employ a suitably doped “‘upcon-
verting”” phosphor, in which two or
three infrared photons are converted
into a single higher-energy photon in
the visible portion of the spectrum.'®
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Fig. 3—Simplitied upconversion process for rare-

earth-doped phosphors.

For this technique. a highly efficient
diode which emits in the proper infrared
wavelength range (e.g.. GaAs:Si with
Mo = 10% at 9300 to 9700 A) is coated
with a layer of phosphor doped with
rare-earth impurities.' The combina-
tion of phosphor host and impurity is
chosen for the particular excitation
wavelength desired.

The basic upconversion process is illus-
trated schematically in Fig. 3. Here. the
absorption of one infrared photon ex-
cites an impurity ion to level A, after
which a second absorbed infrared
photon can excite it to level B. The
subsequent decay of the excited state
to its original level is then accompanied
by the emission of one high-energy
visible photon. In this way, upconver-
ston to the red. green. and blue has
been achieved. Because the upconver-
ston is a two-step process (or even a
three-step process for blue emission).
the intensity of the emitted visible radi-
ation is approximately proportional to
the second or third power of the infrared
excitation intensity. Hence. for high-
efficiency operation of the diode-phos-
phor system. the GaA4s diode must be
driven tovery high current densities.

A fundamental limitation of the upcon-
version scheme lies in the difficulty of
adequately coupling the infrared diode
emission to the phosphor. Although the
conversion efficiency of the phosphor
itself is quite reasonable (30 to 55%)*",
only a small fraction of the diode emis-
sion is absorbed by the phosphor. which
must be kept quite thin in order to re-
duce self-absorption of the visible radi-
ation. This also means that the diode-
phosphor system produces a large
amount of undesired GuaAs infrared
radiation as well as the visible emission.

Efficiency and brightness

Theresponse of the human eye is limited
to a wavelength range between about
4000 A (violet-ultraviolet) and 7200 A
(red-infrared). as illustrated in Fig. 4.
Because of the immense variation in the
visual sensitivity over this spectral
range. the performance of a visible-
light-emitting diode must be appraised
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Fig. 4—Luminous efficiency, L, of “standard"
(photopic) eye vs. wavelength of incident light
Maximum response of 680 lumens/watt occurs for
green light at 5550 A.

not only by the absolute intensity of the
emitted radiation, but also by the rela-
tive response (i.e., the luminous effi-
ciency) of the eye at the wavelength
ofinterest. Hence.twoimportantfigures
ofmerithaveevolvedfor LEDs. Thefirst
is the quantum efficiency, which is
simply the ratio of the number of
photons produced to the number of
electrons passingthroughthediode,i.e.,
the conversion efficiency of the device
independent of the eye’s response to it.
The internal quantum efficiency, 7,
is evaluated at the p-n junction, while
the external quantum efficiency, 7.,
is evaluated at the exterior of the diode.
The external quantum efficiency is al-
ways less than the internal quantum
efficiency due to optical losses which
occur in extracting the emitted radiation
fromthe semiconductor. Representative
values of 7, for visible LEDs fall be-
tween 0.1 and 7% at room-temperature,
while values of ), can exceed 50%
under optimum conditions.

The second figure of merit for an LED
is the brightness, which is a measure
of the visual response to the radiation
emitted from the diode surface. The
brightness, B, in foot-Lamberts (fL), is
proportional to the external quantum
efficiency of the diode and to the sensi-
tivity of the eye, and can be calculated
from the equation
Newl J A,

B=1 150_)_\‘ i 2)
Here, A is the emission wavelength
(um); J is the current density through
the junction (A/cm?); and L is the lumi-
nous efficiency of the eye (see Fig. 4),
which has a maximum value of 680
lumens/watt for green emission at 5550

A. A;and A, are the areas of the p-n
junction and of the observed emitting
surface, respectively. The ratio (A;/A4;)
is unity for the simplest case of a flat,
unencapsulated, surface-emitting LED,
but can be much less than unity in some
cases (e.g., phosphor-coated dome-
shaped diodes, edge- and surface-
emitting structures, diodes with en-
capsulated plastic lens, etc.). Since the
brightness of a diode can be varied by
changing its size or the junction current,
B is often normalized with respect
to the current density, J, so as to
more fairly compare the relative per-
formance of different electrolumi-
nescent materials. Values of brightness
inexcessof 1000fL are readily available
in commercial LEDs at normal current
densities of 10 A/cm?. By comparison,
the brightness of the frosted surface of
a 40 W incandescence bulb is about
7000 fL.

From the considerations discussed
above, it is apparent that efficient LEDs
which emit near the peak of the eye
sensitivity are required. Since the upper
limit for the emission energy is approxi-
mately equal to the semiconductor
energy gap, values of E, greater than
1.72 eV (7200 A) and as close as pos-
sibleto2.23eV (5550 A) are needed. The
selection of semiconductors which
have appropriate energy-gap values and
which can be amphoterically doped is
shown in Table II.
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Quest for higher-energy-bandgap
semiconductors

Most of the direct-bandgap 71/-V binary
compounds (e.g., GuAs, InP, GaSh,
etc.) have energy-gap values much less
than 1.72 eV, and therefore, are not
capable of providing visible emission.
One approach which is widely used to
obtain materials with somewhat larger
direct energy gaps is to form ternary
alloy systems between a binary com-
pound with a small direct energy gap
and a second binary compound with a
larger indirect energy gap (e.g., Ga-
As,_ P, from GaAs and GaP). In this
way, the direct band structure of the
smaller-energy-gap-material is  in-
creased monotonically in the alloy as
the content of the second compound is
increased, as shown in Fig. S for a rep-
resentative ternary alloy, Gads,_ P..

For this alloy, as well as for the other
materials listed in Fig. 5, the direct (I')
conduction band minimum lies below
the indirect (X) conduction band min-
ima over a significant fraction of the
alloy system. For values of x somewhat
less than the crossover value, x,., each
of the semiconductors in Fig. 5 is direct
and of sufficiently high energy to pro-
vide visible emission. Hereinlies the real
value of such alloys. However, at alloy
compositions close to x., some of
the electrons that would otherwise oc-
cupy the direct conduction band mini-
mum at A=0 transfer to the indirect
minima (k#0) as a result of their small
but finite thermal energy. This effect is
particularly dramatic since there are
typically 50 to 100 times more available
energy states in the heavy-mass indirect
minima than there are in the direct
minimum. It has been found experimen-
tally for Al Ga,_As,*' GaAs,_ P,*
and In,_ Ga, P* thatsuch atransferre-
sults 1n a severe reduction in the lumi-
nescence intensity, because the non-
radiative processes associated with the
indirect minima are more efficient than
the radiative processes there.

Recently, Archer?* has used estimated
positions of the conduction band min-
ima to calculate the dependence of the
electroluminescence efficiency and
brightness on alloy composition (or
equally, their dependence on the
photon emission energy for these near-
bandgap processes). For these calcu-
lations, equal radiative (direct) and
nonradiative lifetimes were assumed,
which is equivalent to the assumption
of a 50% internal quantum efficiency
for the direct-bandgap recombination.
The calculated curves for the external
quantum efficiency are shown in Fig.
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Table {l—Materials for visible electroluminescence,
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6a. Also superimposed on the efficiency
curves are data points obtained for the
respective alloys by electrolumines-
cence or by cathodoluminescence emis-
sion. Fig. 6a illustrates that Gads, P,
has potential for slightly higher efficien-
cies than A/, Ga,_ As for red-light emis-
sion, but the In,  Ga P and In,_ Al P
have clearly higher potential efficiency
than either GuAds, P, or Al .Ga, As
for red. yellow. or orange emission.

The potential brightness ( per unit cur-
rent density) can be calculated for these
alloysfrom Fig. 6aand fromEq. 2. From
these calculations. plottedin Fig. 6b. itis
clear that the potential brightness
of In, . Ga.P and In, Al P is about
20times higherthan thatfor Gads,_ P,.
Equally important. the maximum in
brightness for Iu; Gua,P occurs at
about 2.03 eV, which is in the orange
portion of the optical spectrum. It is
important to note that the curves in Fig.
6 are based solely on the energy band
structure of these alloys and the as-
sumption of equal radiative and non-
radiative lifetimes. These calculations
do not take into consideration such im-
portant problems as the stability of the
compound. the extent of lattice mis-
match for the alloy, or the relative
ease of crystal preparation. Such con-
siderations are treated further in en-
suing sections.

Material synthesis

Light-emitting diodes are generally fab-
ricated from material which is epitaxi-
ally deposited on single crystal GaAs or
GuP substrates cut from melt-grown
ingots. Both GuAys and GaP substrates

are commercially available with ingot
cross sections of 2 to 3 cm. However,
the GuP technology is relatively young.
and GaP crystals are still costlier than
GaAs ones and contain more disloca-
tions and other imperfections.

The choice of substrate depends on the
lattice constant of the desired epitaxial
layer and the thermal coefficient of
expansion. Table 111 shows the lattice
constants at room temperature of the
111-V compounds of interest for visible
ILEDs. In the case of mixed alloys. the
lattice constant is a function of com-
position. The best alloy material from
the point of view of lattice constant
match is Al .Ga,_.As since AlAs and
GuAs have almost identical lattice con-
stants. The worst systems are A/, In, P
and In,_ Ga P with GaAs,_ P, being
intermediate.

Both vapor-phase epitaxy (vPE) and
liquid-phase epitaxy (1.PE) are used to
prepare materials for LEDs. Each tech-
nique has unique advantages in some
cases. Vapor-phase epitaxy is used ex-
clusively for Gads, P synthesis while
liquid-phase epitaxy yields the best GaP
and A/, Gu, Asdevicesat thistime.

The p-n junction can be formed by epi-
taxially growing the p- and n-type re-
gions or by Zn diffusion into an n-type
layer. Diffusion. which is commonly
used in the fabrication of Guds _ P,
diodes. allows the definition of selected
diode areas by masking. which is a
simple way of forming monolythic
diode displays. However, efficient
diodes are not always obtainable by
diffusion, particularly in G« P where the
best red-emitting and green-emitting
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diodes are formed by double epitaxy.
An attractive alternative in GuP is to
epitaxially deposit a p-type layer on an
n-type bulk grown substrate. Unfortu-
nately. the present quality of GuP sub-
strates is too poor to permit the re-
producible fabrication of diodes by this
simple technique, and two epitaxial
layers are therefore grown to ensure
that the radiative recombination oc-
curs in the higher quality epitaxial
layer.

Liquid-phase epitaxy (LPE)

Liquid-phase epitaxy was originally
developed by Nelson?® for the growth
of epitaxial films for tunnel diodes and
for GuAs homojunction laser diodes. In
the commonly-used “‘tipping"’
technique. GaPis grown from melt con-
sisting of Ga, GaP (polycrystalline) and
a dopant such as Zn (for p-type) or Te
(for n-type). The melt is positioned
at one end of a graphite boat (Fig. 7)
while a polished substrate is placed at
the other end. The graphite boat is
heated to 1060°C in a pure hydrogen
atmosphere in a quartz furnace tube.
The furnace. mounted on a hinge at
its center, is tipped at the desired tem-
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Fig. 6a—Calculated external quantum efficiency?
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Fig. 7—Schematic diagram oftyprcal liquid-phase
epitaxy (LPE) “tipping” apparatus used for the
deposition of GaP single-crystal layers on a GaP
substrate
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Fig 8—Schematic diagramoftypicalvapor-phase
epitaxy (VPE) growth apparatus used for the depos-
on of single-crystal GaAs, P, layersona GaAs
Substrate

perature and the melt than covers the
substrate. Some dissolution of the sub-
strate may occur on contact, depending
on the initial GaP content of the melt.
but as the furnace is slowly cooled.
(G aP precipitates from the melt in the
form of an epitaxial deposition on the
substrate.

The growth of two layers is now
required for efficient red emission
from GaP.*® In this case, an n-type
fayer doped with Te or S is grown first,
followed by a p-type layer doped with
Zn and O from a Ga melt containing
elemental Zn and GaO. A similar
technique with varied temperatures and
melt constituents is used for several
other compounds. While liquid phase
epitaxy requires simple equipment for
small-volume production. large-scale
manufacturing calls for a multiple wafer

5.0%P/u

processing capability which is now
under development.

Vapor-phase epitaxy (VPE)

The epitaxial vapor-phase growth
technique is widely used in the prep-
aration of red-light emitting diodes
of GaAds, P,. which have been com-
mercially available for several years.
With this  technique. the primary
source chemicals are predominantly
gaseous. which provides a high degree
of flexibility for controlling doping
concentrations and alloy composition.
In addition. since the reactant concen-
trations can be accurately established
with precision flow meters and valves.
the growth parameters can be regulated
over relatively wide ranges with good
accuracy. An important feature of this
control is the ability to slowly grade
the alloy composition of the growing
layer from the substrate composition
(v=0 for a GaAs substrate) to that of
the p-n junction (typically. v =0.4) so as
to minimize strain due to lattice mis-
match. Such grading has been found to
lead to improved p-n junction perform-
ance. In vapor-grown epitaxial layers.
the p-n junction can be incorporated
during growth by the sequential intro-
duction of gaseous donor and acceptor
impurities, or after growth by Zn
diffusion. For GGaAs, P, red-light-emit-
ting diodes. highest efficiencies to date
have been prepared by the post-growth
diffusion process.

A typical vapor-phase growth system
for GaAs, P27 isillustrated in Fig. 8.
Here. Ga is transported as its sub-
chloride by passing HC/ gas over the
molten metal. Arsenic and phosphorus
are formed by the thermal decompo-
sition of arsine and phosphine, respec-
tively. while hydrogen is usually used
as the carrier gas. As the gases pass
over the substrate, they react with its
surface to form a single-crystal epitaxial
deposit of (Gads, P,.the composition
and electrical properties of which are
determined by the vapor constitution.
The donor impurity in vapor-grown
GuaAds,  Pis usually Se, whichis intro-

0.21 % Py
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duced as H,S¢, although Te and Sihave
occasionally been employed. The Zn
inlet illustrated in Fig. 8 is not used for
p-n junctions formed by Zn diffusion
after growth.

There are several reasons why Ga-
Ay P, LEDs have received wide-
spread commercial attention. Most im-
portantly . the systemshownin Fig. 8can
be scaled up to hold many GaAs sub-
strates simultaneously, thereby reduc-
ing the manufacturing cost per wafer.
Sceondly. the surface of the epitaxial
layers following vapor growth is usually
smooth and free of surface imperfec-
tions, eliminating the need foradditional
lapping or polishing steps. Finally. the
ready-availability of large. high-quality.
single-crystal  Gads substrates adds
to the commercial viability of this
process.

Besides Guds,_ P,. GaN ** and
In, Ga,P * are also frequently pre-
pared by vapor-phase epitaxy. How-
ever. A/ Ga, Ay is difficult to grow
by this technique. primarily due to the
reactivity of the A/l-containing gases
needed here.

Loss mechanisms

The external efficiency and brightness
ofan LEDare determined by the genera-
tion of light at the junction and by the
extraction of light from the crystal
For each of these processes. there are
several loss mechanisms which limit
the overall performance of an LLED.

Atthe p-njunction, theinternal quantum
efficiency is highly dependent on the
perfection of the material in the vicinity
of the p-n junction where the radiative
recombination occurs. Defects (and
contaminants such as copper) give
rise to deep recombination centers
with consequent infrared emission or
nonradiative recombination. Relatively
little is known about the details of the
nonradiative recombination processes
via defect centers, but dislocations with
their associated impurity clusters, and
complexes of vacancies with impurities
are known to be harmful.

Fig 9—Lattice misfit dislocation networks®® in
Gahs1-xP, layers which were vapor-deposited
with different compositional grading rates on GaAs
substrates The density of misfit dislocations de-
creases with decreasing compositional gradient.
The gradients in each illustration are given inunits
of mole fraction GaP per micron of grewth
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Table IV—Intemnal loss mechanisms in alaclralurmi-
negscent junctions.

Lraas mechr b

Tepiead cawse

Faint Imperfections:

W acnncies Devistion from  sioichi-
ometry during growih
Metal compleves, Impurity  coRcemtrations
precipities approaching  solubility
in muaterinl

Fromkel defects Gienerared by  extermal
electron  hombasdment;
pisaibly formed during
farward-hiss  operation

Disbocations Lattice mismatch betwesn
sabstrule and epitaxy

Amger recombinution  High camser concenirations

Deep-lovel
recombination

Surface or coniact
recombination

Contamination {e.g.. O 08

Location of surface or
ohmic contact oo chise
by pen junction

Work  dumage:  surface
comamination  during
device Tahrcation

Surface leakape

Table V—Methods for ingreasing external diode
efficiency.

Tevhmbgues

Mindmize absorprion 13 Keep absorbing  Rayers
coeffickent, n thin

2) Provide optical ™ win-
dow"’ with higher-
energy-gap materisl

1) Heduce carfier Con-
CERIrlns

4 Gienermte below-handgap
radiation

Maximize surlace 1§ Shape  semiconductor
bransmissivily, 7 for narmial incidence
1) Encapsulute dicsle with
trunsgarenl material
with high refmactive
index
3 Apply antireflection
coating

Imperfections can be introduced into
the materials during epitaxial growth
if the lattice constants for the substrate
and the epitaxial film differ. Since the
density of lattice misfit dislocations is
directly related to the compositional
gradient, one technique which is fre-
quently used in ternary alloys to re-
duce these dislocations is to slowly
grade the composition from that at
the substrate to that desired at the p-n
junction. In this way. epitaxial layers
with acceptably low dislocation densi-
ties can be grown routinely. Fig. 9 illus-
trates the dependence of dislocation
density on compositional gradient for
GaAs,_ P epitaxial layers deposited on
GuaAy substrates.™

Poor quality substrates also adversely
affect the crystalline perfection. and
hence the electroluminescence per-
formance. of epitaxial layers. Even with
“perfect”™ layers. however. imper-
fections may be introduced during the
diffusion process used to form a p-n
junction. A summary of the types of
nonradiative  recombination mecha-
nisms and their typical causes is pre-
sented in Table IV,

Independent of the light generation
processes at the p-n junction. the ex-
traction of the emitted radiation from
the semiconductor crystal is also a
very major problem. Since the refrac-
tive index for a //1-V semiconductor is
typically about 3.5, the internal critical
angle for light incident at the crystal-air
boundary is only 16°. and a major frac-
tion of the light (i.e.. all rays striking the
surface  at  angles exceeding 16°)
suffer total internal reflection. The
total optical path inside the diode there-
fore exceeds the diode dimension with
the result that severe internal reabsorp-
tion of the emitted light occurs. A
simple expression relating the external
quantum efficiency. n,,. and the in-
ternal quantum efficiency. n;, . is *'

New = TTTITT &)

Here. « is the average absorption
coefficient in the diode. V is the
diode volume. 4 is the area of the
emitting surface and T, is the average
surface transmissivity.

To improve the external efficiency. a
number of techniques can be used to
decrease the absorption coefficient. «.
or to increase the transmissivity of the
surface.aslisted in Table V. Dome shap-
ing is effective.®® but also is the most
expensive of these techniques. since
it involves machining the semicon-
ductor and uses a significant volume
of material. Hemispherical domes and
lenses cast from epoxy or acrylic-
polyester resin (with a refractive index
of about 1.5) simplify device construc-
tion, and are quite effective in increas-
ing the external efficiency by a factor
of typically 2 to 3. depending on the
material.

The average internal absorption co-
efficient is appreciably higher in diodes
which rely on the near-bandgap emis-
sion of direct-bandgap materials than in
diodes from indirect-bandgap materials
where the emission is much below the
bandgap energy. Table VI illustrates
these observations for epoxy-coated
G aAxs diodes doped with Zn. which is a
shallow acceptor (1,=0.03 ¢V). and

those doped with §i, in which the
radiative processes involve a deeper
center(E,=0.1eV)* Forthe Guds:Zn
diodes. « is about 10* ¢cm~™'. while for
GaAs:Si itis only about 200 em~t,
and the external quantum efficiency
is correspondingly higher. In both types
of diodes. the internal quantum effi-
ciency is about 50% . For the GaP:/n,0
diodes. « is very small. but since the
internal quantum efficiency is only 14
to 15% 253 the external quantum
efficiency is still limited to a few per-
cent.

Diode reliability

The quantum efficiency and brightness
of LEDs may decrease without evi-
dence of mechanical damage in the
course of forward bias operation,*®
Several mechanisms are factors in such
degradation: 1) increased surface leak-
age. 2) in-diffusion of contaminants

such as Cu* and 3) formation of

nonradiative recombination centers in
the junction vicinity ,#»-#*

Surface leukage and contamination
problems are the simplest to eliminate
with proper passivation. encapsulation.
and cleaning techniques. The forma-
tion of nonradiative centers. however,
is a far more difficult problem. and the
causes are still not well understood. 1t
is known that the degradation rate de-
pends on the current density. and that
a high concentration of imperfections
such as dislocations increases the de-
gradation rate for a given current
density.®™ 11 is therefore essential that
the defect density in LEDs be as low as
possible. Although data on LED relia-
bility are somewhat limited. it has beer.
established that properly fabricated
diodes of GuP. GuAs,_P,. and Al,.
(iu,_, As can be operated for many thou-
sands of hours at moderate current
densities (a few tens of A/cm?). In
fact. accelerated life tests on (GaP*
indicate extrapolated half-lives of many
years. Clearly a long operating life is
one of the features of .LEDs. as com-
pared to  miniature incandescent
sources. [tis also clear. however. that
careful life tests should be included in

Table Vi—internal and extemal guantum efficiency of selected LEDs.
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Tabie Vil—State-of-the-art performance of p-n junction LEDs.

®

Peuk T
. “ommercially ok L eff. LI 4 .

Material CZ:::H:;}‘}:,””.‘ Colog wm-:/{:)nglh (lllll;’l:’,:S/\{{ltl) - Z'(;c(; f (fL/I:/:’un“‘z) Ref.
GaP:Zn.0 __ Yes red 6900 07 & 307d 7 350°. 41
AlosGatords No ! red 6750 16 1.3 140 50
G adso-sPos Yes . redg 6600 42 =05 145 44 ,
Ga4s:Si with ‘ - ’

YOCI:Yh,Er  No red -y 6600 308 1.0d 188 W WS o«
1no.2Gao.seP [ umber H17 284 0.1 T 48
GaAsesPo.s Yeu ambey G 1iH) i 342 0.013 35 &
GaAsozsPos:h M amber 100 M2 0.04 4010 1008 45
$iC Yes yellaw 550 . sis g0 10 L S8
Ino.sGao.sP ] vellw STIMY 648 0.02 3N 46

Ereen : , H .
GaP:N Yy preen S5 677 0.05 to 0.6P 470b 15
(raAs:Si with o K 3

YFa:YhEr L [H] Eredii 5N " eehR 0.1d 23¢ 53 °
(GaAs:Si with

YF2:Ybh.Tm MNa hfue 4700 - 03 E 0.01d = 0.2¢ 53

Notes 2

*Except where notial, ¢ffieie nefes for diodes with phistic encapsulants.

- s wr s

**Except where noted, B/J calculated from Eq. 2 using efficiency for unencapsulated diode with(4/4)=1. Diode efficiencies

assumed 1o be 2.5 times less without encapsulation.
AMean value for non-monochromatic emission spectrum.

i

- B

bRange between commercially practical and best Jaboratory results. “
CAgsumed 3% unencapsulated diode efficiency: (Aj/Ax) assumed 10 be '/» to compensate for significant edge emission.
dEfficiency at J=300 A/cm?. Efficiency drops off by at least the square of the current at lower current densities.
e(AI/AshO 016 for these dome-shaped phosphor-coated structures. ; #

BiJ calculated from measured efficiency value of 5.9x 1074 for unencapsulated dlode

P

&Typical values of BlJ reported as 40 1o 60 fL/A-cm™ in Ref 45. Value of 100 fL/A- cm" calculdted t'rom Eq‘ I using

efficiency value found i in Ref. 454 ¢

hCuiculated for represemanve DC effuency of 0.1% for unencapsutated diode. (AJ/A 8) assumed m be Ys.

the evaluation of new materials and al-
loys. where high defect densities are
likely. before reaching a conclusion on
the utility of such materials.

State-of-the-art

Because of the wide variety of struc-
tures used for LEDs.and theimportance
of internal absorption and surface re-
flectivity. the external efficiency for
identical material can vary greatly from
diode todiode. depending in many cases
on the ingenuity of the investigator in
fabricating the device. We attempt in
this section to summarize the state-of-
the-art for a variety of electrolumi-
nescent materials by  comparing
their reported efficiency and bright-
ness values. The reader must keep in
mind, however. the limitation of such
numbers. particularly since reproduci-
bility does not enter this picture. yet
determines in most cases the economic
significance of a particular result. The
most important parameters in our com-
parison are summarized in Table VI1. A
description of the advantages and
disadvantages of each of the electro-
luminescent materials is  described
briefly below.

GaP

The most efficient GaP LEDs are
presently prepared by liquid-phase
epitaxy. Red-emittingdiodesof GuPare
commercially available with external
quantum efficiencies as high as 3%.

but large-volume production on the
scale used for GaAs, P, diodes has not
yet been attempted. Laboratory effi-
ciency values as high as 7% have been
reported.’' However. thesediodes were
prepared with low-Zu-doping con-
centrations. which enhance the external
efficiency by reducing the internal ab-
sorption coefficient. but lead to an
efficiency saturation at current densi-
ties as low as 1 A/cm?. By comparison,
GaP LLEDs with 3% efficiency values
saturate at current densities of about
10 A/cm?. The brightness value of 350
fL/A-cm~2 entered in Table VII was
obtained by multiplying Eq. 2 by the
ratio of the primary surface area to the
total (primary surface + edge) area.
since a large portion of the red emission
escapes from the edges of GaP diodes.
This brightness value appears to be
more than adequate for standard dis-
play applications. At the moment. it
does not appear likely that significant
efficency increases will be made for the
(GuP red emission. but we can expect
refinements in the manufacturing tech-
nology which will reduce the cost of
these devices.

Because of the small internal absorp-
tion in Zn-O-doped G aP. the fabrica-
tion of monolithic displays requires a
different approach than that used for
GaAs,_ P, Using a combination of
etching and masking. monolithic GaP
displays have been made.?? However,
in view of the cost of the (GuP wafer
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needed for a large monolithic display,
it is not clear whether these will be
economically more attractive than in-
dividual segment displays.

Green-emittingdiodes of GaP are still in
an early developmental stage. The
efficiency of routinely tabricated diodes
is below 0.1% . while the best laboratory
results have reached 0.6% when small.
high-quality platelets were used as
the substrate material.'?

With large-area (GaP substrates pre-
pared by liquid-encapsulated crystal
pulling. the best efficiency is lower
(0.39%) .5 probably because of the
higher defect density in these diodes.
Since the limits of the GuP:N system
have not yet been fully explored. higher
performance can be expected in the
future. It is already clear. however. that
the technology is substantially more
difficult for reproducibly fabricating
high-efficiency GaP green-emitting
diodes than red-emitting ones.

It is also possible to obtain orange- or
yellow-appearing emission from GaP
diodes by introducing N and O into
the n- and p-sides of the junction. re-
spectively.  Since green  emission
arises predominantly from the n-side.
and red emission from the p-side of the
junction. one and the same diode can
simultaneously emit  hoth  colors.
whose integration by the eye gives an
orange or yellow appearance to the de-
vice. Because of the saturation of the
red emission at relatively low current
densities. the hue of such diodes shifts
toward green with increasing current.'?
Although potentially attractive. further
research is required before such de-
vices can become practical.

GaAs,_.P,

For maximum brightness in GaAds; P,
LLEDs. the alloy composition is selected
to provide emission at about 1.88 eV or
6600 A. At this wavelength. exter-
nal quantum efficiencies as high as 0.507
(encapsulated) have been obtained."
although values on the order of 0.2%
are more typical and are commercially
available. An efficiency of 0.59% for an
encapsulated diode corresponds to
about 0.2% for an unencapsulated
one. which yields a calculated bright-
ness value of about 150 fl./A-cm~* for
the red Gads,, Py, emission. By in-
creasing the G P content. electrolumi-
nescence can be attained at shorter
wavelengths. thereby providing orange
emission. but at reduced efficiency and
brightness values (see Fig. 6). Discrete
amber-colored  GuadsosPos LEDs
are available commercially with bright-
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ness values of about 10 fL/A-cm? for
emission at 6100 A. Because the re-
combination processes are approxi-
mately band-to-band. impurity satura-
tion is not a problemin GuAs, P, .and
intense light pulses can be generated
under high-current excitation.

With S/0Q: masking and Zn diffusion.
GaAdsy, Pyy monolithic arrays can be
fabricated into alphanumeric  dis-
plays. Reasonably good resolution of in-
dividual segments is obtained in such
displays due to the confinement of the
generated light by the severe optical
absorption which occurs in direct-
bandgap semiconductors. Individual
display figures are typically about 6-mm
tall; however. a line of Gads, P, dis-
plays with 1.5-cm figures has now been
introduced.

Recently. electroluminescent junctions
of GuAs)_ P, have been prepared with
nitrogen doping on the n-side of the
Junction.” For GuAs, P, with v=0.4,
efficiencies have been significantly en-
hanced. presumably due to an excitonic
recombination  process  similar  to
that which occurs in green-light-emit-
ting GuP. Brightness values of 40 to
60f1/A-cm~2have been reported for yel-
low cmission with the Gads,_ P,:N.
which are not too much lower than
values for the commercially-available
red GaAs, P, 1LEDs.and whichrepre-
sent a significant advancement over
the performance of presently-avail-
able GaAs, P, amber LEDs.

Futuretrendsin GuAs,_ P.areexpected
to lie primarily in the area of more
sophisticated and more economical
monolithic displays. which are begin-
ning to gain widespread acceptance.

in,_,Ga,P

Clearly. the electroluminescence po-
tentialof Iy \Ga,Pisveryhigh(see Fig.
6). Only the difficulty in material prep-
aration has thus far prevented its full-
scale exploration and exploitation for
electroluminescence applications. To
date.most /i, (Ga . Phasbeen prepared
either by variations of the Bridgeman
technique for growth from a melt. or
via liquid-phase epitaxy from a satu-
rated metal solution.

Electroluminescent junctions in /-,
(a, P prepared by both growth tech-
niques have been formed by Zn dif-
fusion. From liquid-phase-epitaxy ma-
terial deposited on GGaAs substrates, a
room-temperature efficiency of 0.02%
(encapsulated) was  obtained'®  for
yellow-green emission at 2.17 eV
(5700 A). From polycrystalline melt-

grown material, an efficiency of 0.04%%
(unencapsulated) was reported*™ at 2.06
eV (6020 A) for orange emission,
which vyields a calculated brightness
value of 320 fL/A-cm~2. However. the
polycrystalline nature of the material
prepared to date, as well as the diffi-
culty in preparing single-crystal ingots
is a severe limitation of the melt-grown
In, Ga P.

Recently. vapor-grown p-n junctions of
In,_ Ga P have been prepared** which
yield external quantum efficiencies in
excess of 0.1% (encapsulated) for
emission between 1.86 and 2.01eV. For
the red-orange emission at 2.0l eV a
brightness value of 315 fL/A-cm™ has
been attained. The fact that the vapor-
growth of these In,_ Gu, P junctions is
very similarto thatused routinely for the
commercial preparation of Gads, P,
LEDsis particularly attractive. Atpres-
ent. the electroluminescence in the
vapor-grown diodes is thought to be
limited by dislocations which arise at
least in part by the large lattice mis-
match between the epitaxy and the
substrate. As epitaxial growth tech-
niques are developed to reduce the
introduction of such dislocations, the
performance of these diodes should
improve.

Al,Ga; ,As

The highest brightness diodes of A/,
Ga, .As have been fabricated from
alloys with v=0.3 for emission at
6750 A. With diodes having both the
n-type and p-type regions grown by
liquid-phase epitaxy.* efficiency val-
ues as high as 1.3% (encapsulated) have
been - obtained at this wavelength »*
yielding a brightness value of about
140 fl/A-cm=2. The fact that such a
brightness value is well above that pre-
dicted?* in Fig. 6b is attributed to a re-
duced defect concentration in A/, -
(a4, Ay due to the excellent substrate-
epitaxy lattice match. Using a single
epitaxial layer with a planar Zn diffu-
ston process to define the emitting area.
efficiency values of 0.25% have been
attained at 6750 A 3° The diffusion pro-
cess is suitable for the convenient fab-
rication of red-emitting diode arrays.
but such devices are not yet commer-
cially available.

Al Gua, Ay is also receiving increasing
interest for diodes emitting at about
8000 A, the wavelength needed to
pump Nd:YAG laser rods. The substi-
tution of the present short-lived lamps
used to pump these lasers with efficient
(129%)*' long-lived diodes will repre-
sent a significant advance in the utility

WWW americanradiohistorv com

of Nd:YAG lasers. This application re-
quires. however. that the diodes be
operated at current densities on the
order of several hundred amperes/cm”
to increase their power output.

GaN

Gallium nitride is a relatively unex-
plored semiconductor with a direct
energy bandgap of 3.5 eV. In 1969.
single-crystal layers of GaN were pre-
pared?® by epitaxial deposition on sap-
phire substrates. To date. low-conduc-
tivity GaN is obtainable only for n-type
material: attempts to dope GaN p-type
(e.g.. with Zn) have thus far resulted
in the formation of high-resistivity ma-
tertal. Electroluminescence has been
obtained®? from the Zn-doped insu-
lating G a N by the application of an elec-
tric field between two point contacts.
From such preliminary devices. green
and blue emission have been observed at
2.4 eV (5200 A) and 2.8 eV (4400 A).
respectively. More recently. avalanche
breakdown at intentional i-n transitions
has also produced green and blue lumi-
nescence.”> Room-temperature ex-
ternal quantum efficiencies as high as
1% have been observed for the green
emission.  but  power efficiencies
are much lower (0.0192 for the green.
and 0.005% for the blue) due to the
large voltage drop across the high-
resistivity GaN. Values of B/J as high
as 4000 fl./A-cm~ are calculated for
the green G aN electroluminescence.
however, brightness normalized with
respect to current density is not a good
figure of merit for these devices due to
their large voltage drop and low power
conversion efficiency. If low-resistivity
p-type GaN can be achieved with
further research. this material could
become a single source of efficient light
emission across the entire visible spec-
trum. The possibility also exists. how-
ever, that GaN is limited to n-type or
compensated high-resistivity material
by a vacancy formation mechanism
of the type which has prevented p-n
Junction formation in most //-VI com-
pounds.

Upconversion phosphors

Because of the strong dependence of

the phosphor conversion efficiency on
the infrared diode excitation. best per-
formance is achieved at high current
densities. For example, with a 10%
efficient (Gads:Si electroluminescent
diode operated at 300 A/cm?, efficien-
cies of about 1%, 0.1%. and 0.01%
are obtained for the red. green, and blue
upconversion phosphors listed in Table
V11.5% However at a current density of
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10 A/cm? the efficiencies are much
lower. Note that the blue emission is still
somewhat unique in that only a few
semiconductors (namely GaN and SiC)
have energy gaps sufficiently large to
generate this color directly.

Other materials

There has been agreatdeal of discussion
over the years concerning SiC diodes
which are capable in principle of yield-
ing luminescence throughout the visible
spectrum. Unfortunately, the technol-
ogy involves very high temperature pro-
cessing (=2000°C), and the results to
date have not been attractive enough to
justify extensive development aimed at
commercial products, particularly in
view of the rapid progress made in the
GuP and GuAs,_ P, technologies.

With regard to In,_ Al, P, cathodolumi-
nescence measurements® on melt-
grownmaterial suggestahigh-brightness
potential for this alloy system: however,
no report of electroluminescent diodes
has been made. In view of the difficulty
in synthesizing this compound, prog-
ress will most likely be slow,

The use of Al Ga,_,P alloys also has
been considered to produce diodes
which emit at higher photon energies
than GaP. However, since the band-
gap energy of A/P is only 2.4 eV, the
available bandgap range for device
applications is limited. The only
Al Gu,_ P diodesreported to date®® had
a quantum efficiency of about 1073
at a wavelength of ~5500 A.

Conclusions

The past decade has seen a dramatic
improvement in the efficiency and re-
liability of visible-light-emitting
diodes. Due to a mastery of the major
problems limiting the performance of
these devices, large-scale manufac-
turing of diodes suitable for a variety
of applications has become possible.
LEDs should increasingly replace other
types of small display elements in the
coming years as costs further decrease.
In addition, LEDs will be used in areas
where other types of light-emitting ele-
ments are impractical because of ex-
cessive power dissipation, bulkiness, or
inadequate life. At this time. Guds, _ P,
diodes, which emit red light, are the
most widely used. Newer materials
such as GaP for green emission,
InGa,_ P for amber,and GaN for blue
are being developed, and will become
increasingly important as the materials
problems limiting their reproducibility
are overcome.
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