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AGENDA ITEMS WITH AN ASTERISK {*] ARE INCLUDED
IN THESE PROCEEDINGS. THE REMAINING PAPERS WERE

RECEIVED TOO LATE TO BE PUBLISHED.

CHARLES D. CAPOSELL
CONFERENCE COORDINATOR
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THIS CONFERENCE BRINGS TOGETHER MANY DIVERSE RESEARCH AND
DEVELOFPMENT PROGRAMS. A GREAT MAJORITY OF THE PROGRAMS TO BE
PRESENTED REPRESENT ONGOING OR RECENTLY COMPLETED EFFORTS WHICH
WERE GOVERNMENT SUPPORTED. HOWEVER, SEVERAL PAPERS REPRESENT
JOINT GOVERNMENT/INDUSTRY SUPPORTED PROGRAMS OR PROGRAMS SUPPORTED
ENTIRELY BY THE INDUSTRY WHICH WERE INVITED DUE TO THEIR TECHNO-
LOGICAL SIGNIFICANCE AND TIMLINESS.

TOPICS TO BE PRESENTED COVER THE RANGE FROM MATERTAL GROWTH
AND PREPARATION THROUGH THE IMPACT AND IMPLICATIONS OF NEW CCMPUTER
ARCHITECTURE ON THE BFFECTIVEMESS OF MEMORY TECHNOLOGY. BETWEEN
THRSE EXTREMES WILL BE PAPERS IN THE AREAS OF MICROELECTRONIC
PROCESSING, SWITCHING AND MEMORY DEVICES AND CIRCUITRY, LSI CIRCUIT
INTERCONNECTION TECHNOLOGY, LSI TEST GENERATION AND ARRAY TESTING,
LSY PACKAGING AND PACKAGING TECHNOLOGY, AND OPTICAL COMMUNICATION
WITHIN SUBSYSTEMS,

ONE MIGHT CONCLUDE, AFTER LOOKING AT THE AGENDA FOR A MORE
DETAILED VIEW OF THE TOPICS TO BE PRESENTED, THAT THIS CONFERENCE
APPEARS TO BE AN ASSENMBLAGE OF NON-RELATED BITS AND PLECES OF
TECHNOLOGY. HOWEVER THIS IS A SHORT SIGHTED AND INCORRECT CON-
CLUSION. SUCH A CONCLUSION COULD RESULT FR™.J A LACK OF UKDERSTANDING
OF THE NATURE OF THE LSI TECHNOLOGY, WHAT IT 18, HOW IT CAN BE
USED, AND ITS INPLICATIONS REIATIVE TO FUTURE SUBSYSTEM ARCRITEC-

TURR.




WE AT THE NAVAL AIR SYSTEMS COMMAND HAVE MADE A CONCERTED EFFORT
TO EFFECTIVELY PLAN POR THE USE OF LSI IN QUR FUTURE AVIONIC SYSTEMS.
THIS CAN BE SEEM FROM THE SORK CARRIED OUT TO DATE IN PROGRAMS SUCH
AS ADVANCED AVIONIC DIGITAL COMPUTER (AADC), WHICH MOST OF YOU ARE
QUITE FAMILIAR WITH, INTEGRATED TACTICAL AIR CONTROL SYSTEM (ITACS),
NAVAIR'S CNI PROGRAM, WHICH YOU WILL HEARING MORE ABOUT AT A CONFER~
ENCE TO BE HED IATER THIS MONTH, AND SOLID STATE BLECTRIC LOGIC
(SOSTEL), A PROGRAM RECENTLY REVISWED AT NADC JOHNSVILLE IN THESE
FROGRAMS, EFFORT HAS BEEN DIRECTED, FROM THE TIME OF PROGRAM INITIA-
TION, TOWARD THE INCLUSION WITHIN THE SYSTEM APPROACH OF THE ABILITY
T0 BE TECHNOIOGICALLY PLEXIBLE. TOO MANY SYSTEMS IN THE PAST HAVE
GIVEN TECHNOLOGY ONLY CURSORY CONSIDERATION AND ADDITIONALLY IN AN
AFTER THE FACT MANMER MUCH TOO LATE IN THE DEVELOSMENT CYCLE 10 HAVE
ANY INPACT UPON SYSTEM DESIGN. AS A RESYLT, NEW TECHNOLOGY HAS BEEN
SHOEHORNED INTO BLACK BOXES RESULTING IN POOR PERFORMANCE, UNRELIA-
BILITY, AND SYSTEMS WHICH ARE DIFFICULYT TO MAINTAIN AND SUPPORT.
ATTENPTS TO UPDATE SYSTEM HARDWARE WHMILE IN OPSRATIONAL USE, USUALLY
RESULT IN MAJOR REDESIGN 1P RO’f TUTALLY NEW SYSTEM DEVELOPMENT.

NEW SYSTEM ARCHITECTURE MUST BE CONPATIBLE WITH FUTURE TEUHRO_
LOGY AND VICA VERSA. T0 AVOID THE PITPALLS OF THE PAST, A WORKIKG
INTERFACE MUST BE ESTABLISHED BEIWEBN THE SYSTEM DESIGNER AND CONPO_
NENT DEVELOPER. THE EFFECTIVE USE OF LSI, AS WELL AS OTHER ADVARCED

TECHNOLOGIES, IN SYSTEM CAN PE ACCOMPLISHED ONLY THROUGH THE BARLY




INCORPORATION WITHIN THE SYSTEM APPROACH OF HARDWARE, MAINTENANCE
AND SUPPORT CONCEPTS COMPATIBLE WITH THE CHARACTERISTICS OF THESE
TECHNOLOGIES, EMPHASIS MUST BE PIACED EARLY IN THE DEVELOPMENT
CYCLE ON EXPLORING AND ENHANCING TECHNICAL OPTIONS, PROVIDING A
SOLID TECHNOLOGY BASE FOR THE FUTURE SYSTEM AND OVERCOMING PRESENTLY
KNOWN TECHNICAL PREBLEMS THROUGH A CAREFULLY PLANNED PROGRAM OF RE- -
SEARCH AND DEVELOPMENT.

FOR INSTANCE IN THE LSI TECHNOLOTY, PROBLEMS WHICH ARE TODAY
WELL RECOGNIZED SUCH AS FHOTO-PROCESSING ERRORS, DIELECTRIC PIN-
HOLES, INTERIAYER CONTACTING, METAL CRACKING AT INSULATOR STEFS,
ELECTRO-MIGRATION, DXE ATTACH FAILURE, BLECTRICAL BOND FAILURE, AND
PACKAGE SEALING, NEED NOT HAVE THE PROFOUND EFTECT ON FALLURE RATRES
OF FUTURE LSX THAT THEY NOW DO. BY ISOLATING AND CHARACTERIZING THE
PREDONINANT FAXILURE MECHANISMS AND DEVELOPING IMPROVED TECHMIQUES,
MAJOR IMPROVEMENTS MAY BE MADE IN THE RELIANILITY AND COST OF FUTURE
SYSTENS .

THIS, GENTLEMEN, 1S THE ESSENCE OF THE ADVANCED DIGITAL TECHRO-
LOGY CONFERENCE: THE EXPLORATION OF NEW TECHROLOGY, SOLLTION OF
PRESENT FPROBLENS AND PROVISION OF TECHNOLOGY BASE FOR FUTURE SUB-
SYSTENS. IN THE SESSIONS WHICH FOLLOW YOU WILL BE HEARING PAPERS
ON PROGRANS WHICH COVER SEVERAL TECHROLOGY AREAS. TUDAY'S SESSIONS
WILL BE CONCERNED BASICALLY WITH MATERIALS THIS HORNING, AXD DEVICE
PROCESSING THIS AFTERNOON, TOMORROW, THE MOBNING SESSION WILL COVER
LSI PACKAGING AND WHOLE WAFER MULTILEVEL INTERCONMECT TECHNOLOGY:

THE AFTERSOON SESSION LSI ARRAY TESTING. ON THE THIRD DAY THE




MORNING SESSION WILL EXPOSE SEVERAL NOVEL DEVICE AND CIRCUIT CON-
CEPTS AND THE AFTERNOON SESSION NEW MEMORY TECHNOLOGY BEING CONSID~
ERED FOR THE AADC.

THE TECHNOLOGY PRESENTED HAS DEFINITE APPLICATION IN FUTURE
DIGITAL SYSTEMS INCLUDING BUT BY NO MEANS LIMITED TO COMPUTERS. IT
CAN BE USED TO PERFORM SIGNAL PROCESSING AND CONTROL FUNCTIONS 1N
SYSTEMS AREAS SUCH AS COMMUNICATIONS, NAVIGATION, 1FF, RADAR, ELEC-
TRONIC WARFARE, POWER DISTRIBUTION, DISPLAYS, AND GUIDANCE AND FIRE
CONTROL. I HOPE, AS DOES ADMIRAL CLANCY, THAT THIS CONFERENCE WILL
RESULT IN A BETTER UNDERSTANDING ON YOUR PART OF THE NAVAL AIR SYSTEMS
COMMANDS TECHNOLOGY DEVELOPMENT PROGRAM, IMPROVED COOPERATION AND COM-
MINCATION, AND THE STIMULATION OF NEW IDEAS WHICH WILL BENEFIT ALL OF
us.

I WOULD LIKE, AT THIS TIME, TO THANK OUR PROGRAM SPONSORS, MR,
FRANCIS LUEKING, NAVAL AIR SYSTEMS COMMAND, MR. NATHAN BUTLER, NAVAL
ELECTRONICS SYSTEMS COMMAND, MR, DAVID BRAUNSTEIN, OFFICE OF THE CHELF
* OF NAVAL MATERIAL, AND MR, JEROME PERSH, OFFICE OF THE DIRECTOR OF
'DEFENSE RESEARCH AND ENGINEERING, DEPARTMENT OF DEFENSE, FOR THEIR
SUPPORT OVER THE YEARS.
©IN ADDITION I WOULD ALSO LIKE T0 EXTEND MY GRADITUDE TO CHARLES
CAPOSELL VHOSE MOMENTOUS EFFORT MADE THIS CONFERENCE POSIBLE AND TO

ANDREW GLI3TA AND BARBARA ELLIS FOR THEIR ASSISTANCE.
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AS SEVERAL PAPERS ARE INVITED AND OTHERS BASED UPON WORK THAT
HAS NOT BEEN COMPLETED VIEWPOINTS EXPRESSED ARE NOT NECESSARILY

THOSE OF THE NAVAL AIR SYSTEMS COMMAND,




KEYITE ADDRESS
CORFEREICE O ADVAEOED DIGITAL TECHIOLOGIES

RADM A. H. CLANCY, Jr.
ASSISTANT COMMANDER FOR MATERIAL ACQUISITION, NAVAIRSYSCOMHQ

IT 1S MY PRIVILEGE TO ADD MY WELCOME TO THIS CONFERENCE ON ADVANCED DIGITAL
TeECHNOLOGY, | AM HAPPY TO SEE SUCH A LARGE AUDIENCE. INCLUDING SOME OF OUR
SCIENTIFIC AND ENGINEERING FRIENDS FROM THE ACADEMIC COMMUNITY AS WELL AS THOSE
PERSUNNEL WITH INTERESTS AND CONTRIBUTIONS FROM THE MON~-DOD CONTINGENT OF THE
FEDERAL GOVERNMENT. |

TODAY, EXCHANGES OF INFORMATION AS PROVIDED BY THIS CONFERENCE ARE BECOMING
INCREASINGLY SIGNIFICANT, IN AN OPEN FORUM, SUCH AS THIS, WE CAN TAKE STOCK OF
CUR SITUATION, IMPROVE QUR RELATIONS, ASSESS TWE STATE OF THE ART, RE-ESTABLISH
OUR GOALS AND PRIORITIES, AND COORDINATE TECHNICAL PROGRESS IN RESPECTIVE FIELDS
OF INTEREST.

HERE, WE HAVE A REPRESENTAIVE CROSS SECTION OF THE GOVERMMENT, INDUSTRY.,
AND UNIVERSiTY RESEARCH AND DEVELOPMENT COMMUNITY WHO ARE EMGAGED IN TECHNOLOGICAL
ADVANCEMENTS OF UTMOST IMPORTANCE TO THE FUTURE OF NAVAL WEAPONS SYSTEMS., THE
NAVY, AS A SPONSOR. AND YOU, AS A PARTICIPANT ARE PROVIDING A VITAL MANAGEMENT
FUNCTION IN EVALUATING MUTUAL PROGRESS BASED ON A REALISTIC, FACTUAL, TECHNICAL
INFORMATION EXCHANGE. | URGE EACH OF YOU TO CONVINUE THE DIALOGUE INITIATED TODAY,
YOUR 1DEAS, VMETHER PRESENTED AS CONFERENCE PROCFEDINGS OR INFORMALLY OVER A CUP

.. OF COFFEE, REPRESENT THE BASIC BUILDING BLOCKS OF OUR TECHNOLOGY.




I A4 SURE YHAT EACH OF YOU RECOGNIZES THE INTENSE COMPETITION FOR RESEARCH
DOLLARS IN TODAY'S MARKETPLACE. THIS COMPETITION IS NOTHING NEW, HOWEVER, IN
AN ERA OF DECREASING BUDGETS, THE NAVY 1S CHARGED WITH THE RESPONSIBILITY OF
PROVIDING TO THE FLEET A SUPERIOR CAPABILITY AT THE LEAST POSSIBLE COST. THIS
ATMOSPHERE OF INCREASING COST CONSCIOUSNESS IMPOSES SEVERE CONSTRAINTS ON OUR
RESEARCH AND DEVELOPMENT PROGRAMS. FOR EXAMPLE, OUR PROGRAM MANAGERS ARE
COMMITTED TO A POLICY OF REDUCED MAINTENANCE AND INCREASED RELIABILITY IN THE
VERY EARLY PHASES OF R & D.  THIS EARLY CONCERN FOR RELIABILITY AND MAINTAINABILITY
DESIGN INCREASES OUR BASIC DEVELOPMENT COSTS AMD THUS DECREASFS DOLLAR AVAILABILITY
FOR .NEW PROGRAMS USING NEW TECHNOLOGIES “HAT ARE THEORETICALLY PROMISING BUT
EMPERICALLY UNDEMONSTRATED. FIOWEVER, THE MAVY BENEFITS BY THIS APPROACH AS VWE
PROGRESS THROUGH DEVELOPMENT PHASES WITI, A RESULTANT REDUCTION IN LIFE CYCLE
COSTS DUE TO A POLICY OF cARLY CONCERN FOR MA"NTAINABILITY /AND RELIABILITY,

PNOTHER AREA IN WHICH WE ARE ATTEMPTING “O MAXIAIZE THE BENEFIT OF OUR
DEVELOPMENT DOLLAR 1S SYSTEMS DESIGH BASED UPON MODULARITY. [ERE, WE ARE TRYING
TO REDUCE INITIAL DEVELOPMENT COSTS BY PROVIDING AVIONICS SUBSYSTEMS IN THE FORM
OF MODULAR FUNCTIONAL HARDWARE WITH MULTIPLE SYSTEM AS WELL AS PLATFORM
APPLICATIONS, THIS NOT ONLY REDUCES INITIAL SUBSYSTEM DEVELGRMENT COSTS BUT ALSO
CONTRIBUTES SIGNIFICANTLY TO MINIMIZING LIFE CYCLE COST P! REDUCING TUE OPERATIONAL
SUPPORT BURDEN IN AREAS GF MAINTENANCE AND PROVISIONING,

THE FINAL POINT | WOULD LIKE TO MAKE REGARD'NG (OST IS THAT THE Navy CaNNOT
SUPIORT THE TOTAL SPECTRUM OF RESEARCH AND DEVELOPMENT NECESSARY TO ACHIEVE ITS
GOALS, & RECOGNIZE THE FACT TMAT INDUSTRY SPENDS LAPGE AMOUNTS OF MONEY FOR
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INTERNAL RESEARCH AND DEVELOPMENT BASED ON THE COMCEPT OF PROVIDING PRODUCTS
THAT WILL OUTSTRIP THE COMPETITION IN THE MARKETPLACE. GENTLEMEN -~ WE NEED
THIS KNOWLEDGE — THE NAVY CAN PROVIDE THE MARKETPLACE AND IN FACT THAT IS ONE

OF THE UNDERLYING REASONS FOR THIS CONFERENCE., YE HOPE THAT IN MAKING OUR

CAPABILITIES RNGZN TO YOU; YOUR INGENUITY CAN BE BROUGHT TO FRUITION IN Havy
ORIENTED PROGRAMS, SOME OF YOU HAVE ATTENDED OUR CONFERENCES IN THE PAST —
NOTABLY THOSE CONCERNING THE ADVANCED Avionics DiciTAL CoMPUTER AND THE SoLIp
State ELEcTrRonIC Logic ProcRAM. YOU .\RE PROBABLY AWARE THAT ON THE 29TH OF
JUNE WE HAVE PLANNED A CONFERENCE ON THE INTEGRATED TACTICAL CONTROL SYSTEM.
To BE PERFECTLY HONEST, WE ARE TRYING TO INFLUENCE YOU TO THINK — NAVY, M
NEED YOUR HELP == WE ARE TELLING YOU OF OUR PROGRESS AND ACCOMPLISHMENTS —
OUR GOALS AND REQUIREMENTS ARE YOURS TO PURSUE,

I WOULD LIKE TO PROGRESS NOW FROM EXHORTATION TO INFORMATION, IN LOOKING
AT NAVY GOALS AND THEIR RELATIONSHIP TO PROGRESS BEING REPORTED AT THIS
CONFERENCE WE SEE THAT GENERALLY, THE DEVELOPMENT OF MATERIALS, COMPONENTS AND
TECHNOLOGY FOR FUTURE AVIONIC SYSTEMS HAS THREE PRIMARY OBJECTIVES: FIRST, TO
PROVIDE A BASELINE FOR THE GENERATION AND DEVELOPMENT OF NEW SUBSYSTEMS CONCEPTS
AND HARDWARE TO COUNTER ENEMY THREATS: SECOND, TO IMPROVE THE PERFORMANCE LIMITS
OF PRESENT SUBSYSTEMS, THUS REDUCING AIRCRAFT VULNERABILITY AND ATTRITION:
FINALLY, TO REDUCE THE SUPPORT BURDEN IN THE FLEET THROUGH THE DEVELORMENT,
WHENEVER POSSIBLE, OF AVIONIC SUBSYSTEMS IN THE FORM OF MODULAR FUNCTIONAL MARD~
WARE WITH MULTIPLE AIRCRAFT APPLICATIONS INCLUDING BUILT IN YEST AND TIROW
AAY MAINTENANCE AT THE MODULE LEVEL. EFFORT IN THIS AREA 1S BEING DIRECTED AT
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PEFINING THE THEORETICAL AND ENVIRONMENTAL LIMITS OF NEW ELECTRONIC, ELECTRICAL,
AND ELECTRO-MECHANICAL MATERIALS AND DEMONSTRATING THE FEASIBILITY AND PERFORMANCE
LIMITS OF NEW AND IMPROVED COMPONENTS AND TECHNIQUES WITH RESPECT TO FUTURE SUB~
" SYSTEM APPLICATION,—- IN-ADDITION WORK IS UNDERWAY IN COMJUNCTION WITH SUBSYSTEM
PROJECT ENGINEERS AND SYSTEMS PROGRAM MANAGERS, TO ASSIST IN THE DEFINITION AND
DEVELOPMENT OF THE MOST EFFECTIVE SYSTEMS AND HARDWARE CONCEPTS AND PHILOSOPHIES TO
OBTAIN THE MAXIMUM BENEFIT FROM NEW TECHNOLOGIES AVAILABLE IN TERMS OF PERFORMANCE
AND SUPPORT REQUIREMENTS. FUTURE EFFORT WILL SEE PROGRESS IN THE AREAS OF AUTO-
MATING AND IMPROVING THE QUALITY OF LSI FABRICATION PROCESSES, DEVELOPMENT OF
STANDARD LS] PACKAGES FOR FUTURE AIRBORNE COMPUTERS ALONG WITH ASSOCIATED
PACKAGING TECHNIQUES, INVESTIGATION OF OPTICAL DATA LINKS FOR HIGH DATA RATE M
INSENSITIVE INTERNAL COMMUNICATIONS, AND DEVELOPMENT OF IMPROVED ELECTRONIC

COOLING TECHNIQUES, DATA CONVERSION DEVICES AND POWER SUPPLY TECHNOLOGY.

IN CLOSING, LET ME AGAIN WELCOME YOU TO THIS CONFERENCE. 1 HOPE THAT THE
FOLLOWING SESSIONS WILL EFFECT IMPROVED COMMUNICATION AND COOPERATION AMONG ALL
SECTORS OF THE TECHNICAL COMMUNITY WITH A RESULTANT GENERATION OF NEW IDEAS
LEADING TO IMPROVED TECHNOLOGY FOR FUTURE SYSTEMS AS WELL AS SOLUTIONS OF OUR
PRESENT PROBLEMS,

10
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ADV VIONIG D ER STA ORT

Ronald S, Entner
Naval Alr Systems Command
Washington, D.C. 20360

Introduction
The Advanced Avionic Digital Computer (AADC) Program

has, since 1968, been attempting to develop a modular,
building block computer system which will optimally utilize
the hardware and software technologies of the 1975 to 1985
time frame. Toward this end, the Naval Alr Systems Command
and the Naval Electronio Systems Command have supported and
are continuing to support analytical and developmental efforts
on a wide technological front. These efforts have brought
together Jovernment and Industry persomnsl in a coordinated
effort that has resulted in new capabilities in computer
design, digital technoliogy and miocruclectronics in general,
The AADC program is conceptually partitioned into

four msajor areas of concern:

0 VWeapon Systea Analysis

o Computer System Analysis

0 Software

o Technology
Today I will address some of the desired goals and the
progress to date in each area, Where possible, I will outlins

future plamning.,
Weapon Systop Analysie

The purpose of the work carried out under the heading
13
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of Weapon System Analysis is to insure that the AADC will
be responsive to fleet nceds in the 1975 to 1985 time frame
and beyond, if possible. Toward this end, studies were init-
lated to investigate the nature of digital processing as
could best be projected for that time frame. These studies
have loocked at fighter, attack, antisubtearine warfare,
airborne early warning and recomaissance missions, and
have resulted in & fairly large body of documentation which
inoludes migsion profiles, mods analyses, proocessor task
definiticns, data and iteration mtu. algorithas and
assorted computer architectures,

Fimo 1 lists the major weapon systems studied, who
performed the work and tentative plans for FY'72, A

‘bibliograplhy does exist which mvmu plrtiouhu oonoorning

the doomuuoa.
In the category of Computer Systea Analysis, ws address
the design of the computer systea itself. Figure 2 illus-

trates au updated version of the AADC Baseline Organization,
uh_toh besides being a very powerful architecture, presents

all of the hardware elements currently projected for AADC,

The major areas of development to dats have been the Master
Exeoutive Control (NEC), the Arithmetic and Control (AAC)

- porticn of the Processing Elements (PEs) and the Matrix.

Parallel Processor (MPP).
There presently exists a set of English language

14




flowcharts which desoribe the performance of the MEC for an
earlier Baseline configuration and six other versions of

AADC, including scme where the executive hardware has either
falled or does not exist, This work was performed by Honeywell,
Inc., with consultants at Analysts Intermational Corp. and

the University of Minnesota. Current plang call for expanding
the executive system to perfors the function of I/0 controller
for MDé as well as the Multiple Interior Communications
Syster (MINCOMS). This concept was addressed briefly in the
seventh AADC Progress Report. Additionsl analysis will
investigate the MEC/Internal Comaunications System (ICS)
interface and the design requiremsnts for the Contiol portion
of the FE to permit it to perfora the MEC control and arith-
metic funotions. If suocessful, this spproach will reduce

~ exsoutive hardwars and software costs substantially, and
provide a means for reverting gracefully to a floating
exsoutive in the event of an exsoutive hardware failure,

The work on the Arithmetic and Control portion of the
Froocessing Element has proven unusullly produotive, Pirst,
we have had the opportunity to evaluate, in somewhat
rigorous detail, the advantages and disadvantages of the
hard versus soft sachine. Much is being said these days
occnserning the advantages of mioroprogrammsed ocomputerc over

hard-wired designs. These advantages were not aadc obvious
by our studiss. If anything, it was discovered that micro-
programming can become a very expensive proposition, which
provides design flexibility that oan lead to signiiicant

15




management problems, especially in the area of software

development and maintenance, For the moment, wé have decided
to leave the soft machine to the Giant killers, and the
Giants who prefer to make themselves elusive targets,

The hardwired design which we are using as the basis
for further development provides significant performance
advantages over present airborns computer architectures.
These inoclude:

o Very high throughput

o Efficient instruction utilization

0 Higher Order Languaze objeot code

0 Floating point and fixed point arithmetic

0 Multiple addressing, list and stack operations

o Very rich instruotion repertoire, inoluding

trigonometry, logrithas, hyperbolio funotions,

matrix, veotor and complox arithaetio. _
The Raytheon design is, in fact, capable of handling as
primitives the entire repertoire proposed in tho Systems.
Consultants study on ths same subjeot, which is also listed
in the bibliogrsphy.

Plans for this year inolude improveament of A&C/EOL
oompatibility, A&C/MEC commonality and firmiing up the AsC
phyaical interface with the Internal Comsunications Systea
(ICS). An additional, and extresely valuable task in light of
NBL simulation findings, will result in providing additional
logio to impiement & memory paging strategy within the
Control function of the FE. This should result in extremely

16
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efficient utilization of BORAM and internal bus resources.
Another effort presently being weighed for FY'!72 procure-
ment, i3 an analysis effort in the area of the internal AADC
bus system, or ICS, Due primarily to the very high data rates
within the computer, compounded by the desire for "plugable*
modularity, various design approaches are being considered

for this application. One approach ceanters about the ulg,nf
Time Division Multiplexing (TDM) to reduce pin counts, coding
to provide bit synchronization and optics to provide a cost-
effeotive means to communicate et rates above 200MHz, Pigure 3
illustrates the type of approach which might be used to
implement an optical simplex data bus. A major concerh with
this technique is the complexity required to m‘plnent

a cost-effective, multiport,duplex fiber optic bus.

Since the initiation of the AADC program, it has been
argued that some form of bulk parallel processor will be
required within the general purpose computsr framework for
use in the post 1975 tiwe frame. Nons of the work which
: has transpired to date has modified this position, If
* anything, the reguiresents for such 'proeouiug have bescoas
better defined, and & sense of finally having onbd's finger

. on the probvlem is a fair way to describe where we think we
¥ are Wu '
;’E . _ " While much work has been dons to develop & csllular
%

associative processor with sophisticatsd mceu;ns CaAPA-~
bility, analyses have caused us to resvaluate this approach
% in light of system hardware and software opsrating effiociency
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and cost. Pigure 4 of a Gensral Purpose Array Processor
illustrates an altermative architecture which provides,
among other advantages, hardware and software commonality
with the gequential simplex and multiprocessor organizations,
as woll as an innate capacity for resource optimization;
that is, machine arohitecture whioh physically resembdles a
two dimensional array is only used efficiently when computing
# full matrix of the same size as the hardware., More often
than not, this situation will not exist in the resl world.
Pigure 5 summerizes the work which has been accoaplished
to date under this heading,

Softuare
~ The primciple work which has occured to date in the
software ares has resulted in the recognition that:
O Present high level SErOSPACS PrOErAMAiINE langusges
are not sufficleutly btrosd for economical use out-
© uide the limited area of applications programming
0 Problea Orientsd Langusges (FOLs) are reguired
to provids dyuamic computsr utilization by peracns
other than experienced progranaers.
In response to the first deficiency, a funded progras
is plamied which will investigate extentions to the curgent
Navy CNS.2 programming language. These extentions will perait |
efficlent programming in the areas of: '
o Applicaticns
0 Executive
o Input/Output
18




o Test
o Dispiay
o0 Array processing.
An additional element of the planned effort calis for invest-
igation of data descriptive language techniquas. These techni.
ques, which provide for language independent data declarations,
may help in the future integration of large processing
systems which have been programmed in iifferent languages.
The need for developing facilities to program in Problem
Oriented Languages is baing investigated by the Navy under
the sponsorship of the 0ffice of Naval Research. One method
under consideration uses interactive graphics to provide
cuss tc the programmsr, and inclusive validization prograns
to assure the quality of the composed programs, The system,
ealled the Taotical Interactive Programming (TIP) Pacility
is illastrated in Pigure 6, |
Other work in the sofiware area inoludes initiation
of efforts to define and develop the prog-amming tools needed
to truly implemsnt software modularity, or software engineering,
in 1light of the AADC's modular hardware. This work could
ultimately lead to a Metaplex compiler.
As mentioned previously, ths .resent ALrithmetic and
¢ Contr~l subsystem design provides a high degres of HOL
compatibility. How this capability will effeot the require-

i . [ .
R T gy g T

mentes for langusge and compilers wiil be investigated in
FY'72. Our opinion for the time being is that this facility
will not do as much to reduvce pro; ‘asming requiremaits
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8s it will assist in the mainterance and debugging of these
programs,

Figure 7 summerizes the work which can be collected under
the software reading.

Technelosy
The fourth, and final area of soncern is technology.

Under this hesding we place all the work which relates to
the physical sonstituants of the AADC -- the hardware which
will go into making the FEs, the RAMs, the BORAMS, the bduses,
etc.. In the end, it will be the technology which will
nenifest itself as the computer,

From the inception of the program, the technology sspect
of AADC has always been the area whioch has caused most of
you to raise an eyebtrow -- or two. In effect, this is one
reason why there is a couference on digital techneclogy. But,
it has also been said by us thet AADC does not depend on
advanced techmology for its fesasibility. In faot, we atill
say tlie same thing today; »snly, we don't pretend that a state-
of-the-art AADC would be the same revolutionary machins that
advanced teochnology will make it.

We at NAVAIR and NAVELEX have been fortunate to view
and have a hand in the development of the technology whioch
will be state-of-the-art five and ten years from now. This
perepective Zas helpsd mold the AADC conocept into what it is
today. My fondest hops is that as a result of this conference,
some people, especially those of you who are in a position to
chart the ocourse of your own in-house technology and computer

20




developments, will go back and measure their own work
against the work of an audacious segment of the digital
technology industry.

For the gake of completeness, Figure 8 illustrates
the technology work that has taken place or else is planned
which directly relates to AADC, As this work, along with other
equally significant contribations to the technology will
be presented in detall over these next few days, there is
little reason for rme to continue my discussion, Instead, I
prefer to take this opportunity to persopally thank all of
you for being here, I think you will find that the papers
you are going to hear auger new possibilities in this,
our mutual field of interest. I think that AADC is only
one of those possibilitiss, Thank you again,

8 June 1971
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GROWTH OF CONTRCLLED PROFILE CRYSTALS FROM THE MELT

oy .
A. 1. Mlavsky & H. E. LaBelle, ]Jr.

Tyco Laboratories, Inc.
Bear Hill
Waltham, Massachusetts 02154

ABSTRACT

Prompted by the need for a high modulus, high strength, coreless
continuous filament for use in high performance structural composites,
we investigated various techniques for the growth of sapphire filaments
directly from the melt. Efforts to produce objects from the melt in di-
rectly useable form date back to 1857 (G. Bessemer). In 1922 von Gomperz
used the floating disc on a melt surface to produce controlled shape metal
single crystals. More recently interest in the growth of semiconductor
ribbon has stimulated dendritic growth, web growth, and ribbon grewth
by melt guidance techniques.

Under support from the Air Force Materials Laboratory, Non-
metallic Materials Division and subsequently aléo the Manufacturing
Technology Division, Wright-Patterson Air Force Base, we have developed
growth techniques for the continuous production of controlled profile crys-
tals from the melt. The primary emphasis has been on sapphire, or alpha-
alumina,since filaments of this material exhibit high strength, high modulué.
and low density. Also other sepphire crystals such as tubes and ribbons
have optical and electronic applications because of the transparency, hard-
1ess, chemical resistance and refractoriness of the material. The tech-

nique is, however, equally applicable to a large range of materials includ-

ing incongruently as well as congruently melting ones. It is only necessary

that the material melt without producing a high vapor pressure of any or all
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" constituents, and that a suitable crucible material for it can be found.
Some properties of the products so far produced by this tech-

nique will be described mcludmg those of filaments which have been

grown in lengths of several hundred feet and the diameter range from

a few mils up, and of sapphire ribbons 1" wide x 5' long with thicknesses

around 30 mils, Other materials which have been grown include spinel,

various ferroelectrics, and both ionic and metal single crystals, It is

accordingly postulated that the technique can readily be applied to the

growth of continuous semiconducter ribbons.

INTRODUC’HON

The growth of continuous sapphxre ﬁlaments from the melt(!)

was undertaken following the demonstration that small sapphire whiskers
produced in a batch process can exhibit extremely interesting mef:hénical
properties and that these properties can be exploited in composites. It
was expected that »a continuous preparation process would lead to ease of
handling, improved composite fabrication, and economic cost of produc-
tion of the filament,

As a candidate for Qse in a composite, sapphire has very attrac-
tive physical properties including a high modulus of elasticity, low den-
sity, and potentially high tensile strength both at room and elevated tem-
peratures. Its chemical inertness suggests that it would be promising in
high temperature metallic composites, and its high dielectric strength
makes it an excellent choice for epoxy compnsites in applications where
electromagnetic vadiation transparency is essential; e. g in radomes.

Further, other sapphire shapes, such as wbing and ribbon, have applica~

tions in a number of optical and electronic devices.
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Single crystal sapphire (o -A1203) has previously been available
in three distinctly different physicai forms: bulk crystals grown by

2, 3), vapor(4), and hydrothermal(s) techniques; platelets grown by

melt
ﬂux/solvent(6) techniques; and whiskers grown by vapor techniques(7).
Except for vapor growth these techniques, as previously practiced, have
not yielded a continuous process.

A good deal of information has been generated on the mechanical
properties of both large melt grown materials(a) and micron-sized vapcr
grown whiskers(g). It is obvious that whiskers can, in fact, approach the
theoretical strength of sapphire, while melt grown material has generally
been considerably weaker, typically 20 - 30 times lower in tensile strength.
(A mean strength of 1. 6 x 1()6 psi has: been reported(g) for whiskers having

21042 range. ) The most generally

cross-sectional areas in the 0.1 u
accepted reason for the high strength of whiskers isg that they have fewer
defects, based simply on the fact that the probability of a surface flaw is
considerably less for the micron-sized whisker. Investigations have shown,
however, that even submicron-sized whiskers have surface steps or flaws,

In recent work by F, P, Mallinder and B. A, Proctor(m)

, centerless ground
sapphire rods were carefully fire polished before testing, yielding maximum
bending strengths close to 1, 000, 000 psi. This, of course, is strong evi-
dence that the apparent weakness of bulk sapphire is mainly due to its sur-
face quality. As Mallinder, et al state, this evidence suggests that large
sapphire crystals could be produced having strengths comparable to those

of whiskers. In fact, measurements on sapphire filaments grown from the

melt by the process to be described below tend to corroborate this hypothesis.
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HISTORICAL SURVEY OF THE MELT GROWTH OF SHAPED CRYSTALS

Scientists haire for a number of years concerned themselves with
the problem of producing objects from the nielt in their directly useable
form, i.e. in contrast to meiting the raw material, solidifying it in one
form, and then forging and working it into another. It is obvious, for in-
stance, that any continuous production of sapphire whiskers should avoid
mechanical working of the surface.

Experiments along these lines were reported as early as 1857.
Thus, according to Stepnov(u), the English metallurgist G. Bessemer
experimented in forming metal articles directly from the melt, this work
being later extensively extended by Stepnov and co-workers.

In 1922 von Gomperz(lz)

reported the use of a floating mica disk
with a hole at its center to control the shape of metal crystals grown from
the melt. In recent years this type of approach was introduced into the
semicondiictor industry for the production of device quality ribbons of
germanium and silicon continuously from the melt. The advantages of
such a process are obvious if one considers the economics involved in
slicing and polishing device material from a large boule versus trans-
versely cutting the ends of a ribbon to the desired length.

The interest in the growth of semicon luctor ribbon can be apprec-
iated from the large volume of scientific literature which has been pub-
lished on the topic. There were at least two basic approacher: used for
ribbon growth. Initially, the majority of investigators used dendritic

gt‘uwm“s- 18)

wiiis specially twinned seed crystais,  In dendritic growa,
the growth interface advances into a supercooled area of the melt. Since

the latent heat of solidification can readily be transferred from the growth
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interface to the cooler surrounding liquid, growth usually takes place at a
rapid rate (e. g 7 in/min for sapphire filaments). In the special case of
dendritic ribbon growth of germanium, a mu’ti-twinned seed crystal(ls)
has been found necessary for continuous propagation.

Simultaneous work initiated on the ribbon growth of germanium by

(19) seems to have been

the Czochralski technique through melt guidance
neglected later compared with the investigations on dendritic growth.
Briefly the Czochralski technique employs a seed crystal which is in con-
tact with a melt of the same material, the melt being contained in a non-
reactive crucible. As the seed is withdrawn molten material solidifies

on to it, producing a crystal at a relatively slow rate (e. g. 6 in/hr for
silicon). In this process the solid-liﬁuid interface is maintained ciose

to the equilibrium crystallization temperature,

Recently, the observed non-dendritic growth of both silicon(zo) and
germanium(zl) has been published. In comparing this with the dendritic
technique, it would appear that dendritic growth should offer the greater
growth speeds (due to the supercooled-dendritic growth raechanism),
.while the non-dendritic technique should offer the greatest versatility;

(a single crystal is grown instead of a specially twinned morphology).
EXPERIMENTAL APPROACH

In an attempt to grow sapphire filament and other shapes from the

melt, both dendritic and non-dendritic techniques were considered, A
prerequisite to continuous dendritic growth experiments was determina-

tion of the breper seed to employ (with respact to orientation) and twinning,
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Sapphire dendrites were produced spontaneously to obtain this informa-
tion, Dendrites were produced in a standard Czochralski puller using
a molybdenum crucible with a carbon susceptor. A sapphire seed of
arbitrary orientation or a tungsten rod was introduced into a crucible
containing molten alumina, and the power to the furnace was shut off.
Dendritic growth proceeded radially from the seed along the top surface
of the melt; the growing mass was then rapidly removed before complete
solidification of the melt could occur. Dendrites such as the one shown
in Fig, 1 were broken from the mass, X-ray examination of some den-
drites produced in this manner showed the c-axis to be at least one of
the major axes for dendritic growth, We therefore chose to attempt
filameat growth using a c-axis ( 0001) seed.

The apparatus used was essentia;lly a modified crystal pulling
furnace. A major modification was the use of a needle valve controlled,
hydraulic-pneumatic piston to produce uniform linear motion of the seed
shaft over a speed range of several inches per hour to several inches per
minute, For the growth of continuous filaments, a pair of endless belts

was used as the pulling mechanism, and a friction-clutch spool was used
to collect the filament., A schematic of the crucible, susceptor, etc. is
shown in Fig, 2. A feature of this part of the apparatus is the use of
carbon cloth for radiation shielding: three turns of cloth held in place

by carbon yarn increased the temperature by 200-500°C for a given power
input. Another feature is the use of water cooling between the two concen-
trically positioned quartz tubee, Since a majority of the infrared {s ab-
sorbed in the water, a microscope for visual observation can be positioned

close to the rf coil without excessive heating. Helium or argon was used

as the atmosphere.
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Early attempts to grow sapphire filament employed the setup as
is shown in Fig. 2, with various additional radiation shielding on top of
the crucible. Since induction heating was uszd, the temperature distribu-

. tion could be changed by variations in the radiation shield design an¢ by
deliberately supplying more heat to either the bottom or top of the crucihle
- through changes in its position relative to the work coil. A

A typical experiment involved (1) melting the sapphire, (2) insert-~
ing the c-axis seed into the melt, (3) supercooling the melt, &nd (4) with- .
drawing the seed. Under some conditions of thermal distribution, we
observed that dendrites up to several millimeters in length propagated
vertically downwards into the melt, .

The experimental evidence implied that control’;éd vertical growth
required the use of radiation shielding such that anmuar rings having a
small inside diameter (on the order of 1/32") should be placed on top of
the crucible, This assumes that heat loss would be great:st in a small
region at the center of the melt surface. | |

An alternate technique which suggested {tself was to place a shield
directly on the surface, If such a shield wére rigidly held by mechanical
means, however, & continuous adjustmert would be required as a conse-
quence of the liquid level changing as mateiial was removed. A more
practical solution was found by using a shield which would ﬂoat, and
therefore always remain on che melt surface regardless of its position
relative to the crucible. This type of arrangement is shown in Fig, 3.

A molybdennm annulue having a 176" diameter orifice at its center was

¥
% placed directly on the melt surface. Since molybdenum is heavier than

molten alumnina, the floating orifice was fashioned into a boat, although it
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might be expected from the high surface tension of the molten material
(690 dyne/cm) that a thin sheet of molybdenum placed on the surface wauld
float, |

Using a floating shield and orifice in the apparatus shown in Fig, 2,
we were able to grow filaments of sapphire simply by seeding in the orific ,
superéooling the melt, and subsequently retracting the seed at rates of up
to several inches per minute, Accurate temperature measurements are
difficult at these temperatures; (the melting point nf sapphire has been
reported by several investigators, the most generally accepted being
2072°C). However, evidence that molten alumina could be supercooled
up to at least 100°C at fast cooling rates was obtained by placing a standard
tungsten-rhenium thermocouple in the melt and recording its output as the
material was cooled and solidified, The latent heat of solidification released
is substantial and can be seen as a bright flash as the material solidifies,
This, of course, is further evidence that solidification can take place at
a very rapid rate,

A c-axis filament grown at 6 in/min is shown in Fig, 4. It should
be noted that the filament was between . 004 - . 020" in diameter (tapered
along its length) and was grown from a 1/16" diameter orifice., This fila-
ment is typical of our early results, although in some cases much more
complicated habits were formed, Fig. 5 shows four typical types of
habits formed. All of these crystals had faceting on their surface, with
type A being n.ost nearly circular, A detailed analysis of these different
filaments was not made; however, Laue-back reflection photographs showed

type A to be grown in the c-direction, with subgrain boundaries being present.
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The tensile strength of these faceted filaments was approximately
125 x 103 psi as mecasured in flexure. In these cases the filaments were
growing dendritically from an orifice 1/32" - 1/16" in diameter, at rates
up to several inches per minute. It should be noted that although a floating
crifice was used, it was not employed to guide the melt, but to achieve the

" proper thermal distribution, This is attested to by the fact that the fila-
| ments are not necessarily the shape or size of the orifice,

Recent advances in technique have enabled the production of single
crystal sapphire filaments as small as 1.5 mils in diameter, having non-
faceted surfaces and being free from easily detectable subgrain boundaries.
Most commonly, 10 mil diameter filaments are produced in lengths of
several hundred feet (Fig, 6). Further refinement in means for controlling
the profile of the growing crystal have led to the growth of sapphire tubes
up to 1" in diameter, ribbons up to 5 ft long x 1" wide, and other more com-
plex shapés, as shown in Fig, 7. The technique has also been extended
{(with the help of a number of our colleagues at Tyco) to the growth of a
number of other crystalline materials, including BeO, LiNbOg4, LiF, BaTiOa,
Cu-Au solid solutions, HWaCi, MgAIZO 4 and others. LiNbOs, in particular,
has been grown as single crystal, single domain ribbons 1/4" wide by over
21" long (Fig, 8).

MECHANICAL PROPERTIES OF SAPPHIRE FILAMENT
As mentioned previcusly, the tensile strength of the highly faceted

filaments appeared to be low, It should be noted, however, that cross-
sectivngl drey messurcinenls were difficuii in many cases, Tue smooth

filaments recently produced yielded an average room temperature tensile

e LI

strength of greater than 370, 000 lb/ing, with maximum values in excess of
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500, 000 lb/in2 in the 4-6 mil diameter range. A maximum value of

625, 000 psi has been obtained on a 1.5 mil diaméter 'filafnent. All of
these strengthq were measured in tension. Modulus of elasticity meas-
urements on long filaments yield a value of 67,000,000 psi in tension. |
| In comparing the strength of these filaments with other forms

of sapphire, the material is much stronger than the bulk sapphire pre-
viously tested by Watchman and Maxwel1(®) where bending strengths of
102, 000 psi were observed on centerless ground ﬁre.polished c-axis
sapphire,

The results of Mallinder and Proctor(lo) showed bending strengths
ranging from 280, 000 psi to nearly 1, 000,000 psi, for one millimeter
diameter centerless ground fire polished sapphire. In the latter caze
extreme care was taken during the fire polishing technique; the rods were
carefully selected for perfection; the apparent gauge length was 3 mm. In
contrast, the melt grown sapphire filaments were tested in tension with
25-50 mm gauge lengths and without critical inspection or handling. As
the bending strengths generahy give greater values than the tensile strength,
the filaments should be on the average cons-iderably stronger than the 1 mm
rods tested. The average strengths are weaker than vapor grown whiskers;
however the larger whiskers having diameters in the range of the filaments
have strengths equal to or lower than the ﬁlaments(g). This is more sig-
nificant since the gauge length for the whiskers is considerably smaller,
SUMMARY

A process hag heen develaped to produce single crystal sapphire
filament of one mil in diameter or greater in continuous lengths. The

strength of these filaments is essentially the same as that of other high
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modulus filamentary materials commercially available,,' such as boron
and silicon carbide, The feasibility of producing fnany filaments con-
tinuously from a single piece of equipment has been demonstrated. The
successful use of this material now depends on its compatibility in com-
posites and, ultimately, on the economics of the process.

The process has been extended to the growth of °apph1re with
essentjally any cross section (over very broad limits); thus sapphire
filaments, rods, ribbons, and tubes of various shapes have been grown,
It is also of interest that the process is by no meens limited to sapphire,
but has been demonstrated to be applicable to a wide range of other
crystalline materials, including even some non-congruently melting ones.

We believe that this technique is the first one that produces truly
continuous single crystals from the melt at fast rates, and with accurately
controlled cross sections. It appears clearly applicable to the growth of

ribbons of silicon and other semiconductors.
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ION IMPLANTATION

and Beam Technologies for LSI and Advanced Computers*

R.G. Wilson
Hughes Research Laboratories
Malibu, California 90265

ABSTRACT -

Ion implantation and beam technologies are beginning to demon-
strate advantages in device and circuit processing for computer appncétions
as well as other LSI and systems applications. More significant advances
can be anticipated in the next few years because these technologies are
still in their ear’y years of development and some distance {rom their
fundamental limi:ations.

This paper comprises s view of ion implantation and related beam
technologies from the basic concepts of the techniques through current de-
vice and circuit production capabilities and applications and on into projected
future applications and performance. Included are a tutorial review of ion
implantation, a discussion of the advauntages and unique {eatures of fon implan-
tatior, and a discussion of soms device applivaiions from the research and
development phase to prodaction,

Some specific ireas discussed which are related to computer appli-
cations are improved overall device and circuit resolution, device size,
packing density, speed, and pewer consumption, automatic, computer-

modifiable mask gencration, and more vacuum procéssing steps.

*For the Conferesze on Advanced Computer-Related Technolog&cs
sponsored by the United States Navy, Wasbhington, D.C., :
November 17-19, 1979,
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INTRODUCTION

Charged particle beams have been receiving more attention
recently for the fabrication and diagnostics of microelectronics de-
vices and circuits and especially for LSI because it has become clear
that the fundamental limitations on light and chemical techniques (photo-
lithography and wet chemistry) have been or are rapidly being fea.ched
and that any significant advances now must come {rom the development
of fundamentally different fabrication technologies. For example, the
resolution and narrowest line which can be made using photolithography
(1 pm) is lim{ted by light diffraction in the projection aperture or the
mask or by lens aberrations. The use of jon and electron beams will
also be limited by diffraction and lens aberrstions but at  much lower
magnitudes. For example, deflection-controlled electron beams have
been focused to ~ l0-3 pm and commerciai clccfmn beam systems which
are being used to fabricate devices and circuits (as well as diagno. ) have
beain spots of ~ IO'?f pm. With present électton resist techaniques, linex
as small as about 0.3 pm are being fabricated in device structures. Modest
advances in techniques of employing electron resists combined with the
uni-directiopal action of fon beam etehing (micromachining) which causes
no undercutiing and of ion imp'lanution doping which causes no spread of
dopant. under the mask, line sizes and resdutions {or devicé clements and
LSi chould soon be below the 0. 1 pm dimension. Fundament 1 particle
beam limitalions should not appear fcr at least another order of magnitude.
Ion beam techniques (focusing lenses and scan systems) have not been
pursucd in the past to the degrec of electron bearns, but more attention
is being given to ion beams now as the tech:ﬁques of 1on implamtation and
ion beam etching are demonstrating value as small device and LS] fabrication

techniques. Scanned ion beams only as small as about 0.5 pin have been
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made and the application for the equipment (e. g., ion microanalysis) does
not yet lend itself easily to device and circuit fabrication. Commercially
available equipment, suitable for device and circuit fabrication using tiny
ion beams, may not be available for several years.

Looking to the future, we may envision the use of - computer-con-
trolled electron and ion beams, possibly combined in a single vacuum system,
and used for the high resolution maskless fabrication and in situ testing of
integratéd circuits. In the near future, however, we are going to see beam
techniques gradually combined wigh conventional processes where advantages
are to be gained. While any all-beam/va.cuuni processing technology is more
than five years away, the individual beam processes must be developed in
parallel efforts to be able to meet the needs at the required time. A few
government agencies, e.g., Naval Air Systems Command and Air Force
Systems Command, and a few industrial organizations are cooperating to
carry out such development. The ultimate result of these programs could
be the development of a complete new technology for fabricating micro-
electronics devices and LSI arrays (for advanced computers and micro-
wave systems among other applications) entirely by the use of beams ~ in
vacuum, with improved yield, speed, packing density, power consumption,

etc.
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ADVANTAGES OF BEAMS

Charged particle beams offer seve.ral important advantages over
present photolithographic and chemical technologies. Because of these
advantages, beam techniques are beginning to demonstrate substantial
advances in semiconductor and microelectronics processing, LSI, higher
| frequencydis- rete aevices. and improved yields and lower costs. Some
primary advantages of charged particle beams which allow the advances
are: 1) They can be focused to smaller diameters than light beams and
therefore structures with smaller dimensions and higher edge resolution
can be fabricated. 2) Their chiarged nature allows them to be deflected
rapidly and precisely in two dimensions by electrostatic and/or electro-
magnetic fields which can be controlled by computer programming, allowing
pattern wriling which can be easily modified. 3) Their charged-particle
nature also allows them to be accurately counted, leading to better control
and reproducibility of the processes. 4) Processing steps which can be
done by beams can be performed in vacuum. Vacuum processes are inherently
clea:er and with associated mechanical handling, fewexr human handling
steps are required. The cleaner environment can be utilized properly to
reduce imperfections and failures attributable to contamination of several

forms.
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PHYSICAL PROCESS OF 10N IMPLANTATION DOPING

In the process of ion implantatioh, atoms of the desired doping
element are jonized and accelerated to higf) velocity and then caused to
enter a substrate lattice by virtue of their kinetic energy (momentum}.
After the energetic ion comes to rest and equilibration has occurred, the
implanted atom can be in a position in which it serves to change the
electronic properties of the substrate lattice, i.e., doping occurs.

When high energy ions strike a target material, the resulting
energy loss processes, particle trajectories, implanted impurity distri-
bution, etc., are derived from the interaction mechanisms of the incident
ions and the target atoms - individually in the case of amorphous materials,
and also in ensemble of the target material exhibits crystalline (lattice)
characteristics. A series of related one-atom-to-one.-‘atom events may
occur until the incident ion comes to rest, or a longer-duration encounter
with the lattice may occur as part of the total stopping process for an ion..
The model used to treat these dynamic phenomena requires the definition of
two primary types of interaction - electronic collisions and nuclear col-
lisions. Electronic collisions accur when the energy transfer occurs be-
tween the clectrons of the incident and target atoms. These electrons may
be excited to higher energy states or removed eatirely (stripping) leading to
further ionization. Nuclear collisions are-the stronger electrostatic force
(coulomb) interactions between the nuclei of the incident and target atoms.
This is a repulsive force and can occur at a relatively large distance, re-
sulting in a gentle deflection or it can occur at short range and be a violent
collicion. In the latter case, strong changes in direction occur and target
atoms may be displaced. This displacement has no consequence in amorphous

material, but in a crystalline target, it results in the creation of Frenkel
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pairs - interstitial and vacancy pairs. These displaced lattice atoms or
"primary knock-ons' can go on to create more Frenkel pairs. The products
of this phenomenon - interstitials and vacancies, together with the stopped
incident ion can interact with the lattice and with one another to cause a
number of other effects, e.g., radiation damage (dislocation loops, pre-
cipation centers, vacancy-enhanced diffusion). These results can then

have an effect on the interaction of subsequently incident ions and the
complete problem becomes time dependent.

The surface damage can, to a certain extent, be continuously
annealed out by maintaining the crystal at a high enough temperature that
the displaced atoms can, by thermal motion, return to lattice sites beforbe
another ion subsequently arrives in the vicinity. This temperature is about
360 C for silicon for moderate ion bombardmeant rates (fluxes).

If a model of a crystal lattice is observed {see Fig. 1), channels.
and fairly open planes among rows of atoms can be seen in certain (cry-
stallographic)directions. In other directions, the atoms of the lattice appear
to have a random orientation and the cyrstal appears about the same at all
poinis. Using this model, two substantially different kinds of interaction
of incident ions with the lattice can be described which produce significantly
different dopant distributions — the random or amorphows interaction and
the channeling interaction.

A fraction of the ions in moderate current density beams, in which
the ion trajectories are focused to be parallel with each other and with an
open crystallographic direction (within < 0. 10). impinging a crystal will
penetrate deeply into the substrate lattice via channels (proper channeling)
or via the space between lattice planes (planar channeling). This ¢hanneling

process provides a means for creating deeper junctions or dopant profiles
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without going to higher ion energies; On the other hand, channeling must
be prevented in order to control profiles for shallow doping. Channeling
allows ions toc penetrate from 3 to 7 times &eeper than the amorphous range.
.A relatively high current density beam (or a large cose at any density) can
cause severe surface damage, to the extent that the surface region becomes
amorphous {even if the beam is well aligned with a crystal direction), thus
inhibiting channeling. A predoping bombardment by an inert ion beam can
create ;xx amorphous layer and prevent channeling. The problem of ion
penetration through an amorphous layer has been treated analyticany!‘
and the total and projected ranges and the standard deviation can be cal-
culated. The resulis for several ions in several substrates are shown
ae a function of {on energy in Fig. 2 and fox a number of jons in silicon
" inFig. 3. R is seen that the heavier ioné (highér 2) will not penetrate
as deeply as the lighter ions.

The effects dec.oribed briefly above zan result in any-one or &
combination of sev~ al types of prefiles (volume dopant density versus
depth- into the cr sstal) as shown in Fig. 4. Referring to Fig. 4, the

| awnorphous peak A or A' i_t _g-eneﬁted by ions A' entering a crystal at |
random direciions to the lattice direction, or by fons A in weil-aligned
tx"ajeﬁtories. but which impact substrate atoms at the end of lattice rows.
I‘hia_ amorphous distribution e:l:il'x'ibita a Gaussian shape chara#tcrizcd by

’ the mean 'projécted rangd Rp and standavd deviation 9 (see insert of Fig. 2).

- The éhamaeling peak G cbin‘pris_es jons whose trajectories are within the -
B critical a_iagle {see Fig. 4) of the cr'yiAtai direction, asd whost place of en-
trance into the crystal is greater than some minimum distance Appmximatﬂy
' the Thonwas-Fermi radius (~0. lviirom a lattice row; these jons losw enesgy

by electronic mllieimﬁ and channel to approximately the maximum iauga.

i, A D AR er G T
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The shape of the channeling peak, which is 3 to 7 times deeper than the
amorphous peé.k. is similar .o the amorplous peak except that it falls
more sharply on the high-energy side.

Ions entering the lattice with angles just greater than a critical
angle, or aligned, but close to an atom row or encountering a channel-
blocking particle, will be "dechanneled' before reaching the maximum
range and will form intermediate or deckanreled region B. When dechan-
neling is predominant and only a few ions approach the maximum channeling
range, a distribution such as C' results. An exponential channeling distri-

bution (only fair channeling condition) can be exhibited (curve D Fig.4}.

Ions which come to rest in either the ambrphous or channeled regions

where the Jattice disorder is high and vacancies are abundant can diffuse
(probably by pairing with vacancies or some type of defect) deeper inm

the undamaged r-rystal (beyond the maximam range). to iorm a low conu-

: ccat'-atwn”taii" on the distribution D.-

While in the diffusion doping process, the diﬁﬁ»aion tempa rature

a ‘governs the suzfacc solubjlity and diffusion: uonstant. and combinatign

‘with time Gote rmines the dopant depth, in fon ;mplaf;tauon. xhe« dapant
diatnbgtmn is determined by amorp_hm_m and chamwiéng ran;,memergy o
considerations and sometimes by vacané-ya_énhamed 'c.i'i-ffus ion. The -réia*
tive import:rzce' af&hese processes is dcmrmﬁne&i by the ion ﬁeﬁant and
subetrate species, the ion energy. the snbsgrate temaerature, the suhstrmo
cerystallographic orxem&a:mn. the b»am suhstra%e alignment beam paral-
lel%sm, and substrate surtace c.onditmns. ‘l‘he ahxcwical nature of tha
dopant is detarmmed by the position Qf the "ion“ in thw substrate lamce :

(subatituimml or interstitiai}. ksy diskocanor« xrapgmg. by c‘usmring. md

' by vacasmy ioﬁ. ox%en-mn. or intrinsic xmo.u-it} ~vacancy pai& i%
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For fabricating devices, one is interestec in the distribution, the

“mobility, and the activation energy of the electrically active species, he-

nomena influencing these properties are dissociation of clusters and
crystalline regrowth of the damaged substrate regzion during annealing, mi-
gration of dopant species from interstitial to substitutional sites. -
different annealing characteristics for different deparnt species.

Lattice damage caused by bombarding ions can be both advantageous
and disadvantageous. Damage by heavy ions introduces vacancies, inter-
stitials (both substrate and dopant), precipitation centers, recombination
centers, and shifts in Fermi levels. On the positive side, bombardment
damage creates vacancies which dopant ions can {ill substitutionally, and
it may allow enhanced ‘'vacancy' diffusion effects. On the negative side,
bombardment damage may produce electrically active defect centers and

interstitial jons (both dopant and substrate) which may complicate the

“electrical behavior; subsequent aggregation of point defects into stable

complexes, e.g., dislocation networks, may result, Interstitial atoms

- of either species produced by bombardment damage may block the lattice

channels and interfere with channeling experiments or prevent the formation
of a doping profile based on channeling phenoniena. While the maximum ion
range may not be decresased by bombardm"ent dose (damage), the dopant
diit't.ihmiom may be. gréeatly altered; the greater the dosage, the more the
diat‘;‘ib&;ion is shifted toward the surface. |

For ion-implanted semiconductor materials, the temperatures re-

~ quired to anneal bambardment damage and to produce the maximum number

of velectrically active dopants are lower than diflusion temperaiures in the

 same materials. The required anncal or activation tampcratures must be

{nvestigated for each ion dopant-substraie materiai combination. These
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temperatures in Si are often betweer. 100 and 1000 C for material imi-
planted at room temperature. For some substrates imblanted at elevated
temperatures, lower anneal temperatures have been shown to be reguired.
For example, the active dopant concentrations for Sb in Si and for Za in
GaAs decrease slightly with increasing anneal temperature for material
implanted hot (~ 500 C). This effect may indicate supersaturation. An
increasing depencence of electrical activity on temperature has been ob-
served for many other ion-substrate combinations.

If energetic ions are to be usec to dope substrate materials, then
how do we mask against them? Four masking techniques are: 1) exposed
resists, 2) passivation/protection layers (e.g., oxides/nitrides), 3) metal
device contacts or special thin {ilms, and 4) contact metal masks. A
fifth way precludes rmasks altogether - the use of tiny, programumec ion
beams. This iachniqw is illustratec in Fig. 5. An ion beam can be
focused to 2 small ciameter, blanked, and deflected by comnputer-programe-
med varying potertials to write patterns. This concept is the subject of a

program sponsorcd by Naval Alr Systems Command.
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ADVANTAGES OF 10N IMPLANTATION

A few ion implantation research programs were begun about seven
years ago. Since then many organizations have entered the field and ex-
panded the breadth of investigation. Device development programs have
grown from these in an effort to capitalize on the advantages found. Today
the process has advanced to the point of being used in integrated circuit
production. Certain advantages offered by the process have thus been
clearly proved; others are still being demonstrated in the laboratory, and
some are just being uncovered by research.

Advantages (together with some limitations), regardless of their
degree of demonstration, are listed in the several pages of Table I. The
uses to which these advantages are being put and some of the meaningful
results are also listed in some cases. Most of the advantages can be
grouped under two main ones: the nonthermal nature of the process -
meaning ions can be implanted in any substrate at any temperature, and
the charged-particle nature of the ions.

The last item of Table I is a potential limitation of ion implantation -
the difficeity in controlling the ion channeling phenomenon. Three methods
of preventing or decreasing channeling are illustrated in Fig. 6.

While the choice of dopant species for diffusion doping is limited
by the solubility and diffusibility (diffusion coefficient) of the dopant in the
substrate material, the choice of dopants for ion implantation is potentially
unlimited because ions of any element in the periodic table can be gen-
erated and implanted in any substrate material. lon implantation is not
an equilibriuny process; ions can be injected in concentrations exceeding
thermal equilibrium or solubility. However, not all of these implanted ions

will necessarily become electrically active, and interstitial and substitutional
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active doping must be distinguished. Jon implantation can be advantageously
used to dope certain materials with species which have suitable solubilities
but which are slow diffusers in the material.

Ioun implantation allows better junctions to be made in high tem-
perature materials like SiC and therefore allows improved high-temperature
devices to be fabricated. Diffusion dopihg in SiC requires temperatures
exceeding 2000 C, making the use of masks difficuit. Doping SiC by ion
imnplantation is superior because vacancies are caused by the damage which
can be filled by dopant atoms, whereas in the thermal techniques, high
temperatures are required to generate sufficient vacancies for diffusion
to occur. SiC has been successfully doped n-type by ion implantation. In
materials that decompose at low temperatures (like GaAs or CdTe), dif-
fusion temperatures may be above the substrate decomposition tempera-
tures. Because ions can be implanted at any temperature, doping can be
performed below decomposition temperatures. Annealing of damage and
dopant activation can then be carried out up to the maximum tolerable
temperatures. In some cases, such as CdTe, these anneal temperatures
may still be low enough that comgslete activation is difficult to achieve.

Doping profiles (including junction locations) can be controlled in
a known manner {determined by experimehtal investigation) il the required
control and stability of ion beam parallelism, beam-substrate orientation
(alignment), ion energy, and anneal temperature is provided. One of the
keys to controlled profiles is the control of the existence or magnitude of
channeling of ions in preferred crystallographic directions and of the
phenomenon of enhanced diffusion.

Because ions can have rather definite ranges in amorphous or

crystalline substrates, as determined by their cncréy and the substrate

70




:
[
3

¢
!
¥
)
§

orientation (more so than for diffusion), large =rui ‘unctions of uniform
depth can be produced by controlling beam paralleiisn;x over large area.
Submerged junctions can be created by causing the copant profile peak

to rise above the substrate doping level at a distance below the surface.
The implanted peak can still rise orders of magnituce above the substrate
doping level (see Fig.7).

I sufficiently high energy ions are employed, junctions can be
formed beneath oxide or other passivating layers. However, other
deleterious effects may occur, such as damage or conductivity changes
in the passivating layer, introduction of impurity centers, creation of
charge centers and surface states, and surface charging effects. Gradually
the cifects on the electrical properties of struciures formed by doping
through passivating layers are being learned and rechniques are being
found to control the effects.

An oxide layer causes only a amall decrease in the maximum range
of ions corresponding to that predicted (calculatec) for the energy loss in
traversing a t!;in amorphous oxide layers; but it can have a greater in-
fluence on the dopant distribution {profile) when channeling is eraployed
to produce larger dopant concentration deeper in the substrate. The oxide
layer causes dechanneling and shifts in the dopant concentration toward the

s urface. Normal handling procedures and vacuun: conditions probably
résult in approximately 20 L of oxide on Si surfaces, which will have little
effect, but passivation layers (> 3000 {) will have a significant effect.

Problems will be caused in ion implantatic: doping by the presence
on the substrate surface of dust particles or spots of oxide or other con-
tamination, including background vapors and condensed oil vapor or other

system (luids. Nonuniformities, pipes, and other junction imper{ections
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may result, leading to junction shadowing or shorting. Careful handling
proccdures and good vacuuin environments and techniques have been
shown to make these potential problems negligible.

The use of deflected, small diameter (~0.5 to 200 um) ion beams
offers the advantage of doping predetermined localized substrate regions
without the use of masks and the accompanying wet chemistry and photo-
lithography processes. Patterns and arrays of doped regions can be con-
sidered for fabrication in vacuum. The low temperature nature of ion
implantation allows the use of evaporated metal or oxide masks directly
for doping when masks are desired, in comparison to the more limited use
of high tamperziure masks and wet chemistry associated with diffusion
doping processes,

Fabrication of Nt and P+ high concentration layers on surfaces or
in very localized regions for contact metallurgy can be achieved by low-
energy ion implantation because higher dopant concentrations can be achieved
than by the equilibrium process of diffusion. In some cases, ions of a
desired species can be implanted in materials for contacts which could
not be done at all by diffusion techniques. For contact formation, all
implanted jons need not be electrically active, only present in the metal-
lurgical sense. Therefore almost arbitrarily large concentrations can be
achieved.

When a sequence of doping steps are desired, jon implantation is
advantagecus for interchangeability of doping steps because subsequent
doping steps do not influence previous ones. Earlier ones, however, may
influence later ones if some of the bombardment damage introduced is not

entirely anncaled out, Proper treatment may avoid this problem.
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Conceptually, junctions of alinos: any Jdesired depth can be formed
by ion implantation doping by varying and controlling the ion erergy. Low
ion energy or matcning of ion energy will oxide layer thickness may be
employed to produce shallow junctions. Large tctal dosages of jons can
provide high doping concentrations in such shalléw depths, something

which is difficult or impossible by <ifiuasion techniques.
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DEVICES FABRICATED BY YON IMPLANTATION

Many of the devices which researchers have tried to make or to

improve using icn implantz;tion are listed in the four pagesAof Table II.

The advantages of ion implantation describec in the preceeding section

are noted on the right-hand side in many cases. In some cases achigved
device performance data are also shown. In some cases, reasonable goals
for near future performance are included. The primary categories of
devices are microwave, MOS and integrated circuits, photodiodes, and
transistors. The last group, the non-active elements, e.g., resistors and
contacts are csriainly not the least important applications of ion implantation.
They are {inding wide spread application.

A current application of ion implantation to an integrated circuit
is illustrated by the 2048.bit read-only memory in which the memory pat-
tern is created by selective jon implantation to activate the desired MOS
devices. This implantation is carried ént as the final processing stép, using
a resist mask; thus the uncoded circuits can be made and stored prior to
coding. The memory pattern could be written with & small programmed
ion beam (i. e., without a mask) when this technology is sufficiently developed.
This circuit exhibits a 100 nsec cycle time, comprises 3000 MOS devices,
and is contained on a 0.100" x 0. 100" chip.

An example of a device which employs to advantage ion implantation
in combination with the other beam techniques of «lectron-beam pattern fab-
rication and ion beam etching is a junction field effect transistor switch
{JFET). The fabrication of this device is described bricfly to show an
example of what combined beam technologies may be doing in the future.

The development of large, clectronically stanned radar systems has

generated 2 need for low control power micreave switches. Hughies is
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currently developing junction field effect transistor devices character-
ized by small dimensions of the drain and source terminals to obtain a
low parasitic resistance with the minimum possible parasitic capacitance.
In fact, the dimensjons are such that standard optical masking techniques
are inadequate and electron-beam exposure and fabrication techniques are
rzquired to obtain the desired resclution.u Once the proper pattern is ex-
posed in the photoresist by the electron beam, the drain and source fine
interdigitation are formed {doped) by ion implantation through an ion beam
etched thin metal mask. Devices have been built and tested. Control
power requirements are roughly two orders of magnitude less than required
by other devices as p i n diodes.

In this device the source and drain are diffused into the epitaxial
layer which acts as gate. The device conductance is increased by extending
the source and drain electroces b, means of an array of interlocking fingers

which are fabricated starting with electron beam exposure of resist which

covers a gold layer., The developed resist is used as a mask against ion

‘

beam sputtering to define the finger pattern in the gold, which is then used
as a mask for implantatinon of the fingers into the epitaxial layer. The
finger pattern and an enlargement (scanning electron microscope picture)
of the fingers are shown in Fig. 8. The implanted fingers are about 1.3 pm
wide, with an edge resolution of 0.1 - 0.2 um. A single device involves a
finger pattern about 0,4 mm square, with 1180 fingers; the total beam-on
time was 118 seconds, MNore details of the fabrication of this structure
can be found in an article by Wolf et al. 2

Anather potential benefit of the smaller devices and interconnect

lines possible be electron beam techniques is in higher device density of

LSl arrays. Figure 7 shows a plot of component density versus time taken

[

75




from Brewer, 3 The dots were derived from Phillips et al for bipolar
devices; the triangles represent present or projected MOS devices. An
upper limit for optical techniques (based on minimum line width of 2 pm)
as calculated from the bipolar device model used by Phillips et al, is shown
by the dashed line. The triangle in the upper right corner of Fig. 9 was
calculated using a model of an MOS device, based on a minimum line width
of 0.5 um which should be possible by electron beain techniques. A
3imilar value oi component density would result from the use of 0.5 pm
in the bijpolar model equation. While many challenging technical problems
associated with other complementary process steps and the real economics
of beam processes remain to be determined (e.g., can an economical batch
process be developed to retain the resolution capability of a single field ex-
posure), the potential benefit of this new technology in'LSI systems appears
substantial. For example, smaller, close-packed devices result in faster
circuit operation; the speed-power product is increased. Lower area per
device should result in higher yield, which increases exponentially as the
area is reduced.

The density of implanted ions which is necessary to produce the
desired electrical properties of the substrate (semiconductor) and device

1 to lOlsions/cmz. For a required dose

characteristics varies from ~10
of ~ 1014 /cmz and an ion current of the desired species at the target of
~ 10 pA distributed uniformly over an atrea of ~20 ¢:mz (a 2-in. wafer), an
implantation time of ~ 30 sec is required,

The number of jons implanted is seen to correspond roughly to one
monolayer on the crystai surface. lon implantation systems and ion sources

must therefore be capable of delivery to the target a curreni on the order of

i0 pA of the cdesired ion species. The ions desired are generally those which
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will become substitutional donors of acceptors in the crystal. The types

‘.

of ions required and the modest energies required are therefore the main

factors which differentiate the jon implantation system technology {rom

much of the prior ion beam generation work.
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TINY ION BEAM PROGRAM®

As discussed above, ion beams can be focused to small diameters
and can be deflected rapidly and accurately over a target surface which
could be microelectrorics circuitry. This is a vacuum process which
can conceputally be automated, computer-controiled, and combined with
other beam processes.

If ion beams can be generated and focused to a small enough spot
while carrying sufficient current, they can be used in a programmed manner
to achieve ion implartation doping without the use of masks. An indication
of the expected spot diameter can be obtained, as shown in Fig., 10. The
parameters chosen are indicated in the figure. The spherical and chromatic
aberration coefficients are chosen to be higher than the value commonly used
for electron beams to be appropriate for electrosiatic lenses which are re-
quired to focus ions. The source current censity Js is assumed to be
0.1 A/cmz. which is compatible with higher current density ion sources
(e.g., duoplasmatrons ) but is high for present day lower-energy electron
impact jon sources. The 100-kV ion energy is representative of medium
mass ions for simple present applications, These current density and
aberration parameters are difficult, but not impossible to achieve in practice,
A minimum spot diameter around 1 ym is predicted for realistic values of
ioﬁ beam current (10"9 to 10'8A); smaller'spots can probably be achieved
with reduced beam currents. It is seen that the effect of chromatic aber-
ration is not important in the case studied here and that the diffraction

limit (dd in the electron beam chart) will not appear in the ion beam sizes

¥ Supported in large part by Naval Air Systems Command
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desired. This curve suggests however, that with improved sources of
dopant-type ions and gcod electrostatic lenses and power supplies, a tiny
programmed ion implanration beam is achievable.

The 300-kV research implantation system in which the experimental
aspects of this program will be carried cut is shown schematically in Fig. 11
and in the photograph of Fig. 12. This system is also typical of general

research systems in which the work discussed earlier iz performed.

9




MANUFACTURING METHODS FCR ION IMPLANTATION"

As discussed above, some devices and circuits made to advantage
usiﬁg ion implantation have progressed to the production stage. An ex-
ample are p-channel MOS integrated circuits. This work is being per-
formed inthe MOS Division of Hughes Air.c.raft Company at Newport Beach,

° California. The gcal of this 2-'year program is to convert jon implantation
from a proved laboratory technique to a reliable and economical manu-
facturing process for p-channel MOSFET integrated circuitry.

Prior to this brogram, Hughes had carried out the necessary re-
seafch and advanced device and system development to such a stage that
the laboratory feasibility of ion impla itation doping as a semiconductor
device and circuit process step had been well demonstrated. Prototype |
MOSFET samples had been furnished to Hughes systems for test, in-
cluding some for the Air Force AMSA system and several for various
‘experimental Hughes systems developments. These implarted devices
had shown such superior performance compared with diffused devices that
the response from users had been enthusiastic and quantity production re-
quirements for systemn use had been established. The technology of ion-
implanted silicon MOSFET devices at Hughes had advanced to the point
where it was necessary that serious consideration be given to manufacturing
teéhnique development in order to meet needs for systems.

Under this program, a manufacturing ion implantation system was .
designed and constructed, specifically optimized for the p-channel MOSFET

class of device, The systein was “esigned with consideration of reliability,

¥ Supported in large part by the Manufacturing Technology Branch of the
Air Force Systems Command
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safcty, ease of maintenance, and economy of manulacturing processes.
A target chamber was developed to allow more than 20 2-in.or 3-in.wafers
to be implanted for each pun:p down. The target chaniber and beam transport
and handling system were designed tc be ~cmpatible, to have a short cycle
time, and to be operated easily by a producfion worker at a rate of at least
150 wafers per day. The implantation cy¢le is under automatic control.

The implantation system will be used extenszively for implantation
of devices and integrated circuits under manufacturirg conditions. Manu-
facturing techniques for implanted devices are to be developed which are
compatible with present planar MOS technology. Life tests will be per-
formed on certain of the iniplanted circuits appropriate.

A photograph of this production.implantation sy stem is shown in
Fig. 13. Table Ill is a list of specifications of this system, With several
hundred circuits on ea@h wafer, the wafer rate corresponds to a production
capacity of over 107 per year. For comparison, the characterietics of a
more versatile Hughes imgplantation system for device development are shown

in Table IV,
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COXCLUSIONS

Ion implartation and beam technologies are beginning to demon-
strate advantages in device and circuit processing fcr comiputer applications
as well as other LSI and systems applications. MNore significant advances
can be anticipatec in the next few years because these technologies are
still in their early years of development and some cisiance from their
fundarnental limitations, Some specific areas discussed which are related
to computer applications are improved overall device and circuit resolution,
device size, packing density, speed, power consumipiion, automatic

computer-mocifiable mask generation, and more vacuum processing steps.
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FIGURE CAPTIONS

10.
1.

2.

13-

Model of silicon lattice

Range-energy relationship of several jons in several substrates.
Range-energy relationship for ions in silicon.

Ion implantation dopant distributions and lattice interactions.
Tiny, programmed jon beam circuit jabrication concept.
Methods of preventing or decreasing channeling.

Ion implantation junction profiles.

The exposure of resist by an ¢lectron beam to form windows in
a gold mask by ion beam etching through which active fingers are
ion implanted to make a high conductance FET device shown.

Plot of the evolution of component density of an LSI array versus
time. The potential increase in component density by the use of a
tiny electron beam is shown in the upper right; this point illustrates
only the higher resolution pattera capability of the electron beam -
technique.

Calculated spot diameter versus convergence angle for an ion beam.
300-kV research implantation system == schematic.
300-kV research implantation system — photo,

MOS ‘proddction. implantation system,
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ELECTRON BEAM FABRICATED MRLI20-1
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ELECTRON PROJECTION SYSTEMS
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’ MICROCIRCUIT LITHOGRAPHY -
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INTRODUCTION

This paper describes the development of a production model
electron projection system for microcircuit lighography. The
system described uses the electron image converter technique to
convert a mask pattern to an electron pattern and then projects
this electron pattern onto a silicon wafer which is coated with
an electron resist. Performance characteristics of a research
model system are presented and design changes dictated by an
evaluation of the system are discussed. A photograph of the
research model electron projection system used for this eval-
uation is shown in Figure 1.
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WHY AN ELECTRON PROJECTION SYSTEM?

At the present state of the art, the photo-~lithographic
step in the manufacture of an integrated circuit is most
commonly done by contact printing, either from an emulsion
mask or a chrome mask. In order to obtain the intimate contact
necessary for high resolution, fairly high contact pressures
are required. The abrasion which results from the contact of
the mask with the silicon wafer causes defects both in the
photoresist surface of the wafer and in the mask. As a result,
emulsion type masks commonly show defects after only two or
three usages and have to be discarded after five to ten usages.
Chrome masks have a longer life but still cauvse defects in the
wafer aurfacf and thereby contribute to a low yield. An obvious
aolution to the prcblem is to project the image rathex than to
contact print the image. However, optical projection systems
introduce a new set of problems. The area which can be pro-
jected with high resolution is very limited, and the depth of
field is extremely shallow. The largest area which can be
optically projected to obtain usable l-micron line widths is less
than one inch in diameter, and the depth of field at that
resolution would be less than four micronms.l

The electron projection system dispenses with the optical
system entirely and employs instead a pattarned electron beam.
The electron beam technigue still uses a resist coating on
the silicon wafer, but one which is sensitive to electrona
rather than light. The scheine for psoducing the patterned
electron beam and focusing it on the regist-coated silicon
wafer target is shawn in Pigure 2. The electron beam is pro~
duced by a photocathode surface which is excited by an ultra-
violet source. The photocathode consists of a thin layer of
palladium which is deposited over a titanium dioxide mask.

The titanium dioxide mask is of a geometry identical to that
which is to be exposed on the silicon wafer. Where ultraviolet
light passes through the titanium dioxide mask, the palladium
enits photoslectrons at energies of a few tenths of an electron

1R. B. Tibbets, OSA Topical Nseting on Optics in Microslectronics
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volt. A uniform 10 kv/cm electric field then accelerates the
electrons from the cathode to the silicon target through an
axial magnetic field of approximately 1,000 gauss, which is
generated by the focus coils. This arrangement causes
electrons coming from a given cathode point emitted at any
angle to be focused at a corresponding point on the wafer.
The result is a 1 to 1 projection of the entire pattern on
the silicon wafer. The electron beam resist (poly-methyl-
methacrylate) is developed in a solvent which removes the
depolymerized pattern. The remainder of the wafer processing
steps follow conventional practice.

The patterned photocathode is the electron optical

- equivalent of the photo mask in the optical process, but since

the electron beam system uses projection rather than contact
printing, there is no mask wear and no danger of silicon damage.
The mask in the electron beam gystem has essentially infinite
lifetime, If the emission of the palladium layer drops too low,
the metal can be stripped away and a new layer evaporated on.
In addition to eliminating defects caused by contact of the
mask with the wafer, the electron beam process has several
additional advantages:

1. The achievable resolution is approximately seven
times better than optical techniques.

2. The depth of field is 14 times that of an optical
projection system.

3. 'The achievable image diameter is limited only by
. the size of the focus coils. Present equipment will
accommodate wafers up to 2-1/2 inches in diameter.

4. The elactron beam can be magnetically deflected,
thereby making it possible to adjust the pattern
position electronically rather than mechanically.
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PHOTOCATHODE LIFE

One of the earliest concerns in deciding whether the
electron image projection technique was commercially feasible
was cathode life., How many exposures could be made before
the cathode emission dropped to a point where exposures were
intolerably long?

Early studies indicated that photocathode degradation
was due primarily to outgassing of the electron resist and sub-
strate under electron bombardment, Cathodes which were operated
in a clean environment (that is, an ion pumped gystem, baked
and operating at a pressure of 107 torr or below) exhibited
unlimited life. However, when the electron reeist coated
wafer was introduced into the system, the emission levels
dropped sharply after only a few expocsures. It was found,
by monitoring the system with a quadrapole mass analyzer, that
the principle contaminants. produced by the electron bombardment
of the electron resist were water and oxygen. '

Consequently, the prototype electron projection system
was designed in such a manmer as to provide the maximum possible
vacuum conductance in the region of the photocathode in order to
reduce cathode fatigue from subsequent ionization and ion bom~
bardment fiocm these contaminants. '

When cathode emission arops to an unusably lew value,
several rejuvenation techniques are available. Another very
thin layer (x 20R) of palladium may be evaporated on the top
of the original. This process may be repeated as many as 3
times. After that, the palladium can be stripped off with a
hot nitric acid solution and a new palladium layer evaporated
on. The palladium may be stripped from the titanium dioxide
mask as many times as desired without damaging the mask.
Another rejuvenation technique is to bake the photocathode in
the vacuum to drive off adsorbed surface films. This can ba
done with the UV source which is used for exposure or, more
quickly, with an infrared heat lamp.
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Page 5

The life test data on the prototype system ig shown in
Figure 3. C(urve A shows the emission versus number of exposures
for a fresh cathode, that is, a cathode which was put in the
system immediately after the palladium film had been evaporated
on. Note that the emission drops rather sharply after the first
few exposures and then levels out in a hyperbolic fashion.

Curve B shows the emission history of a photocathode that
‘has been renewed by evaporating an additional 208 layer of
palladium over the initial 40} layer.

In both of the above tests, each exposure was of 10-gsecond
duration and the wafers were cycled in and out at the rate of
one every 4 minutes. This produced a pressure in the image tube
of approximately 2 x 10-5 torr during exposure. Development
was normal after 50 exposures and there was no visible degradation
of image quality. The measured current density after 50 exposures
was 1.5 pamps/cm? for a fresh cathode and 1.0 pamps/cm? for the
fejuvenated cathode., Ten-second exposures have been made with
current densities as low as 0.3 pamps/cmé. These exposures
ylelded acceptable results and are regarxded as the lowest limit
of useful emissicn from a cathode. Fvtrapolating curves A and
B out to 100 exposures, it appears that they would be well above
the lower emission limit agtax 100 exposures.

Curve C shows the emission history of a cathode which has
been returned to air several times and then baked to restore its
emission. ‘the bake was done simply by exposing the cathode to
the normal ultraviolet excitation and monitoring the emission
current while baking. Approximately 20 minutes baking was
required after each exposure to atmosphere to bring the cathode
back up to its peak emission. The excitation, in all cases,
was a low pressure mercury arc lamp formed in the shaps of a
pancake spiral operating at normal voltage, Operating in this
manner, the lamp produces over 90X of its output at 2537 angstroms,
Which ie the wavelength desired to match the work fuanction of
the palladium photosmittar.
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By increasing the voltage drop across the electrodes of a
low pressure mercury arc lamp, an increase in total output
illumination can be achieved at the expense of radiant output
efficiency at 2537 angstroms. This is due to the fact that as
the electrons are elevated to higher energies they ionize more

‘of the gaseous mercury and increase the pressure inside the lamp.
This increase in pressure results in the resonance radiation of
the 2537~-angstrom line being reabsorbed by other atoms and an
excitation of atoms into higher energy levels, which subsequently
re-emit by means of low energy transitions and, therefore, at
longer wavelengths. However, by cooling the outer envelope of
the mercury bulb, one may decrease the pressure and still
maintain a high efficiency output of 2537-angstrom radiation.

The increase in emission at 2537 angstroms is due to the greater
number of electrons available for causing resonance transitions
and the lower pressure towards the outer portion of the positive
column creating a longer mean free path for 2537-angetrom
photons. By operating the lamp in this manner, a 50X increase
in photocathoda current density has been achieved.

This, coupled with a highly improved pumping system using
cryo-panels in the image tube area as shown in Pigure 13 to
remove the water and ocxygen, is expected to improve photocathode
life to at least 500 exposures.
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PHOTOCATHODE FABRICATION TECHNIQUES .

In order to produce fine geometry patterns in titanium, f
it is necessary to use a disposable mask techniqu02 rather
than simply etching the titanium directly. This is primarily
due to titanium's resistance to moast common etchants. When
etched, it has a very nonuniform etch rate, producing under-
cutting and poor edge definition. Since disposable mask tech-
niques involve many more process steps which increase the
probability of pinholes and defects, we have expended considerable
effort in searching for a more suitable material for the mask.
The characteristics which would be most desirable for a
photocathode mask are as follows:

l. Opaque to ultraviolet light in thicknesses of less

than 1,000 angstroms

2. gan be etched directly to line widths of lena than
.5 u
3.  Not photo-emissive under 25378 excitation

4. Rot attacked by solvents of palladium {(so that pal-
ladium can be stripped without damwaging mask)

5. Hard and dugable

A proprietary material satisfying these reguirements has
bsen found and is now being used in all photocathodes.

The pattern can be defined in the mask material in either
of two ways. For line widths of 2 microns or more, satisfactory
masks can be made by coating the mask with photoresist ané
' contact printing the desired pattersn, The masks which were
used to project the patterns shown in Pigures 6, 7 and B were
wade in this mannexr. Note that the lines under 2 microns wide
are very marginal in quality. In order to utilize the ultimate
resolutions of the electron projection system and use mask
patterns with line widths below 2 u and down to 0.5 4, it is
‘necesgary to define the patterns in electron resist using a
scannhing electron beaw. The mask which was used to project the
1/2 p line pattern shown in Pigure 5 was made in this manner.

2x. C. Hu, Expendable Masks, Electronic Packaging & Production,
Octobesr 1967
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ELECTRON R&SIST

The electron resist used with the system is poly-methyl-
methacrylate. It is a positive-acting resist which de-
polymerizes when exposed to an electron beam but which is
insensitive to light of any wavelength. Resists of this type
conmonly have a sensitivity of abcut 10~4 coulombs/cm2.3
However, by using special processing both in making the resist
and in development, the sensitivity can be increased to
approximately 3 x 10-6 coulombs/cm2. This means that 10~
second exposures can now be achieved with electron densities
as low as 0.3 uamps/cmz. This increases the effective cathode
life so that recoating is only necessary after several hundred
‘exposure:.

(~aracteristics of the RES~developed resist are summarized
below:

1. Sensitivity (to electrons) - 3 x 10~ coulombs/cm2
2. Sensitivity to light - none

Resolution limit =~ limited oniy by electron scattering,
which depends wn coating thickness
and substrate material

4. Shelf life - excellent, more than 6§ months

S. Exposure latitude « more than 10 times normal (over-
exposures are easily compensated.
by using weaker devaloper)

3I. Haller, M. Watzakis, R. Srinivaaan, IBH Jburnal of Reseaxch
and Developmeni. 12, 251 (196b)
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ELECTRON OPTICAL PZRFORMANCE

The resolution of an electron projection system is in-
fluenced mainly by four factors:

1. Uniformity of the electric field

2. Uniformity of the magnetic field -

3. Velocity distribution of emitted electrons
4. Electron scattering in the resist

By careful design of the geometry of the system, uniformity
" of the electric field can quite easily be held within acceptable
“limits. A uniform magnetic field can be achieved by careful
focus coil design and by taking care to avoid magnetic materials
near the imaging area, The velocity distribution of the
emitted electrons is controlled by using ultraviolet excitation
which is close to the work function of the photocathode material
so that electrons are emitted at very close to zero velocity.

Figure 4 shows a comparison of resolution limits of an
optical projection system and an electron projection system
as a function of contrast ratio. The optical system is
diffraction limited and the electron projection system is
limited by the velocity of emitted electrons. The electron
curve is drawn for an electron eneray spread of 0.1 eV. Note
that at the minimum usable contrast ratic for microcircuit
fabricaticn (® 40%) the electron beam has a resolution of
approximately 0.2 p. This is confirmed by resolution tests
on the system in which 0.5 g lines have been reproduced with
approximately 0.2 p edge definition. See Figure 5 for photo-
graphs of these lines.

" A unigue feature of axial electric and magnetic field
focusing is that there is no curvature of field, coma or
astigmatism. Consequently, there is no difrference in the
resolution at the edge of an image from that in the center,
80 long as the electric and magnetic fields are uniform. The
off~axis resolution of the RES eystem is demonstrated by the
photographs in Figure 6. Both photographs show the 7 and 8
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patterns of a standard Air Force resolution chart. The narrowest
lines in the 8 group are 1.1 p wide. Since these patterns were
contact printed on the photocathode from an emulsion mask, the
quality of the 8 group leaves something to be desired: but,
nevertheless, they are there. View (a) is taken at the center
of a 2" diameter wafer, and View (b) is taken approximately
.050" from the edge of the same 2" diameter wafer. Note that
there is no cbservable difference in resolution.

Defocusing caused by the alignment deflection system is
negligible. No line broadening is detectable in a l=-micron
line when the pattern is deflected to its maximum (0.010 inch).

Depth of field of the system is approximately I 25 microns
for 1 . resolution. Figure 7 shows three exposures: (1) at
nominal focal distance, (2) at the nominal focal distance +25 mi-
crons and (3) at nominal +50 microns. The line width of the smallest
pattern is 1.2 u. The line broadening of the 1.2 | lines is
not discernible at 25 u and becomes barely noticeable at
50 4 out of focus,

The ability of the system to reproduce both dark field and
light field images is shown in Figure 8.
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AUTOMATIC ALIGNMENT

The first prototype system used electron beam induced
conductivity (EBIC) in the wafer oxide layer as a detection
mechanism for pattern alignment errors.4 Briefly, the system
operated as follows.

. An electron beam impinging upon an Si0; layer will induce
conductivity which is inversely proportional to the thickness
of the layer. If a bias voltage is connected across the
layer as shown in Figure 9, the current will vary as a function
of the beam position when the electron beam passes over a
step etched in the oxide. To achieve automatic alignment,
this phenomenon was used in the following manner:

a. During the first exposure of the wafer, a tapered
cross pattern is projected onto the wafer by the

photocathode. This pattern is etched in the 8i0;
layer during normal processing.

b. Dur ing the second and subsequent exposures, the
tapered cross pattern on the photocathode is pro-
jected on the identical pattern etched in the §i0p
layer. '

c. Alignment-sensing circuits measure the induced
current and determine the degree and direction of
misalignment.

d. X and Y adjustments are made by driving the X and Y
deflection coils.

e. Angular adjustment (6) and magnification are
established by varying the current ratio in the
A, B and C focus coils.

£. Digital optimizing circuits adjust X, Y and 8 until
maximum output is achieved, thus indicating aligne-
ment within % 1/4 um.
Although this tecpnique will produce acceptable alignment
performance, the EBIC detection mechanism requires several
processing steps which are undesirable in the production of

integrated circuits. One problem is that oxide thicknesses

47, W. 0'Keefe, IEEE Transactions on Electron Devices, ED-17,
No. 6, 465-469, June 1970
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of approximately 10,000 angstroms are required in the detector
area in order to assure that there will be no shorts to the
silicon via pinholes or other defects when the area is
aluninized. Oxides of this thickness are incompatible with
the fabrication of submicron geometry devices for which this
system was designed. A second drawback is the necessity of
aluminizing the contact area before each exposure. This is
further complicated by the necessity to isolate the two
contact areas from each other and from the rest of the

wafer.

Because of these problenms, we found it necessary to
pursue a simpler approach to the problem of alignment error
detection, Therefore, we have abandoned the EBIC approach
in favor of a much simpler system using primary beam current
to detect a permanent mechanical marker on the wafer. We
are presently using two 010" diameter holes as markers in
the wafer and detecting the primary beam current reaching the
rear side of the wafer through these holes from alignment
marks in the photocathode.

Figure 10 shows a diagram of the system. The alignment
mark is so designed that it produces the maximum amplitude
signal when it is centered about the wafer hole. A computer-
controlled scan pattern first locates the hole and then scans
successively smaller patterns, recalculating the center each
time until an optimum alignment is attained. The total
alignment time is approximately 1 second, and the system will
detect and correct alignment errors as small as 0.2 u.

Using this technique, the size of the hole is not critical,
nor is it critical if it grows or shrinks during the pro-
cessing steps, so long as it changes uniformly.

This approach has the following advantages over the EBIC
alignment:
l. Only one processing step is required to make the

aperturas in the wafer, and it only has to be done
once bafore the firat exposure.
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8.

The alignment apertures survive all IC processing
steps, including epitaxial growth,

No aluminizing is required before each exposure.

No electrical contacts need be made to the wafer for
alignment.

Yield of wafers capable of being automatically aligned
is much higher.

Placement accuracy of the alignment apertures on the
wafer is not critical:; it can easily be done in a
mechanical jig.

Alignment signhal amplitude is more predictable
since we are detecting primary current directly
rather than an induced current which has a variable
gain from wafer to wafer.,

There is no phase shift in the alignment signal due
to capacitance across the oxide layer in the wafer
as there is in EBIC.

Alignment apertures can be placed closer to the
edge of the wafer than with EBIC masks since oxide
or crystal defects do not affect the usability of
an aperture.

420,




IMAGE ROTATION

The first system which was built achieved image rotation.
for alignment by altering the uniformity of the maghetic
focusing field in such a manner as to cause an angular shift
in the projected pattérn-s The magnetic field unifoymity was
controlled by adjusting the relative currents flowing tarough -
the two outside coils and the center coil. fThe two outer
coils are spaced just slightly greater than the Helmholtz
spacing so that by adding a small amount of current in the
center coil a uniform fjeld is achieved. This is illustrated
in Figure 11. This produces zerc rotation. If the current
in the center coil is decreased and the current in the outer
coil is increased by a corresponding amount to keep the total
field constant, a small image rotation is produced. Con-
versely, if the current in the outer coil is reduced and that
in the center coil is ipcreased proportionately, the image
will rotate the other direction. The total rotation achievable
by this technique is approximately ¥ 1.5 milliradian, However,
since the axial magnetic £ield is caused to increase or decrease
radially during rotation, the image focus deteriorates as a
function of the rotatiop angle and the distance from the center
of the image. This relationship is shown in Figure 12. The
dotted line is the theoretical degradation predicted on the
basis of the change in magnetic field as a function of radius
and rotation angle. The solid line shows experimental results.

* The coil geometry was such that the most uniform field condition
.was not located midway between the rotation extremes but rather
was obtained with most of the current flowing in tha outer coils.

From Figure 12, it is clear that magnetic rotation haa
unacceptable defocusing characteristics for patterna demanding
resolution below 4 microhs over a 2-inch diameter wafer,

Even with 4 u geometry, the zotation angle is limited to less
than i 1.5 miliiradians, which allows a very amall tolerance
on machanical wafer placemant accuracy; and, for 3=inch wafers,
magnetic rotation is clearly out ot the question.

5T, W, O'Keefe, J. Vine, Adv. Electronics & Electron Phvs
v W . . ics
Vol. 28a, p. 47, Acad;ml.c Press, N.Y., 1969 Y '
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Therefore, RES has developed a hybrid alignment system
; which utilizes magnetic deflection for X and Y corrections
! but uses a proprietary mechanical system for angular cor-
rections. The mechanical system we are using is somewhat
unique in that it uses no bearings and can be accurately
moved in increments of 1 microradian with a total excursion
of # 10 milliradians. Using a mechanical rotation system
elininates the need for the center focus coil and greatly
simplifies the focus coil power supply. Eliminating the
center focus coil also greatly simplifies the automatic
handling system and permits a much more efficient vacuum
system in the region of the photocathode. '
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AUTOMATIC HANDLING SYSTEM

The dautomatic handling mechanisms foi the wafers and
photocatnoedes are diagrammed in Figure 13. Trays containing
40 waferg each are loaded in Chambers A and B. A tray
containipg 20 photocathodes is loaded in Chamber C. These
trays regt on poppet valves which open and lower the trays
into operating position when the pressure in the loading
chamber yeaches 10-3 torr. Then a stepping motor moves Tray A
down one Step at a time as the Transfer Mechanism A slides
the wafey out of the tray and places it on the wafer platform.
At the sahe time the photocathode tray is indexed to the
position Of the desired mask pattern selected from the master
control panel and Transfer Mechanigm C slides it out of the
tray and DPositions it over the alignment pins above the wafer.
At this vime, the wafer platform is elevated approximately
1/2 inch which locks the wafer in posjtion and lifts the
photocatp0de off the transfer mechanism and allows it to
center iv8elf on the alignment pins. After alignment and
exposure, the wafer platform is, lovered and the wafer is
replaced in the tray and the next wafer is selected. When
all of the wafers in Tray A have been processed, the tray is
raised batk up to the loading position, thereby closing the
poppet valve. While the tray is removed and replaced with a
fresh batch, Tray B is processed in a manner identical to
that for Tray A.

Tests with 2 prototype system indicate that a wafer can be
placed on the wafer platform and clamped into position with a
mechanical acouracy of about 1 .005", which is well within the
deflection caPabilities of the autopmatic alignment system. The
cycle time for the mechanism is approximately 5 seconds. Since
it takes approximately 10 seconds to align and expose the image,
the total throughput rate is one wafer every 15 seconds, or 240
per hour. d
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THE FUTURE

applications £Or electron projection systems are quite
diverse. Its abiljty to reproduce extremely high resolution
patterns makes it the ideal tcol for making high density MGCS
memories, surface wave acoustic transducers for use in the
gigahertz and above range and very high resistance precision
resistérs. It can also be used as a precision mask duplicator.
Becauge of its potential for higher yield, large scale inte-
gration becomes feasible for production.

Delibery of the first fully automatic production machine
which will process 4 wafers per minute is expected in about
5 months. Research model systems which will align and expose
one wafer every 5 minutes are available immediately.

RES is also dgveloping an automated scanning electron beam
pattern generation system for mask making. The gystem is
computer-controlled and can be used to make eithegr conventional
masks or the maskeq bhotocathodes for the electrgﬁ projection
systems. This will brovide the necessary companjon to the
electron projection systems for producing wasks for sub-
micron geometry circuita.
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“Pigure §. 1/2 Micron Lines on 2-1/2 Micron Centers
Printed on Resist by Electroun Projection System
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(a) Nominal
Focus

(b} Nominal
Focus +
25 Microns

(¢) Nominal
Focus +
50 Microns

Figure 7. Resolution Charts Illustrating Depth of Field
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METALIZED MULTILEVEL FILM FOR

HYBRID LSI INTERCONNECTS

M. B. Shamash, S, G. Konsowski, F, 'A. Lindberg
Westinghouse Defense and Space Center
Systems Development Division
Baltiwore, Maryland

J. A, Roach
Naval Air Development Center
Werminster, Pennsylvania

I. ABSTRACT

The work described in this paper is sponsored jointly by the Naval Air
Development Center and Naval Air Systems Command., The program has as
onc of its prime goals the development of a compatible wmultilayer system
including L8Y wafer fnterconmnsction in small or lavye microcivesit
packages, This results in a multilayer interconnection form with high
yield, low cost, and high reliability, The technical objectives are:
(1) elimination of {nterconnection complexities, requived by hybrid I/C's
and large LSI wafers, (2) adequate envirommental protection, and

(3) fnecveased thermal/welght efficiencics 80 as to achieve modules
suitable for a broad range of applications from de¢ to high frequency or
high power systems, ' '

The technologies involve a multifunctional packape that allows a wulei-

layer intercomnection capability thirough the use vl wetallized discrote
diclectric films mounted on a vigld base (coramic substrate). The design
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is compatiible to full automation of fabrication and electrical test.
Batch fab¥ication techniques which are conducive to low cost and high
yleld are 'used here. No restrictions are put on integrated circuit
chip configuration, i.e, plain chips may be successfully interconnected
as well as chips with bumps or beam leads,

II. INTRODUCTION

The current trend in electronic design and mechanical packaging is in
the direction of multifunctional microelectronic packages, This is
accomplished by mounting bare integrated circuit chips on dieiectric
substrates and interconnecting them will metallization and wire or face
bonding techniques. Because of the small size, the iunterconnecting
microcircuitry is frequently needed in muitilayer form in oxder to make
the proper electrical hook-up. The present method for accomplishing the
multilayers of interconnections employs alternate layers of metallization
and insulation on a rigid substrate, usually ceramic. The processes
require as many as six deposition and etching steps. The deposition
steps could be performed on many parts simultaneously. However, the
imaging and etching steps are done on an individual basis. The advan-
tage of the flexible film technique is that through step and repeat
photography, many alike patterns exist on a single sheet of film, so
imaging and etching are performed at one time for many patterns, In
addition face bonded chips mugt be of. the bump or beam lecad configura-
tion thus putting restraints on chip selection, The face bonded chips
with bumps are not visually inspectable for-joint integrity.

IIL, APPROACH
THE CONCEPT

‘The basiv concept of the program started as & wultifunctional pa:kg@ini
techuique that allows multilayer interconnection capability throuyis ¢ae
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use of discrete metallized flexible dielectric films. b{hg :itisbzzz

processed for {nterconnecting circuitry ;Fd thizha§Z§:etic o e ca-
.C. chips prior to placement into a package w

gagilztigs.p Figure 1 shows thc basic concept being discussed.

The basic construction of the multifunctional package is as follows:

The first layer of metallization is produced on a ceramic suh-
strate in the appropriate interconnecting pattern. Many meta{-
lization materials could be used, but as an exarple thls layer
could be made from wolybdenum magnancse and gold. An in8u1§tiug
dielectric layer is applied over the interconnecting.microcxr{
cuitry to prevent shorting to other layers of conductorﬁ in the
package., As an example this insulating dielectric layer was
wade using a high temperature po lymer.

: ' : duced on a
Multilayers of interconnecting circuitry are pro :
flextblz dielectric film (using any desived thicknass) such as

Kapton. The circuitry is produced in double sided fashion
with metallized holes through the dielectric film, More than

one plece of flexible filw may be used if more circuitry layers
are required, S

Rare Lntegrated cirecuit chips are bonded and interconnected
to the flexible film and the assembly is than bonded and intex-
connected to the circuitry on the base subatrate.

TECHNIQUES

The development work on the dielectric fllm was performed on Kapton
because of its high temcprature chacvactevistics, The dielectric

film is processed to provide a servies of through holes for accomplish-
{ng side to side interconnections on thu film for double sided cire

cuitxy. Photo otching techniques arc cmployed to produce the desived
hole pattera {n the film,

The film i8 then processed ueing techniques such as vacuum deposition

, and/or plating to produce metallization on both sides of the f1lm and

i in the holes in an uninterrupted layer, Figure 2 shows a vacuum cham-

{ ber with rotating fixtuve spocifically designed to produce the deposited
. through holes. This wethod was found to be wost consistent.
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Several metallization techniques were investigated in order to arrive
at the best one from a reliability and cost standpoint., One of these
was a chromium-goid system. A comparatively thick (1000 X) layer of
chromium used for the base adhesion layer was followed by 23,000 R of
gold, The gold thickness was further increased to 125,000 A or 0.5 mils
through electroplating. Uowever this approach was abandoned due to the
complexity and incompatibility with production line fabrication of
interconnects.

Another process studied was the deposition of aluminum through boron
nitride boats. These boats are essentially a conducting intermetallic
composite (TL B,-BN). They are used in a variety of applications be-
cause of their ability to withstand alloying with aluminum during depo-
sition. A boron nitride boat is shoun in figure 3. This boat
deposited up to 0,0003" of aluminum on Kapton film.

The third wethod used to wetallize the films was chemical electroless
nickel and copper baths, Both of these baths, although very economi-
cal, produced unreliably adherent deposits which were attached duriung
subsequent electroplating in both acid and basic media,

Another technique to he described latexr in this paper shows far more
promise than the previous ones. 7This is the electron beam bombardment
of aluminum in a vacuum,

Figure 4 shows a cross section of a vapor deposited through hole.

The final interconnecting conductor pattern is then produced using
photoetching techniques., - ' -

. Integrated civcuit chips may be obtained fn a number of configurations
for attachmewt, t.e., plain, with bumps or with beam leads. Ti.isg
packaging concept is compatible with all forms. The chips are attached
and interconnected to the flextble film using ultrasonic bouding
technfques, It should be noted that the flexible characteristic of
the film makes the interconnecting of plain bare chips (i.e. without
bumps or beams) a practical technique., Figure 5 shows the plain bare
chip bonded to circuitry ou the flexible film., The bonding operation

- may be performed with a multipoint probe making all bonds at one time
for each chip. This capability will alsc allow a much larger selection
of the X.C. chip sources. After chip attachment is completed ths as-
sembled film is a fully electrically testable itcm prigr to asscmbly
into & package for hermetic sealing.
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This design‘imposes no restrictions on final package configuration,
An all alumina package or & metal can with an alumina insert are both

c9mpatib1e packages for housing the flexible film. As an example,
figure 6 shows various steps in the processing of a typical all alumina

package. TFigure 6-1 shows the package as purchased. Figure 6-2

shows the interconnecting circuitry as etched on the alumina base

The gext s?ep is to isolate this circuitry from the circuitry on éhe
flexible film, This is done by placing an insulating liquid film
such'as Amide-Imide in the package, drying it and then etching the
;§qu1reg 201§ pattﬁrn in the dried film, This is shown in Figure 6-~3
Lgure 6~4 shows the flexi i i i i '
into the ceramie backpe ble metallized film prior to being inserted

The interconiecting of the various layers of circuitry is accomp-
lished by placing the flexible film on the ceramic and after proper
alignment, applying heat and pressure through a multipoint tool to

the proper points of interconnection, Figure 7 shows the tool and
interconnected substrate, This results in the simultaneous joining
of all points of interconnection between the various layers, The same
procedure may be used to join additional layers of flexible film
within the same package. The package is given a final alectrical

test and then hermetic sealed using standard sealing techniques,

ELECTRICAL CONSIDERATfONS

One of the most important considerations in using this multilayered
dielectric structure 18 that of capacitanee due to conductor cross=
over, This can lead to trouhle in pulse rise times if it is too high.
For a typical situation where a rise time of 20 nanoseconds or less is
desired, the capacitive loading should be less than 15 pf (maximum
load for TTL on each output). If one mil thick Kapton is used, the
capacitive load is 7.6 pf, well below the allowable figure.

Other items of interest are electrical conductivity, or conversely,
conductor resistance, shielding, both electric and electromagnetic,
and crosstalk. The electrical resistance of the metallization on
Kapton i{s only 0.4 ohms per running inch, assuming a thickness of
0,0002 inches and width of 0.015 inches which is genarally the case.
In general, with thicknesses upwards of 100 millionth of an iuch,
bulk resistivity values apply.

Shielding is more a function of system desigh and does not apply speci-
fically to metallized Kapton interconnection techniques within the
package., This is so because ferromagnetic metal cans may be used which
contain the Kapton circuitry., Judicious circuit layout will mintwmize
crosstalk interference within the package, and outside the package other
techniques can be used such as short path conductors, twisted palrs,
and active filters for long conductora.
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MATERIALS and PROCESSES COMPATIBILITY

A careful review of the detailed sequential packaging and processing
steps was made. In general the criteria used to judge acceptability
were: metals in contact should not be susceptible to corrosion from
galvanic action; processing temperatures should not exceed materials
capability; processing materials (chemicals and solvents) should be able
to be removed as completely as possible. There are further considera-
tions which under long-term conditions may be important, such as the
inclusion of certain plastics (polyimide) in the package. These were
investigated and were found to be innocuous,

The study of processing techniques has indicated that no incompatibility
exists as the total package 1is conceaved at this time, For instance,
if chips are bonded to Kapton at 150 C, there is no problem due to

outgassing and subsequent contamination since Kapton's vapor pres-
gure is atill very low at 200°C. The choice of high temperature
materials were inftially made in order to alleviate this type of
problem. Processing chemicals and solvents used to photoetch the pat-
texns, create holes in the Kapton film, and clean the surfaces for
metallization and bonding are: hydrazine (NHy NH,), toluol, acetone,
isopropyl alcohol, iodine, acetic acid, and trichloroethylene. Hydra-
zine rather than caustic soda was used to etch the Kapton to that even
selective etching would result and so that no Na+ ions would remain,
The other solvents are typical of those used in semiconductor manu-
facture, and all were electrounic grade-rated. Since vapor degreasing
was used to clean films and substrates, minimal residues existed on
the surfaces, and they are composed of innocuous elements, Chip bond-
ing temperatures are sufficiently low (150°C) so as not to be consi-
deveud contributory to deterioration,

THERMAL MANAGEMENT

The problem of heat removal from devices intercounected by metallized
Kapton is inherently one of providing efficient thermal paths to the
heat sink or exchanger. If the package housing is intimately connected
to heat trangfer surfaves, or if coolant (air for example) is made to
pass over the package with sufficient velocity to effect thermal trans-
fer, then the manner in which the devices are mounted inside the package
bacomes the critical link,

Devices that are eutectically mounted or cemented to substrates are

able to expel four times the heat gencrated then they could {f they

were mounted by their electrical comnmections in a face-down mode. This
conclusion was reached as a result of a computer study of conduction
through package interface at opersting power levels which would not force
the device junction temperetures above 125°C. Tests were conducted which
confirmed the computer analysis so tha: the program could be used for
other similar problems iu future NADC wourk.
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IV, FUTURE PROJECTIONS OF TECHNOLOGIES

The techniques which were developed in working with standard smaller
I1/C chips have also been extended to larger devices and even very
large whole wafers, For instance, the method for producing etched
holes led to experiments with making relatively large windowg in the
films. These windows accommodate larger chips (0.125" square at the
present time) and ultimately will be adaptable to wafers. Concurrent
with large window developments, other metallizing .and conductor
etching efforts led to a configuration which uses heavy metallizations
or beam like conductors to comnect to the pads of very large LSI wafers.
These conductors which are an integral part of the flexible film car-
rier can be bonded simultaneously, reducing assembly time and costs,
The devices have the advantage of being mounted in intimate thermal ®
contact with the substrate without sacrificing any interconnection
features that the flexible film technique provides,

Provisions are being made for nuclear radiation hardening in the overall
system of packaging. This i8 being done through material selection for
survival compatibility in radiation environmencs. The all-aluminum
metallization on Kapton is an example of this.

V. CONCLUSTONS

In summary, we have shown a series of techniques which are important to
advenced in hybrid and large LSY wafer interconnection packaging. These
techniques have the following advantages:

1. Batch processing allows for significant savings in
time and effort,

2. Although more processing steps are required than on
other current multilayer microcircuit packaging techniques,
‘more parts can be processed simultaneously offsetting
the additional cost,

3. Pin-hole problema in diclectric layers are eliminated with
the discrete flexible £ilm,
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Homogenous monometallic interconnections between cire-
cuitry on opposite sides of dielectric film are produced
with the continuous metallization process.

No restrictions are put on I.C. chip configurations,
i.e., plain chips may be successfully interconnected as
well as chips with bumps or beam leads,

The compliant characteristic of the dielectric film
allows for simultaneous bonding of all interconnecting
points on the flexible film to circuitry on base sub-
strate,

Maximum thermal dissipation 1is possible by eutectic
bonding all chips to the rigid substrate base when
necessary.

The interconnected flexible film assembly can be elec-

trically tested prior to bonding to the rigid substrate
base,

Automated manufscture and automated test are possible on
the dielectric filwm level as well as on the final assembly.

Since the number of processes are reduced, and most of

these processes are automatable, then the cost for a
throw-away modular microcircuit package is reduced.
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\ Figure 4 « Cross Section of Joint Formed on
Rotating Fixture in Vaguum Chamber
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INTRODUCTION

The Kearfott Division of Singer-General Precision, Inc., in combination

with Frenchtown/CFI, has developed under NASC sponsorship the AADC

Building Block Module that is capable of retaining a 3-inch diameter,

siliéon wafer or a 3-inch diameter hybrid circuit substrate. The

attendant specified requirements are:

External Connections - 300

Power Dissipation - 20 watt

Power Densities - 3 watts/sq in
Environment MIL-E-5400 Class 4X

Storage at 200°C

Hermetically Enclosed

Guiding, Keying and Clamping provisions.

The nmodule is illustrated in Figure 1. The design incorporates featuree

tlat facilitate boading and interconnection of the substrate, while

providing an efficient interface with the next higher level package.

The major features are:

Size 4 in x 4 in

Weight 0.4 1b

Integral heat exchanger

Parallel cooling system

2ero insertion force 300 terminal interconnect system (via cam
operated connectors)

Fool-proof module keying, guiding and locking

Vibration resonant frequencies above 2000 Hz

161




FINAowW MOOUIdE SNIGTIInd
- O4¥Y¥ - T “ON RMN9I3




e High speed circuit compatibility

e Ease of replacement.

Prior to arriving at this configuration, an extensive trade-off study

was undertaken. The significant elements of the study are highlighted.

DESIGN TRADE-QFF

The design optimization process concerned itself with trade-offs in

three major areas:
1. Interface with the next higher level package.

2. Mounting and interconnection of the 3-inch diameter wafer or hybrid
substrate.

3. Module sealing, line routing and manufacturing processes.

Connector configurations, cooling techniques, keying, guiding and module

rotention methods were examined. A wafer bonding interface, having

adequate flatness without compromising accepted manufacturing techniques,
was developed. Substrate and wafer mounting and interconnecting tech-
niques were developed that are compatible with the metallurgical peculia-

rities of the wafar, and the module sealing and hermeticity requirements.

Characteristics that are unique to the module, such as distribution of

leads from the wafer to the external interconnection points, were

optimized. Manufacturing techniques and processes related to designs
using Kovar, ceramics, glass and other materials were studied in depth.

A cost effective mix of current and advanced manufacturing techniques

is reflected in the design.
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THERMAL CHARACTERISTICS

It was recognized that the thermal intesface would be a major factor
in establishing the module configuration since integrated circuit

Mean Time Between Failure (MTBF) decrease rapidly as the operating tem-
perature increases. An efficient cooling mechanism became a vrimazy

consideration

Pirst, the characteristics of the cooling air that would most likely be
~supplied to the module and component operating temperaturas were
established. Cuyrent high performance aircraft specifications ware

used as a guide,

Worst Cage avg.
.Cooling Adr Flow {lb/min/kw) 8 10
Cooling Rir Temp (*C) €S 30
Systeir Pressurs Drop (in 1,0) 3 3.0 2.0
Component Tamparature (*C) ' 30 55
{i.e., at wafer interface) 7
4+ above inlet cooling aix (°C) 35 25

" hus, it is fair to assume that 0.2 lb/min of cooling air will b
;hﬁgblied to the 20-watt module. Temperature rises of 25°C from inlet

cooling ailr to wafer would be a minimum design objective. To achieve

“the desived perforwsnce, the characteristics of standard cooling toch-

nigques were reviewed. Initially, due to their sinpiicxty and low cost,

existing techniques that make use of conductive cooling to heat exchangers

. were roviewed for possible application.
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CARD CONFIGURATIONS

Designs of this type employ a metal-cored card which conducts the heat
from the components to the heat exchanger via thermal clips or similar
clamping devices as illustrated in Figure 2. A card design employing
this approach, which has been used extensively at Kearfott over the

past six years, is illustrated in Figure 3.

Power levels of 5 watts with average power demsities of 200 MW/sq in are
typical. A design approach employing these concepts extended to the LSI
roduls, yields configuration similar to that illustrated in Figure 4.

The module would have leads on four sides and be mounted on a circuit
board laminated to a heat sgink. Good thermal contact is provided by a
compliant material between the module and the board. A wafer dissipating
20 watts will exparience a temperature 78°C above the cooling air
tumporature. A level that is unacceptable in lignt of our criteria of
25°C. The temperature rises are distriluted as follows:

Air Rise *'13°c

Alr to Heat Exchanger - 25°C

Thermal Ciip to Frame - 15°C

Frame Edge to Center of Card through Core - 25°C.

improvements in clamping Qnd ircreased heat exchanger size will reduce
the gradientsa. However. the magnitude of the improveament in thermal
characteristics cannot be justified in terms of weight and size. It
becomes apparaiit that a more direct cooling technique was reguired.

Designs utilizing features that have the module mounted on thin circuit

l1554
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cards laminsted divectly to a heat exchanger were considered next.

The approach is similar to the hollow card cooling technique which is
currently being esmployed in tﬁe Rearfott SKC-2000 cbmputer series. The
module would be wounted on a hollow card as illustrated in Figure 5.
Cooling air now pasges directly behind the powey éissipating components.
The design concept applied to the LSI module results in a configuration

similar to Figéxg 6,

The temperature rise from inlst'aooling air to the silicon wafer is

26°C., Thus, the dezign a&ﬁectiva has bgen achieved. The improvement over
the previous design can Se attributed to ths reduced length of the thex-
mal conducting path and the increased heat exchanger surface area,

Pigure 7 compa:ég-thé maximug'ﬁampefstgxe rise above the cooling air ine o
let temperature vs the flow rate per module and oiaq:iy flinstrates the -
thermal advéntage of the iaiterragaign, R

Piguro 8 is & plot of pressurs drop through the heat exchangets. Systen -
entrance and exit loaags-éauiﬁfhﬁnsigglar.ﬁor‘bﬁth sy<tems, For aslx-
wodule systems, the-laésea'waqié_ﬁu iﬁ £ﬁe order of 0,5 inches ol water
with a cooling sir £low §&§§ 2f 0.2 1b/ain per module. It is apparent
that both designs have prassure drops that are well below the desisn
'goal of 2 inches of water for a Elow rate of 0.2 lb/min module.

‘Ths design copleyiag a solid core represents a werial éooling flow

system wherein the pressure drop through the heat exchanger increases
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with the number of modules per system. The latter design represents
a parallel flow system. Pressure drop remains constant regardless of

the number of modules.

The latter design, (Figure 6), has the basic features that will meet

the keying, guiding and card retention requirements. However, bringing
out 300 leads from the lower edge of the assembly will preclude the use
of a connector having a low insertion and removal force without impacting
size. A 300-pin pressure type connector placed along the lower edge
would most likely require a five row pin configuration resulting in a
card width of 0.500 inch. Card withdrawal and insertion forces would be
higher than 100 1lb. The line fan out to the connector would be a major

factor in increasing the card size to 7 in x 6 in.

INTEGRAL HEAT EXCHANGER DESIGN

A design that retains the thexmal advantages of direct cooling and eli-
minates the problems associated with the connector evolved after several

more iterations. The configuration was illustrated in Figure 1.

The significance of an integral heat exchanger and a zero force connector
system cal: now be fully appreciated. The integral heat exchanger design
further improves the thermal characteristics of previous approaches.
Elimination of the system interface board aids in the solution of the
connector problem. A system package having minimum size (4x4x.35) and

weight (0.4 1b) is now realized.
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The unit consists of a ceramic slab containing the line routing from

the 15 external connector terminations along each of the two edges to
the 3-inch wafer. A Molybdenum Manganese (Mo/Mn) metalized sealing

ring facilitates hermetic sealing of the ceramic or Kovar cover.

Keying pins which guarantee a unique module location in the higher level
gystem package are brazed to the base slab. The heat exchanger is
cemented to the back of the base slab. Interconnections to the system
are made via a set of cam operated connectors along each of the two
edges, thereby insuring zero insertion force. Additional design details

will be described later.

HEAT EXCHANGER

The heat exchanger was sized to insure a maximum component temperature
of 25°C above the inlet air temperature. All heat is removed by the
cooling air. Heat lost to, or infil+trated from, a typical environment
can be considered negligible when several modules are contained in a

higher level package.

Various materials, metal and ceramic, have been considered £or the heat
exchanger. Kovar offers no significant advantage over Al;03, both
materials have similar thermal conductivity. High conductivity metals,
such as aluminum and copper, introduce a thermal stress problem. It
appeared that a dry pressed ceramic heat exchanger would provide the
desired thermal performance without having a significant cost impact.

A series of thermal analyses were performed to establish the advantages
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of BeO and various heat exchanger configurations.

Table I lists the average component temperatures for Al;03 and BeQ
designs. BeO has a thermal conductivity approximately 9 times greater
than Al203. The 30°C cooling air is supplied at a flow rate of 0.1 and
0.2 1b/min with 20 watts of power uniformly distributed over the wafer.
The performance of the interrupted fin and the continucus fin heat

exchanger is illustrated in Table I.

It appears that for most applications an all-Al;03 design employing a
finned heat exchanger is quite adequate. When it is desired to limit
the temperature gradients, an Al203 base with a beryllium heat exchaanger
is optimum. No justification appears to exist for an all BeO design when

the power is 20 watts per module and uniformily distributed.

WAFER INTERFACE

Having decided on the general configuration, the wafer bonding, module
sealing, and wafer interconnect design details were resolved. The
designs had to be evaluated in light of available and advanced manufac-
turing techniques. The degree to which the state-of-the-art could be
extended and still realize a readily producible modula became a major
consideration. The design optimization process can be most effectively
illustrated by lescribing the relative characteristics of approaches
that were given seriocus consideration. The material trade-offs were

narrowed to Al203, BeO, Kovar-glass and their combinations since their
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thermal expansion coefficients approach that of silicon and hybrid
substrates. Table II represents a summary of the combinations that
received most serious consideration. Designs employing Kovar for the
base and cover were eliminated due to their reliance on glass for
electrical insulation of the leads. Potential cracking problems,
asgociated with a 300 lead glass header during progessing and during
thermal shock testing, proved to be the major disadvantages. In addition,
an all Kovar-glass design did not offer sufficient flexibility in fanning
cut the 300 leads. Thus, a design employing a ceramic base slab appeared
to offer optimum flexibility and reliability. Techniques for screening
and firing MoMn line patterns on Aly03 or BeO at the required densities
are well established and appeared idealiy suited for the 300 line pattern
that had heen envisioned. All ceramiec packages or those employing a

combination of ceramic and Kovar remained to be considered.

CONFIGURATION TRADE-OFFS

A configuration consisting of a combination of Kovar and Al303 is
illustrated in Figure 9. The design roepresents an extension of tech-
niques used by several manufacturers of I.C. packages. A Kovar slug is
brazed, via a knife edge seal, to a MoMn matalized ring on the base
slab. The slab contains the interconnect line work to the edge pads,
Figure 9 contains a cross-section of the seal arei. MoMn line patitern
is fired, then covered with a ring of ceramic glaze into which the MoMn
sealing ring is fired. A Kovar seal vring is brazed to the MoMn. Re-

sistance welding or soldering can be used to join the cover to the Kovar
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ring. The design has several favorable features.

e The processes pernit machining the Kovar slug so that a flatness
of better than 0.0015/inch can be maintained at the wafer mounting
interface.

e A recessed surface can be provided for upbonding.

e Cover sealing can be confined to a localized heating process,

resistance welding being a typical method,

The disadvantages are:

e The package seal depends on additional brazed joints

e The heat exchanger surface is limited to the slug diameter

» The option for generating an interconnect pattern within the cavity
on the module base is eliminated.

Thus, a design employing an all~-ceramic base alab appears to offer sig-
nificant advantages provided the flatness requirements of 0.0015/inch

can be maintained at the wafer and cover sesling interface.

Two basic manufacturing processes are available. One proceass dry presses
the Al,0; powder in a die. The other process, which is currently used
extensively for dual iti-line and flatpack I.C. packages, employs tapes,
(see Figure 10) wherein the aluminum oxide is cast as a slurry in a
continuous sheet. Butyrate binders render thes tape flexible after
drying, permitting it to be stamped, printed and handled on a spool
similar to sheet metal. Several layers can be fired simultaneously to

produce a multi-layer construction. Although the tape technique appears
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to offer the potential advantage of high volume, low cost production,
several inherent characteristics make it unacceptable for use at this
time. The high content of volatile materials in tapes will create
venting problems when firing the relatively large slabs containing
scraeened line work. A shrinkage rate of 20 percent during firing will
create registration problems and make it yirtually impossible to retain
the desired flatness of 0.0015/inch. In addition, a homogeneous high

density cannot be guaranteed.

The use of a dry pressed ceramic slab in the order of 0.080-inch thigk
appeared to be the best choice. Flatness would be ensurad by grinding
prior to screening and firing the line work. Conasiderable know how in
ceramic process techniques still had to be applied to retaining flatness
during successive firing processes. Initial ceramic firing is performed
at 1500°C. NMoMNn metalization is fired in at approximately 1450°C, which
is within the softening range of -the base ceramic.

FANAL CONFIGURATION

Figure 11 illustrates the modules that have been fabricated using an
integral Alj,03 base slab with a BeO heat exchanger. The left hand unit
repregents an all-ceramic construction. The other employs a Kovar cover.

Cross~sections of the two configurations appear in Figure 12.
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The sealing ring interface is similar to that previously discussed in

R e e M T

Figure 9. For the all-ceramic unit, a splash guard is included in the
seal ring design'to preclude injection of solder into the cavity during

the sealing operation. The MoMn interconnecting line work is plated

with copper, nickel and gold to reduce the line resistance below 0.25
ohms, Boﬁh configurations illustrate the aluminum wire bond inter-
connect system. 'Severél’techniques using spider arrangements for batch
soldering have been designed.  However, it should be pointed out that

the 300 interconnéctions‘ware:made in less than 1 hour on the Kulika und

A o 58 2=
Fa § L

Soffa 484 ultrasonic bonder. ‘An automatic looping feature insures that

~all cénﬁebtions.have~a uniform locp and a gonsistent appearanca~‘ Bond
. streﬁgtha én,test'gamplés were grester than 6 gramy. To minimize the
area rsqui:ed_fér the line work, a wrép«around,configurgtion ic used.
‘Figure 13 illustrates how the lide work is distributed. Each quadrant
-has 75 leads radiating from the hermmetic enclosure. Thirty-eight leads

,,,,““,mﬁﬂm,;,;‘m;:’:;gé;ig-.f“ BN E

: termninate on pads located on the front of the base slab. Thivty-seven
are wrapped around the upper edges and terminate on the back.

e G

A semewhat unicue approach has been taken ih configuring the waier or
gubstrate netalization area on the base slab. It was recognized that
gas entrapment during the wafer bonding process may create some diffi-
culty. A line pattern, which would guarantee gas escape paths, was used

(Figure 131, Detailed thermal analysis indicates that a broken pattern

in constrast to 8 continuous disc pattern would have an insignificant

3
2
5
3

e

affect on the temperature gradioent from the wafer to ths heat exchanger.

s
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The external line pattern is protected by a high temperature coaformal
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coating.

As previously mentioned, the initial set of units includes a Be0 heat
axchanger gince it will yield somewhat better thermal characteristics
than an ..1;03 heat exchanger. BeO used in this manner will not have
a significant cost impact since the heat exchanger will be produced as
a dry press«d part, having no critical dimensions and requiring no
‘rachining. -

The all-ceramic unit (Figure ll) contains a ceramic cup shaped cover.

The major advantage being tha£ an all ceramic design has optimum radiation
and thermal shock resistance. A potential disadvantage is that the cover
to base seal is most readily performed in an oven wherein the wafer cir-
cuits are subject to the elevated sealing temperatures. Gold Tin eutectie

solder was used for the sealing operation.,

The Kovar cover design, as illustrated in figures 11 and 12, c¢an be
scaled using lovalized heating techniques. The unit illustrated was
lager welded. Component temperature rise was limited to 40°F.  The
operation was performed at Holobeam with their sories 2500-4, 400 watt
continuous beam YAG type laser operating at 300 watts. A rotary fixture
mnving at 2 rpm holds the module during the welding operation (Figuvre 14).
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FIGURE NO. 14
LASER WELDING FIXTURE
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A significant advantage of the Kovar design is that the unit can be
reworked. The weld penetrates approximately 0.020 of an inch, thus,
permitting it to be cut away. Three welds can be expected. Resistance
welding equipment can be used with minor modifications. Thermal stress
relief and resistance to high pressures during leak testing are inherent

characteristics of the seal ring and cover design.

Measured leak rates of 2:10~7 have been obtained with the Kovar and
ceramic cover designs. This compares quite favorably to the MIL-STD-883
leak rate of 7-10~7 for I.C. packages of 0.lcc to l0cc especially in
light of the fact that the cavity volume is 6.8 om3.

Graphite fixturing, illustrated in Figure 15, was used to align and
retain the substrate on the base slab. Similar fixtures were used to
seal the cover and brare the keying pins. '

SUNMARY

An effort has been made to describe the general philosophy that was
applied in arriving at a partiéular configuration for the AADC module.
Design procedures and prototype manufacturing techniques have been
developed which form a sound basis for further refinements that can be
incorporated in high voluwse production units. The design configuration

‘is compatible with the unxt'hiqh.x level package and meets all the

stipulated performance oriteria.

Test procedurss have been formulated by NAFI which will evaluate the
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8ix units during the following months. Test substrates supplied by
NAFI containing screened resistors to simulate heat loads have been
mounted in all the units. Thermocouples,distributed across the sub-
strate, establish temperature rises and gradients for various air

cooling conditions.
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LSI PACKAGING FOR
ADVANCED AVIONICS DIGITAL COMPUTERS

W. W, Staley, C. L. Marriott, R. C. lyman
Westinghouse Defense & Space Center
Systems Development Division
Baltimore, Maryland

Introdugtion

The use of microelsctronic techniques in electronic systems places
many sophisticated packaging requirements on equipment design. The small
size capability has resultsd in bullding more functions into a system rather
than building smsllsr less capable systema. This philosophy has led to the
concept of hybrid circuits, medium scale integration and large scale
integration. Recantly, the need for large monolithic ISI wafers up to 3" in
diamster has been foressen for use as building blocks in ths construction of
Advanced Avionics Digital Computers, To package such large devices requires

" a highly versatile modular convspt which must be capabls of meeting many

oloctrical snd mschanical requiremsnts reflecting both low cost and high
reliability. o ‘

In anticipation of westing the nseds of the AADC requirements
the Naval Air Systems Comsand has numsrous design and development programs
under contract, This papsr covers thes work of one of these study programs
conceming ths development of a wodular bullding block packaging concepb.
The work was performed ‘b-jr t.ha' Systems Development Division of the Westinghouse
Elactric Corp. for the Maval Air Systems Command under contrect number
H00019-70-C~0505.

Design Fequirepents
Elsctrical requirements includes vurious types and complexity of
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circuitry to be packaged such as monolithic LSI wafers, whole LSI substrates,
and individual integrated circuit chips, discrete components, and combinations
thereof. Also included is the nsed of providing elsctrical connections from
electronics packaged within to other modules or a higher level of packaging.
Requirements may be as high as 300 electrical connections. The electrical
interface must he compatible with high spaed circuitry (10 manosscond logic).
Mechanical requiremsnts are extremely broad. The size of ths
moduls must be capable of housing whole monolithic LSI wafer(s) up to 3
inches in diamster as well as provide for 300 electrical terwinations. It
must be capable of overcoming the probloms associated with the insertion
and removal of 300 connections., Power disaipation can vary batween 1 and 20
vatts with & waximun therwal density of 3 watts/in®, The woduls housing
must be capabls of shielding elecirical and wmagnetic fislds associated with
the ENI environwent specifiad in MIL-STD-461l. Special attention must ba
51ven to ths hermstic sealing process to aveld environmesnts that wight
degrade or adverssly affect chip/wafer attachmsnt, substrate mstalliuation,
eto. '

’ Evalustion of the module 1s to be based on results of environmental
and wschanicsl testing as specified in MIL-STD-883 series 1000 and 2000
respsctively. Rlectrical uawig will be pe r.br-d as specified in
NIL-STD-202C, Class 300. Testing is to bs perforwsd Ly the Naval Avionics
Facility, Indiavapolis on 6 deliverable models. The test circuitry packaged
within ths modules is government furnished.

Additional evaluation of the prograa includes consideration for
the higher levels of packaging associated with the module in the following aras.
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1. Interconnsction between modules
2. Mechanical support for modules and interconnsction
3. Configuration of modules and interconnection into a final
) assembly
L. Provisicns for assembly cooling (MIL-B-5400, Class LX,
. forced air) '
5. Elsctrical connection to final ansembly
6. The ease of maintenance of the propossd deaign down to the
wodule level |
‘Design A ch ‘ , _
The work effort on this program was emduowi in 2 phases. Phase 1
coversd the design and development of the module. Areas of study include:
1. Bastc Nodule Configuretion |
2, Vendor Selsction
3. Stress Anslysis
4, Therwal Matagement
5. Raterials Compatibvility -
6. Elsctrical Interfaces
7. Elsctromagnetic Radiation - Radiation Herdness
8. Module Terwinitions N
A final module configuration has besii designed and prototype models have
been fabricated for svaluation testing. |
‘Phase II of the program covered the mext higher levels of packaging.
This effort includes:
1. | Interconnsctions between Nodules
2. Structures and Modules Mounting
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3. Thermal Control

4. Electrical Connection to Assembly

5. Maintainability

6. Reliability
Phase I
RBasic Module Configurgtion

A complete review of all requirements was made as the initial step
in the program. These requiremsnts were related to past Westinghousa
experience with similar microelsctronic packaging designs and a basic module
configuration was defined. A major objective in the basic configuration
was to allow maximum flexibility in the design for instituting design changes
as the pmgra progresssd and as further informction was daveloped.
| Initial efforts included a review of the published literature to
detormine any previcus available useful dats.

In gensrel, the ideal substrate or packaging matesial should have
the following characteristics: |

1. High dislsctric constant

2. Low dissipstion or loss tangent

3. Dislectric constant shotld remain ccistant over the freguenty

and tempsrature ranges of interest

4. High purity and constant thickness

5. High surface smoothness

6. High resistivity and dielactric strength

T. High therwsl conductivity

Both alumina and beryllia have been considsred for this package.
Alumina has been selscted for its tigher strength, higher surface ssoothness,
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non-toxicity, and ease of fabrication. Although beryllia has better heat
transfer characteristics than alumina the actual difference in this design
would only be about one degree centigmdé’. This small difference is felt
to be negligible compared to the other benefits of using alumina.
Consideration was given to mechanical, electrical and environmental
paramsters in establishing the design. As a result the design consept
selected was a ceramic substrate mounted in a ceramic package. Figure 1
shows details of the basic package construction.

KOVAR OR METALIZED FLE X!BLE DIELECTRIC
CERAMIC COVER —7 FILM INTERCONNECTIONS
ALUMINA RING !/ \
FRAME
KOVAR LEAD——‘ z
\ 0020

METALIZED 0,030 i
TERMINAL AREA- ! INSERT SUBSTRATE

74
BURIED GROUND — e 3.0 0.050
PLANE ‘ a
' MINA
. ALU
3.2 BASE

_' 34

s 40 S710733.VA.3

Figure 1 Basic lNackage Construction
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Vendor Selection
A questionnaire of pertinent information on large ceramic packages

was developed and used as a basis for a survey of ceramic manufacturers
active in the electronic package field. Many manufactursers had previously
expressed interest in this program. Twenty two companies were contacted
of which 7 had a definite interest in the program. Three of these 7 companies
appeared to have the capability to produce the design concept developed by
Westinghouse. An engineering appraisal was made of the remaining three
companies based on the following:

1. Experiaonce

2, Facllities

3. Tooling and piece part costs

L. Willingness to vork closely with Westinghouse and the Navy

5. Ability to meet thes schedule

6. Confidence in the company

In establishing all of the design features of the psokagé nums rous
studies were nscessary, Included were ths following:

1. Strees Analysis

2, Thermal Analysis

3. Materials Studies
Streas Analveis

A stress analysis was made on the 1id and bass of the puckage.
The study showed that when the peckage was placed in the helium leak tester
and subjected to 5 atmoapheres of pressure ths maximum stress in the lid
and base i3 at the center. The yleld strength of ceramic is about 20,000
psi. A lid and base thiclkness of .050" will result ir a strcss of avout

198




- 10,800 psi or a safety factor of about 2,
Thermal Management

Thermal requirements for the package include a maximum thermal
density of 3 watts/ina end a total dansity of 20 watts. The method of heat
transfer for this package is primarily conduction with the ultimste removal
by forced air as specified in MIL-E-5400, Class 4X.

A study of the thermal capability of the selscted package con-
atiuction was made for the worst cace conditicn using a one dimensional
analysis. Figure 2 siows the cross section of the various materials
involved. The Dual JK Flip Flop 74H108 with a chip size of .110" x .O70"
and a power dissipation of ,100 watts was used in the analysis. The basic
formla used in the snalysis was

T= QR where T = Temperature Drop
Q= Power Dissipated
R = Thartal Resistance

=

where ¢t = Thicknsass
K= Thermal Conduotivity

A= Area
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- Flgure 2 Crozs-section of Thermal Path

In the analysis the therual resistsuce fo. each material in the thermal
interface was calculated and swmmed for a total thermal resistance. The
temparature drop for tha case studisd was 6.75°C for alusina and about 1°C
lese :o:* boryllia. |

The major problem in the vhermal managanent of this or any other
clullar vype of microslactronlc package is in Lhe removal of the heat away
from the package. In the requirements of Mli~d-5400, Class 4X the tooling
alv temperature could be as nigh as 125°C. Furst caloulations of required
air flov for wmaintaining & maximum devics junction temperature of 13500
resulted in an imﬁuctieal high sir flow. Using th3 uotal package area
instead of the ons dimensiamxl approach reduces the air flow requiremsnts
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but it would still be an order of magnitude too high. It was apparent that
additional cooling area (in the form of fins) would be needed.

A study of fin requirements was conducted. PFrom the standpoint
of cost the best solution would be aluminum fins but the method of attachment
is a problem since a material compatible to both alumina and aluminum is not
available, In addition the large differences in thermal coefficients of
expansion would result in large thermal stresses. The next sultable
solution appeared to be alumina fins. Fourteen fins on a three inch square
directly underneath the module does result in a reasonable air flow. The
dimensfons of the fin (alumina), to insure strength as well as high efficiency
while reducing weight, is .250" high x .060" thick with ,167" between fins.
The efficiency might be improved by uaing beryllia, however, bescause of the
lower strength of beryllia and its toxicity protlem alumina is felt to be
the bettar choice.

A differential analysis performsd on the proposed fin design
indicates that temperature at the end of the fin is 85 psrcent of the
temperature at the base. Assuming the temperature is 25°C st the bass, the
teapsrature at the end of the fin is 21.3°C which is adequate for the design
requirements, |
Materials Compatibility

Ons of the more critical design parameters in a package of this
sise is waterisls compatibility. As previously discussed the use of the more
officient materials, such as beryllia or aluminum for the fins, is not always
possible bacause of their incompatibility with other materials used in the
design. Frequently, specified environmental requirements will also eliminate
certain materials because of their limitations in these environments,
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In the selection of the basic package material for this program
both ceramics and metals were investigated. Ceramics were selected for their
better overall compatibility with the components and substrates to be
packaged. Both alumina and beryllia were considered as candidate materials,
Although beryllia has the better thermal capability its toxicity and lower
strength characteristics outweigh its advantages for our application and
alumina was selected. Similarly aluminum would be a geod choice for the
required cooling fins both from its thermal capability.and low cost but it
was necessarily eliminated because of its mcmpaéibiuty with alumina from
the standpoint of improperly matched thermal coefficients in the required
temperature snvironments,

Another oritical material is the wafer or substrate attachment
golder in the package. The requiremsnt of surviving a 16 hour soak at 200°C
(reduced from a previcus requirement of 260°C) requires a solder alloy with
higher tempsrature capability than the more famillar 60/40 tin lead eutectic
alloy. A number of alloys with melting points in the 280°-370°C rangs are
under study.

leotyrde nteras ctions

-In the design of a multichip or large wafer package, the rastrictions
placed on the interconnection schems by the integrated circuit properties must
be recognised, Both circuit nolse imsunity and input voltage limitatione
must not be exceeded by spurious voltage waveforws resulting from electrical
1line reflectiohs or coupled crosstalk.

Typical circuit properties are suxmarized below:

Clrouit Type Bise Time Noise Ismunity  ldmiting Vin
o gold doped Sns 450 wV Vin -2
ECL, 2nd generation 4 ne 175 av Vin 0.5V
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Both of these causes, reflections and crosstalk, can bs minimized
by following a conservative rule that the electrical length of all interconnect
paths 1s less than half the circuit rise times. This electrical length of a

’ path is the geometrical length of the path multiplied by the speed of travel
f’ for an electrical waveform. This spsed ranges from 0.1 to 0.2 nonoseconds
k, per inch. Logic circuitry having signsl delays of 10 nanoseconds has cirocuit
F .

rise times of about 5 nanoseconds. Thus the conssrvative rule is to keep
asignal path lengths between logic circuits shorter than 0.5 to 1.0 inch,
This rule can be relaxsd according to the circuit properties and other
design parametors. Soms of these other design parameters are the inter-
gonnect dimensiona which determine the characteristic impedance, Zo, of the
signal paths, namely path width, thickness, and distance from a ground plane.

Meximym Lino lengths Minimys Line Sepsrations
Refloction Limit  Crosstalk Iimit
Ciroylt Trpe
2L: 5 ns 16 inches any length 31 alle
7 inches 10 mils
ECL: 4 ns 8 inches any length 17 mils
10 inches 10 mils

The loglo types considered above - 721, and second gensration ECL -
fit the 10 nanosecond signal propogation speed which was given as an early
guide to this effort. The method of analysis refsrred to above and the
results pressnted can be rephrased for faster logic with gensrally more
restrictions on ths length of signal paths.

’ Path leagth on the Building Block Module connecting the three-inch

vafer or substrate to contact areas near two edges will be from 0.5 to 2.5
inches. These paths will lie on top of the alumina body of the module and
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will be about 10 mils wide. Provision of a ground plane on the underside
of the package will provide a uniform transmission line characteristic,
With this ground plane about 80 mils below the interscrnect path on top of
the coramic the characteristic impedance, Z , will be about 106 ohms. This
is a very desirable and commonly used value since twisted pair wiring has a
Z, of about 110 ohms and such should be used between module contacts
carrying signal and complemsnt or signal and ground, for the highest speed
logic.

The equation used to calculate Zo is as follows:

where: H is the thickness of the dislectric betwesn the conductor path and

the ground plane,

‘rl is the dielectric constant of the path, being half air and half di-
elsctric of dielectric constant value e, = 9 for alumina, and
o,.l = 0.48eo,+0.67= 4.9

Do is the effective conductor diamster, found for a rectangular bar to
be 0.567W + 0.67T with the width of the path (10 mils) and 7 the
thickness of the path (about 1 mil).

Inclusion of this ground plane will permit the ceramic module to
utilize even ths very fast, 2 to 1 nanosscond Emitter-Coupled=Loglc integrated
circuitry without harmful reflections and similar disturbances, Also
required 15 a ground plane on the printed circuit board which receives the

r

module and careful wiring betwsen connectors in higher~level asasmblies.
Without the ground plane on thu ceramic module, the packaging system should
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be restricted to slower ECL oircuitry or 7 to 20 nanosscond TTL.
Elsct etic Radiation - iation Hardness

Problem definition is the first step in radiation hardening. This
roqt‘ﬁroe establisiment of three elemsnts; the anticipated radiation environment,
the effect of these various types of radiation on the circuit components to
be used, and tha functional requirements to be satisfied by the circuit. The
amount of deteil information required for description of the onvironlnfxt
depends on the probable intensities of each type of radiation and the degree
of perturbation that each is likely to gause within the circuit. For a
radiation component which has a critical effect, it may be nacessary to know
such things as the energy spectrum, the number of pulses expected (inocluding
amplitudes, shapes, duration, and spacing), peak prompt-radistion rates, md
total doses.

With the foregoing understood, it is possible to make some broad
goneralisations which, becauss of their nature, cannot be taken to apply
without excepticn., There is little of significance one can do at the package
level to alter a fast nsutron spectrum. ’nu threshold of vulnerability in
conventional circuitry occurs at an integrated neutron flux level of ap-
proximately 1083 mut.ron/cnz. If a conventional one magaton weapon is
exploded in space, this flux density would exist at a distance of approximately
20 miles., If the sams weapon were exploded at low altitude, it would exist
at approximatsly 3000 ft. There is also little one can do to alter a hard
gamma ray spectrum. Critical dose rate for conventional circuitry is
approximately 107 red/sec. A one megaton weapon in space could produce
this dose rate at distances of approximately 100 ailes, vhile at low altitudes
the threat distance would drop to a couple milss. At such close ranges,
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blast and thermal radiation damage would probably have the dominant effect,
anyway.

There are, however, two areas in which package c}osign could affect
hardnesa; EMP and thermal X-rays. Both areas are currently under study. The
electro magnetic pulse has basn characterized in the open literature as being
simulated by magnetic and electric fields which peak at 0.2 ampere-turns/mster
and several hundred volts/meter respectively with pulse widths of about 10
nanossconds, The electric field part can be stoppsd by a good Faraday shield,
and the magnetic part can be stopped by good use of ferromagnetic materials.
Absorption cross-sections for X-rays above 100 kev are relatively independent
of material choice, but in the 10-100 kev range, materials with high atoaic
number become much better abasorbers, (scales as 2"). This can lead to de-
position of energy where it isn't wanted (thermo-mechanical shock) or it can
be used to motivate choice of package materiala. It should be noted, however,
that thormal X-rays are heavily absorbed in the atmosphere. This means they
exist as a primary weapon threat in space, not at low altitudes,

Host. work reported on the effects of a high radiation environment
on elesctronic components are based on the components being directly exposed
to the radiation. This is normally not the situation in packaged electronic
equipment, i.e., chassis, coatings, platings, etc. shield the components to
sos degree from the radiation environmsnt. A gensral discussion of & typical
installation using a gold plated chassis illustrates this situation,

Lat us assums that an ad hoc X-ray spectrua deposits 800 cal/gm.
Using a density of 3,00 gms/cw? for slusinum this is equivalent to 2400 cal/cm?
per ca. For a typical chassis thickness of 0.050" or approximately 1/8 om.,
this means that 2400 x 1/8 or 300 cal/cm® of incident hot X-rays are absorbed

206




by the chassis,
Assuming the X-ray spectrum lies in the 1-100 kev range, it is fair
to assums the total absorption cross section is proporticnal to zh,

or - ZA1= 13
Z

ZAug 79 'ii';l;ﬂ %
: 2. &
& A a_
. & Tir ~ O

So gold is 1300 times better absorber in this speciral range so the ad hoc
X-ray spectrum deposits 800 (1300) cal/gm in Au or approximately 105 cal per
gn. Since Au is about 20 gms/cm? this is 2 x 10 cal/cw® per cm of Au for a
chassis plated with 50 millionths of gold or (5 x 10™> inches) (2.5 ca/in) =
1.25 x 10™ ca, the gold would soak up (2 x 107) (1.25 x 107%) = 2500 cal/ea?,
th;roforo s the actual radiation that penetrates the system enclosures becomss
far less of a problea for components when the total cross section is taken
into account.
Nod ions
In considering terminal spacings for this package it is desirable
to maintain wide separations for both elsctrical and mschanical reasons.
This may be accomplished by utilising all four edges of the package. This
Lo concept, unfortunately, is not compatibls with the forced air cooling nesded
: on this program. It is essential to have two opposits edges of the package
} . free of obstructions for proper air flow. Thias requirewent necessitates
(3 bringing the package leads out to the remaining two opposite edges, This
; wAy be accomplished in two ways. The termination lsads may be brought out
i to two opposits edges on hoth sides using vias and buried conductor layers.
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This will place conductors on .050" centers with 75 on each of the two sides
or 150 to an edge for a total of 300 terminations for the two edges. A
second method of achieving this arrangemsnt is to use a printed wiring board
for both mounting the ceramic package and for distributing the terminations
to two edges. In this approach the terminations radiate to the four edges
(one side only) on 0.050" centers. A lead frams is attached and preformed
to meet the 0,100" hols paitorn on a double sided printed wiring board which
locates the terminationz to the two opposite edges on both sides for a total
of 300 terminations on 0,050" centers.

in evaluating these two approaches, the printed wiring board con-
cept requires additional volume {about 30%) while the cost is lsss, Pre-
liminary cost information indicates ths cost differences of terminatioms on
four edges to be as much as 50% less than terminations on two edges on both
sides, The total cost difference would be closer to 30f whan considering
the cost of the printed wiring hoard fabricaticn and package to board
assombly operation., Raliability of thess two approaches must consider the
reliability of additional interconnsctions (printed soldered joints) versus
the reliability of vias and buried layers,

In light of the present level of the state-of-the-art of vias and
buried layers, the concept selected by Westinghouss was a package with
terminations on four edges on one side mountsd to a printed wiring Soard as
shown in Figure 3. As the stats-of-ths-art advances and relisbility increases
and cost decreases the design may be converted to the vias and buried layers
concept .

The overall higher level of packaging developed for this program is
compatible to both approaches.
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Phase II
The objective of Phase II of this program was to develop a concept
for the next level of assembly for the Building Block Module. This
requires a basic module design that is compatible with the next level of
assembly, and lays the groundwork for the detailed design of the total
assembly. The Phase II effort covered interconnsctions between modules,
thermal control, other mechanical considerationa, electrical considerations
of interconnectiona, and maintainability and reliability.
The present design concept calls for the Wastinghouse Building
Block Module to be board wounted. Ths board essentially provides a method
of getting all of the moduls I/0's to two edges, which is required to pro-
vide a clear path for the forced air cooling of the assembly. The board
mounted wodule is placed in a stacksd assembly and retained in position
by two cam type connsctors. (See Figure 4.) Ths cam type connsctors
have square post contact tails for wire wrwp/termi-point interconnsction
- capabilities, Ths assexbly is forced air coolsd %o mset ths conditions
impossd by NIL-E-5400 for Class 4X equipment.

210




WOLIINKOD 3d4AL YD

1 -0 -$c0-1g

TIYD 00 X 00l NO SL1SQOd 'US Ni 520

{S3QIS H108 IV¥IIidAL)
103INNODUYILNI
3TACGONW HO4 31VId HIHLOW

INIOJIWHILAMVUM UM
$SI9VHOVd 40
UIAWNAN X NI 05°0
‘XO¥ddV HLONII
- Nis
JH =TT XOudeY
L
A1 1Ingow “
%¥2018 DNIGTING N
~ L g ]
: o
-

J1LVWIHOS MOT4 HIV

43IA0D GNNOYV-dvEM GIAIS € —

S
J1NGON X3019 INIQTING ¥O4
ATEN3SSY 40 13A37 ¥3IHBIH




Interconnections Between Modyles
The development of the sscond level interconnection technique differed

greatly from the module level. The s’tuation presents larger sizes which result
in electrical compatibility problsms dus to extended signal transmission lines.
To achieve a successful integration for a totsl system an exploration study
of state-of-ths-art techniques was conducted.
Tae following areas were investigated:

1. Printed Glrcuit Boards

2. Wire Wrap, Welded Magnet Wire, and Termi-point

3. FPlat Flexible Cabling
Determination of systeas ‘adaphhiuty relies primarily on the circuit complexity,
type of connectors, and system elactrical requirements, as well as elsctrical,
mechanical, and reliability oconsiderations.

The mechanical connection techniques developed %o interconnect
modities permits automsted design by computer aids to provide error free conw-
struction, The technique psrmits easy changes in the interconnactions in the
event of logle deeign shungs, Engineering logic changes gensrally peraist
wall beyond the first model. Further, if only a limited numher of a particular
module assemblies are required, all modela are best asssmbled the sams wvay.

A well knum and commonly used technique that fits these two requirements -
automated design ant' easy change - is wire wrap. A similar, bub less widsly
used techiique ia termi-point.

Tormi«point like wire wrap is a point to point wiring technique that
can be handlsd on semi-sutomadic or fully automatic equipment, Eithsr of thess
techniques may be used in the development stages of ths AADC, Both can easily
be replaced in high-quantity production with a multilayer printed circuit board
for vost lmprovemsnto.

Other Machanical Consjderations

A detailed investigation was made into the mannsr in which modules,
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connectors, keying, and cooling hardware would be developed to yleld a
reliable, efficient system. As can be ssen in Figure 4 approximately 8-9
module assemblies are combined in an assembly to form the basic computer.

The chassis used to house the modules is a welded and brazed, sheet
metal assembly. There are two major parts to the chassis, a base and end
walls subassembly and a three-sided wrap around cover. Both parts are
necessary for structural reinforcement, cooling duct work, and retaining
structures which are integral to their design. By removing the cover,
modules are easily removed or installed in the assembly with interconnections
readily accessible.

The module assembly, i.e, the board mounted module, is supported
along all four edges when the module is in its normal opsrating position
and the chaseis cover is on. This is accomplished by the clamping action
of the connectors on both side edges of the board, by a keyed=slot-zrrange-
ment on the bottom edge of the board, and by a resilient pad contained in
the cover exsrting pressure an the top edge of the board.

The keying is not shown in the figure, but it can be placed on
each board assembly to eliminate inssrtion of incorrect modules., The method
used to accomplish this keying would be an adaptation of the system developed
by BAVWEPS in the Standard Hardware Program, Esssntislly, the male meabers,
the ple-cut and the crescent shapsd pins, can be permanently attached to the
botionm edge of the board and the mating female members made part of the
retaining slot in the bottom of the chassis,

The board edge connsctors are the rero-insertion-force typs, each
connector containing 150 contacts with wire wrap tails, The proposed design
allows the use of a standard screwdriver for actuating the conneotor. | In
its normal : . ion the commsctor clamps the board exsrting a forces on
each of the pads on the board. To remove or insert the board the cam is

actuated, opening ths connector. The contact tails are staggered on a
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.100" x ,100" grid to allow for automatic wire wrap capabilities. There
have been several connector manufacturers working in the area of high
density, zero-insert-force connectors of this type.
Thermal Control

The main thermal consideration for cooling is to maintain the
Junction temperature at a value commensurate with high reliability. In
the past the junction temperature of most solid state devices were '
designed to not excesd 135°C. This small temperature differences (135°C -
1259C) tends to establish a number of design restraints so that a satis-
factory maximum temperature as well as temperature control can be attained.
The methods of cooling considered in Phase II included: (1) direct air
cooling, and (2) indirsct ai- cooling using either liquid or a heat pipe
for transport purposas. |

Direct air is by far the simplest and has been used in the past
with the least weight and volume penalties. Analysis has indicated that
direct air will be sufficient for cooling purposss with the addition of
alumina fins to the base of the package. The analysis was based on the
3 watts/sq. in, maximum density and total power output of 20 watto maximum,
Othsr methods are currently being developed at Westinghouse for cooling
high power microelectronic packages, such as heat pipes and a prefabriocated,
low cost heat sink material. Should the power requirements for the Building
Block Moduls be increassd above its present level, techniques will be
available to handle these inoreases with a minimum of modifications to the
existing design.
Elect Connections to Asse

‘The method used for electrical connection to the assembly of
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Building Block Modules must recognize the function of these connections.
Three functions must be considered: electrical power, signal comnections
with a console for control, loading program and indication, and signal
connections with external signal sourcss and loads, i.e., imput/output
connections (I/0t's). All of these can be handled with appropriate sisze
cable connectors, with one possible exception, namely that the number of
1/0 signal sources and loads may be too great for reasonable size cables.
Here is an opportunity for system design to ease a mechanical-electrical
problem. An alternate system approach is to communicate with these I/0O's
by means of a multiplex data bus with remote I/0 units which both collect
remote signals, multiplex and send these to the central computer and also
receive from the computer load commands, demultiplex, and distribute these
to the loads. Pigure 5 compares a direct wired I/O connection with a
multiplexed I/0 connestion and shows the reduction in connections to the
Building Block Module Assexbly.

219




88IT 88BIT INPUTS
[ AC AC
a a 1o |
| oUTPUTS
M M l 200
CONSOLE l
" 22 |
| 88IT | "
EC AC MAIN
POWER I} ' a M I
SOURCE rnosl M
BUILDING BLOGK MODULE ASSEMBLY
§710733-VA-1
DIRECT WIRED I/0's
INPUTS
’I 7]
R1/O | QUTPUTS
4
{| ser 8BIT "'/‘E R
l ‘: ‘:‘ 1o |
| M T M r RI/O RO
consOLE [7 l
2 -
P “fas 16 ]
L
| | 287 t— INPUTS —
| Py | I OUTPUTS
EC . AC MAIN
POWER | & M 1 LEY_
SOURCE M AC - ARITHMETIC & CONTROL
/2708 L | :c ;gfcunvs CONTROL
— . e —— o - — - MEMORY
1/0 - INPUT/OUTPUT .
§710733.VA-2

MILTIPLEXED 1/0's

Figure 5 Direct Wired I/0's Versus
Multiplexsd I/0's

| 216




Such a multiplex scheme with remote I/O units has besn proposed
' for distribution and management of e}ectrical power in aircraft by the
Naval Air Systems Command (especially by L. W, Wencling). This app:oach
is variously known as Solid State Electrical Tontrol (SOSTEL), Automatic
Electrical Distribution System (AEDS), or Automatic Controlled Elsctrical
System (ACES) and is currently being developed by Westinghouse and cthers.
Religbilit nt bilit

The complexity of the Advanced Avionics Digital Computer makes
maintainability a mandatory requirement. The system concept has been
significantly influenced by this factor withaccessibilily veing the prime
requirement. The use of cam typs connectors will solve the major module
removal problems associated with the required 300 intercomnections.

™he -system concept has been developsd to maintain effective thermal
interfaces when the equipment is being serviced. The time for removal and
replacement is minimal and no special tools are required. Interconnections
are easily accessible for trouble shooting.

It is difficult to develop enough actual use of life testing data
to determine the reliability of the Building Block Module in the span of this
atudy. However, a high reliability design has been established by applying
results of previous reliability atudies to the development of the Building
Block Module and its assexbly.

A recent study on an airborne fire control system indicated that
. the reliability of hybrid microelectronic packages (a related, similar
packaging concspt) is primarily related to four major items.
1. Solder Joints
2. Printed Wiring Connector Interconnections
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3. Ball Bonds
: 4. Integrated Circuit Chips

; In addition to the various types and nuxbers of joints and
| interconnections a major consideration in reliability is the junction

tempersture of the integrated circuit chip. The partitioning and subsequent

layout of the Building Block Moduls is critical to the cooling techniques

available. The curve of failure rate as a function of temperature is shown

in Figure 6. The slope of this curve was taken from the Van Hoorde mportl '

(Generic Digital Failure Rats, pg. 23). The curve was drawn to give the

same failure rate at 90°C as predicted by RADC Reliability Notebook, with
appropriate modifiers,
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Some of the particular design recommendations from the above
studies, included in the Bullding Block Module, for solder joints are ,
proper lead size to hole diameter, observation of minimum annulus around the l
hole, and use of plated through holes, The design of the printed circuit
connector will incorporate the features of adequate contact force and
contact wiping action to assure reliable connections, Standards set for
reliable ball bonds, including the length of the flying wire, will be
observed in the assembly of the Bulilding Block Module. In addition, the
design for the Building Block Module permits 100f inspection of all bonds.
The Jjunction temperature will be controlled through the thermsl design
considerations of the Westinghouse design thereby increasing the reliability
of active devices packaged in ths Building Block Module. In summary, the
Westinghouse Bullding Block Module will have every feasible reliability
characteristic built into it, from module to system design, to yield
reliability levels needed for successful airborne electronic equipment.
Areas of Future Growth
The development of a packaging concept for use in future systems
frequently must use less than the optimum techniques when hardware must
be delivered. This has been trus on this program. It is therefore
essential that the selected design reflect flexibility for ease of in-
stituting changes as growth progresses, This has been a prims consideration
in the Westinghouse concept for the Bullding Block Module. |
Major areas of growth as seen at this tims include:
1. ﬁprovod moduls construction through development of the
green tape ceramic techniques resulting in a monolithioc

atructure.
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3.

4.

5,

6.

7.

Improved module construction through development of more
reliable buried layers and vias allowing the elimination of
the present interconnecting printed wiring board.

Further investigation of an all aluminum metallization
interconnect system for higher reliability and greater
radiation resistance.

Improved internal interconnections through the use of
motallized flexible dielectric films - this area is already
under further study.

Expand the thermal capabilities of package through ths
investigation of more sophisticated cooling techniques.
Detail the design of ths next level of assembly, including
a zero-insertion-force connector, based on the concept
developsd in ocurrent program.

Conduct further studies in the area of radiation hardness.
Determine effects of radiation on system parameters as
opposed to analyzing the effects on a particular component.
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DISCRETIONARY-WIRED LARGE SCALE INTEGRATION

W e e emu G wme e mmm ED ehm GEn G mw Gem G U e G e S mae

BY: Jerry D, Merryman 21 April 1971
Texas Instruments Incorporated
P.0. Box 1443 - MS 646
Houston, Texas 77001

INTRODUCTION

The discretionary routing approach to large scale {ntegration (LSI/DRA)
conceived by TI in 1964 is based upon the following concepts:

A large number of small area circuits can be processed on a
slice of silicon.

Circuits do not necessarily have to be of the same type; i.e.,
different circuit types can be fabricated on a slice of silicon
at the same time by a common process. :

Circuits can be tested as part of the slice of silicon {0 a
degree sufficient to identify the good circuits,

A computer program can be developed which will generate
automatically in inter-connection pattern of randomly locatad
good circuits to form a large block of circuits.

This computer program can accomplish the task in an economical
and reliable fashion,

Precision cathode ray tube photomask generation equipment can

be {nvented which would make the required multilevel metailization
and insulation masks at a low cost.

A multilevel metallization and insulating system can be created
to interconnect the known good circuits on the slice,

A final test method can be devised to provide a high level of
confidence that the completed logic array is a functional device.
A packige can be developed to provide a large number of input

and output leads and be able to dissipate considerable power,
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This monumental task of scientific achievements was accomplished success-
fully and demonstrated by the completion of an avionics computer in March
1969 for the Air Force under contract AF 33 (615) -3546., This computer
(the original version of which contained 1735 logic fiat packs) was
completely re-implemented with only 34 LSI arrays. Since the fall of
1968, over 1700 LSI/DRA functional logic arrays have been built and
delivered for use in experimental and operational equipment., These arrays
have ranged in complexity from 150 to over 550 logic gates per wafer.

'_Shift,registers of bipolar TTL (Transistor-Transistor Logic) circuits
over 1000 bits in lengths have become routine preducts. These are
capable of operating up tv 10~ NHz shift rate. '

WAFER TESTS QUALIFY CIRCUIYS

Consider a 1-1/2-in, diameter siice of silicon containing five _
~ different TTL Yogic circuits as typica) of an LSI wafer. This stlicon
slice can be batch processed to the same cstate that a normal integrated
circutt slice fs processed., That is, the complete diffusion cycles are
carried out along with first-level metallizgztion. At this point, the
varfous transistors, diodes, resistors, and capacitors have been created

and then interconnected with a metalliation pattern to fora compiete
circuits.

The norwal IC wafer contains only one circuit type and 45 tested for

basic standards., The bad circuits have an ink dot deposited on them;
the slice is diced (broken into fndividual chips or bars); good chips
are sorted from bad; and the good chips are packaged in a flat pack,

ceramic, or plastic package for further testing and grading.
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The different circuiis on an LS!I wafer must be tested while they are
integral parts of the wafer to assure that the circuits which pass are
good enough for interconnection into complete logic networks. In

other words the circuits must be graded by a dc-probe test to certify

them good enough for operation over the complete frequency and temperature
range normally expected of a lTogic network.

Thus, the degree and quantity of tests performed on an LSI wafer at

probe is much greater than that performed on normal ICs. The yield at
probe of an LSI wafer is equivalent to the yield of ICs at final test
after packaging. This yield, in a laboratory ehv1ronment, has been
maintained at well over 50%., This means, with 1000 gates designed on a
wafer, aver 500 would be suitable for interconnection into a logic array.

Techniques have been developed which allow an LSI wafer to be completely
tested in minutes, Circuits on an LS! wafer are positioned with precise
geometrical grids to allow the location of gcod circuits to be retained
in the computer memory. The only print-out to the operator after probe
test of a given wafer is the actual number of each circuit type which
passed the tests. At this point, the wafer is placed in assignment
inventory,

MULTILEVEL PROCESSING VIA COMPUTER

The computer routing program for a multilevel procecs accepts as inputs
the probe data (location of good circuits) from a given serialized LS!
wafer being held in inventory and the civcuit interconnection data for
a given logic network, The computer generally uses (for random logic
networks) two levels of interconnection, one vertically oriented and
the other horizontally oriented.
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A typical vertically oriented pattern (second-level metallization)
contains heavy vertical bars spaced on the pattern for distribution of
Vec to the circuits. Since Vo is distributed at second-level metal,

it is separated from first-level metal by a layer of insulated material,
Vias, or feed-throughs in first-to second-level insulation is provided
only over those circuits which are to be interconnected or activated.

A typical horizontally oriented, third-level metal interconnect pattern
contains bonding pads arocund the edge for wire bonding to the package
lead frame, These provide connectior to the external circuits., A
composite of these two patterns illustrates the joining of second

and third-level lines as well as the complexity of the interconnection.
The computer routing program, in solving the interconnection of 500
equivalent gate complexity, is attacking a problem similar to that of
interconnecting 100 14-pin IC flat packs on a two-sided printed circuit
board,

The multilavel process requires that an insulation layer of silicon-
dioxide be deposited over the wafer in order to separate first from
second-level metal, Remember that first-level meta) is used to
interconnect the components within each cell area to form logic circuits
as well as to provide a ground plane of meta) around each major cell
area. Then, the first discretionary mask is one of vias through this
fnsulation to provide connections between first and second-level metal.
Often many thousands of vias are required,

Both the first-and second-level metal interconnections are composed
of a sandwich of molybdenum-gold-molybdenum about 17,000 ang thick and
2.5 mils wide, The mulybdenum separates the gold conductor from the
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s{1tcon insulation. This metallization was chosen, after much research,
for itu stability and current-carrying capacity. The third level
discretionary interconnect, composed of molybdenum-gold, is also about
17,000 ang thick and 2.5 mils wide,

X The output from the computer discretionary-routing program is a set
of inutructions which will cause a direct-view cathode ray tube with
a 1-mll spot to be deflected in x-y coordinated movcments. A 2:1
reducing lens focuses this spot onto a 70-mm film strip, The camera
shutter is left open during a diven sequence so that all movements of
the cathode ray tube spot are traced on the film,

There are four basic sets of instructions from the computer program

and subsequent film masks required for cach wafer: a) set of vias in
the insulation between first and second-level metal; b) second-level
metal interconnections; c) set of vias in insulation between second-
third-level metal; and d) third-level metal, Then, the film is
processed, cut into appropriate sections, and used as direct-contact
masks on the serialdzed wafer for the multilevel motallization process.

ARRAY TESTING COMPLETES PHASE

The final phase of the process of creating an LSI arvay is the testing
of the completad array to verify that the interconne¢tions are valid
and that the arvay will perform in accordance with Lhe logic diagram.
T1 has developed a “single-fault modeling" approach, since testing an
{nput logic array with all possible comhinations of {nputs that can
occur is impractical. Nowever, testing tor a single type of fault

. at cach node within the logic network 14 both practical and effective,
| This approach assumes that a set of inpuls can be deti{ned which not

% only will exercise each circuit output hut also will test for the
output being stuck-at-one or stuck-at-zevy,
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The number of tests required for a 200- to 400-gate array is in the thou-
sands, But this is a reasonable number to generate and test through

the usé of computer programs and computer-controlled test equipment.

The equipment at TI is capable of applying 5,000 tests per second

to a 156 pin LSI.

This approach to tests does not require knowledge of the functional
capability of a logic array. Therefore, a logic diagram can be provided,
the multilevel interconnection accomplished, and the completed array
tested without the operator knowing what the array does functionally.
This gives the customer confidence that his circuit innovations are
protected. In addition, he is guaranteed that his information is

treated on a proprietary basis,

PACKAGING THE LSI FOR INDUSTRY

A general-purpose package has been developed for containing whole
wafers of monolithic semiconductor components. The package serves
as a suitable container, protects the wafer from handling and
environments, provides for adequate heat-transfer, and is capable of
mounting and interconnection into customers' equipment, A 2-1/8 dn,
square, alumina-ceramic substrate with thick-fi{lm metallization
Yeads is the package developed thwough extensive research, It
provides 39 leads on 50-mil centers on all 4 sides of the package

50 that conventional solder or reflow solder techniques can be used,

The wafer is mourted with a special heigh-temperature epoxy adhesive
providing a 3 C/W gradient between the silicon substrate and the
ceramic header, The wafer is connected to the gold-plated lead

frame with gold wires using conventional thermoconpression techniques,
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This results in an all-gold system with none of the "purple plague"
characteristics of an aluminum-gold system. The standard package has
an epoxy sealed ceramic 1id, but a hermetically sealed package with a
Kovar-type 1id can be provided.

The standard logic wafer, referred to as the "L" slice, contains flip-
flops and simple NAND gates, In addition, the "M", "N", and "P"
slices are other standard wafers presently being produced. The "M*

« slice has been designed to create iong shift register chains of high
frequency bipolar logic. It contains input-output buffers, a patented
4-bit shift register cell, and clock drivers. It is completely TTL
compatible, capable of over 10MHz shift rate and consumes an average
of 1.5mW/bit, The clock drivers on the wafer, requiring an additional
3.5mW/bit, result in the highest frequency, lowest power, and longest
shift register available.

The "N" slice standard LSI wafer contains more complex circuits in
the form of AND-NOR-INVERT and EXCLUSIVE-ORs as well as standard NAND
gates and the J-K flip-flop. Logic arrays of over 500 equivalent
gate complexity can be implemented with this wafer,

The “P" slice is another complex-cell slice, that contains a large

number of full-adders., This slice type is especially suitable for
a#ithmetic functions for example, fast multiplier matrices of over

800 gate complexfty are possible, This is approximately the limit

of current 1,5 inch slices, although it might be said that, in the
special case of the “M" shift register design, arrays having a complexity
of thousands of gate equivalents have been built.

INTERFACE METHODS _NEEDED FOR LSIs

There are basically three interface methods that can be achieved with
the technologies developed., The first {s to implement a functional
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bipolar logic requiremant with the standard wafers currently in assign-
ment inventory, i.e., the "L," "M," “N," or "P" slices. These types
are currently in production and stacked waiting for assignment to a
logic requirement, 1ha addition of multilevel metallization converts

these slices into funvtional arrays.

The circuits on the slices are standard series SN5400 TTL NAND gates
whose design constraints have been well published. Partitioning

the arrays to the number of circuits and types available on the wafer
and limiting the number of input-outputs not to exceed 126 is all that
is required, Presently, the time from logic diagram to completed array
is 1n the range of 30 to 90 days.

The second interface method is provided by creating custom wafers

using standard circuits which form a circuits library., The highest
single cost in the design of ICs is the set of diffusion masks which
are used to create the individual circuits, This high cost has already
been expended in the design of standard circuits., Stepping and re-
peating these standard circuits around on a wafer to form a custom
distribution or quantity of given circuit types is a relatively low-
cost operation, Thus, a custom wafer containing a unique distribution
of circuits for a specific application provides the interface.

T! is continuously expanding the present circuits library with new,
move complex circuits. Most of these circuits will be similar, if
not identical, to the circuits presently availableas standard Series
5400. Thus, implementing LSI arrays remains simple.

The third interface method with LSI is a full custom capability, A

few thousand arrays of a single type may justify the expense of a custom :

J
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Circuit as well as a unique wafer, General-purpose logic arrays will
provide 200- to 800-gate complexity while customized circuits and wafers
can provide arrays of 5h0- to over 2000- gate complexity on 4 single
monotithic substrate. :

WHY USE LSI/DRA?

LSI/DRA offers advantage in size, weight, reliability, quick turnaround,
and Tow-cost for custom design., For high volume applications, say
100,000 units per year, typical of large, complex systems, this high
design cost and slow turnaround is not so easily tolevated, and com-
puterized design with LSI/DRA is very much more atiractive. For ex-
ample, the total non-recurring design cost for a 500 gate LSI is about
$6000, and total time from circuit diagram to delivered part is
typically 30 to 90 days. The following comparisons might be made
between LSI/DRA and MSI/SSI: '

o Size is typically reduced as much as 1C:1 at the component
Tevel and 2:1 at the equipment level. For example, the TI
model 2502 computer was reduced from 0,75 cuhic foot to 0.37
cubic foot when LSI replaced IC's,

o Weight may be reduced by 10:1 at the component lavel, A 500-gate

( LSI weighs 22 grams, or about 10,000 gates per pound., At the
equipment Tevel, improvement is typically 2:1., An airborne
computer was reduced from 38 pounde to 25 pounds by substitution
of LSI for IC's, '

¢ Relfability is improved by reduction in number of packages,
interconnections, solder joints, and connectors. Package
count is reduced 40 to 200 times and interconnections by a
factor of 5 to 10 times, For example, a 500-gate LSI using
100 signal pinc has 0.2 pin/gate. A 14-pin, 5-gate SSI has
2.8 pins/gate, or an incréase of 14:1 over LSI, A 20-gate,
16-pin MSI has 0.75 pin/gate, about 4:1, As another cxample,
a 547-gate LSI was compared with a 43-package MS! implementation
of the same function, 381
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® Uytilization of the LSI involved about 100 solder joints and
gold wire bonds, compared to 688 for the MSI.

o Cost effectiveness is increased, by reduction in engineering
time and testing. Input to the LSI System is & circuit
diagram; output is a high-quality tested part at the sub-
system level, Quick turnaround of logic change is possible, with
new part in customer's hands in one to three weeks after change
is requested.

THE FUTURE: UNLIMITED POTENTIALS

Once the concept of discretionary-routed, multilevel interconnected
logic arrays is accepted, the potentials for applying this technelogy
seem unlimited., Large, complex arrays can be produced easily and
economically, The complexity of the completed arrays is limited largely
by the amount of customizing work in terms of partitioning and circuit
design that is put into the array.

The more organized logic functions (such as memory structures) can be
created easily with only one additjonal level of routed interconnections.
More complex or general-purpose logic arrays require two additional
levels of interconnection, Customizing circuit quantities and
qistribution on a wafer can provide very high complexity logic arrays
with standard civrcuit designs.

Texas Instruments is actively pursuing a modified LSI structure,
which makes possible the fabrication of generalized logic arrays with
only one layer of metal interconnections in addition to the basic IC
metal, The resulting simplified manufacturing process promises to
add the advantage of a much lower per part cost to the already low
design cost that was made possible by the highly computerized data-
entry and test generation systems.
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Other future improvements in LSI/DRA are foreseeable. For example,

the complexity capabilities will increase because of a progression

of slice sizes used. The 1.5 inch slices will give way to 2.0 inch

slices; even larger slices will be used as the slices, packaging, and

technology become available. Complexity capabilitywill also be in-

s creased by the use of more powerful basic cells., Just as the "P"

i slice (which contains complex cells specialized for anithmetic functions)

: exceeds the capabilities of the general purpose "L" slice, then future
specialized slices, containing "MSI" basic cells, will greatly increase
the logical power of the single array. Another direction in which
LSI/DRA could progress would involve the basic IC technology.
For example, Schottky-clamped circuits might replace normal TTL circuits,
Thus, the foreseeable future includes 1500-2000 gate arrays containing
3-ns gates.
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PAD RELOCATION LSI
FOR ADVANCED FULL WAFER TECHNOLOGY

Michael K, M. Au, Norman Benowitz,
Donald F. Calhoun, Roy H, Hatanaka

Hughes Aircraft Co,
Culver City, Calif,

Pad Relocation is an LSI interconnect design approach aimed at
providing economy and flexibility for high complexity full wafer digital circuit
arrays, The technique resulted from studies at Hughes Aircraft Data Sys-
tems Division to determine an optimal matching of digital military system
requirements and advanced microelectronics capabilities, Military digital
requirements are characterized, of course, by low cost, volume and weight,
as well as various speed-power considerations, But also, there are impor-
tant priorities on reliability, standardization, and multiple sources, These
considerations and the fact that semiconductor military production quantities
are typically quite small have greatly influenced the development of an LS
techaology at Hughes,

The Pad Relocation technique was developed by Hughes in 1968-1969,
and was {irst under government contract in December 1969 by Naval Air
Systems Command for certain automation studies, During 1969-1970, nine
related contracts have been granted, three requiring LSI hardware delivery
aad two LSI hardware designs. While refining and automating the Pad Relo-
cation design during the last year, three sources of wafer fabrication and
multi-level processing were developed, In additioa, the approach has been
applied successfully to seven different wafer types (six bipolar TTL and

one P-MOS) with many working full wafer arrays (ece Table 1) of typically
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300-600 logic gates already produced on four of the different wafer types.
And the Naval Air Systems contract is now producing complete computer
programs for the automation of the recurring Pad Relocation requirements
from the wafer probe yield data to the final mask generation instructions

as shown in Figure 1,

Lst LOGIC WAFRR
YIELD
SUIDELIN OTSIEN DATA

MTTERN
DEFINITION
f
HECK AN ARRAY TEST "PREPEC’
e SINTRATION { PROSRAM
T o —
l
LOGCHK" . . RECURRING
VERIFICATION | i pmeere | Le—""rag RELOCATION
PROGRAM : ! DESIGN PROGRAMS
[ Byapaguad peppuiindl |
. p
STANRD HaSK it
U N ECIE

— il lr

MULTI- LEVEL PROCESSING ,
PACKAGING, AND
FINAL TEETING

BINIBURD L
ARRAYS “

Figure |, Hughes automated paa
relocation LSI

High complexity standard digital circuit functions offer extreme
advantages to military systems, This was proven in the transition from dis-
crete components to integrated circuits and currently in the transition {rom
sirnple IC's to higher complexity MSI chips such as for the standard functions
of decoding, shifting, multiplexing, counting, adding, and certain memory

requirements, Such common functions implemented with MSI chips cbtain
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a standardization, cost, reliability, and multiple source procurement not
possible if a function is required for only one (or a few) particular military
systems,

However, studies at Hughes have shown that commonly over half of a
digital systems logic cannot, by current design approaches, be implemented
with the standard higher level ("MSI") logic functions, For example, in a
system using 500 IC packages, perhaps only 200 could have been replaced
by say 15 standard MSI parts, Certainly, the reduction from 500 to the
resulting 315 flatpacks is important to the system cost, reliability, volume,
and standardization, But the effort at Hughes has been to also develop an
LSI technology which is not limited in system applications to the lower com-
plexity and repetitive functions which MSI circuits can meet. The results
have been such as to allow th2 remaining IC packages to be replaced by
2-5 Pad Relocation LSI wafer arrays. The future potentials are much
greater yet as the rapidly evolving technologies of new and higher density
wafer circuits merge with wafer fabrication, multi-level processing, test-
ing, and packaging.

Basically, the Pad Relocation technique* is an efficient and highly
flexible means of standardizing the logic connections and mask generation
for all L5I wafer parts of the same logic part type, This standardization is
possible by using a prescribed portion o one of the typically three metaliza-
ticn levels {; ee Figure 2) to "relocate" the connection ''pads" of operative

circuits to master pattern circuit positions which are fixed for that part type,

“For description of the technique see "The Pad Relocation Technique for

Interconnecting LSl Arrays of Imperfect Yield, " I, ¥, Calhoun, Proceed-
ings, Fall Joint Computer Conference, vol, 35, 1969, pp. 99-109,
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E . ] As a result, only the necessary and simple relocation patterns (which are
o« now computer generated) change in accommodating any variations in the
wafer yieids, circuit designs, or even in the vendors processing or routing

| . guidelines,
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Figure 2. Low-cost high
complexity LSI

The techniques simplicity thus provides such economical flexibility

as will be required to optimally use the current and evolving wafer, circuit,
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-and processing technologies, But it also provides the very low recurring

e

deaign casts for military system quantities and the ease of developing and

g

using multiple production sources. Since it addresses a high circuit com-

plexity, monolithic, batch fabricated interconnect technology, the estimated
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reliability is very high relative to IC's, And since it can make use of
common IC wafers and the multi-level processing techniques being developed
for high production MSI product lines, there is an optimal use of semicon-
ductor and processing standardization,

LSI can be applied successfully to the broad range of digital systems
whose circuit speed /power requirements can be met by LSI circuit types.
Present TTL LSI can achieve speeds needed by the many systems of TTL
logic of the medium speed (5400) class, Schottky TTL LSI will enable
higher speed and lower power to be traded off, Full wafer MOS LSI will
offer substantially greater complexity and density where lower speed is
acceptable,

Logic circuits available in current bipolar LSI wafers are representa-
tive of m=dium speed, medium power TTL logic which might be used if sys-
tems were constructed of integrated circuits, Performance compatible with
this circuit type is obtained. Circuits available include JK and D Flip Flops,
And-Nor's (A/O/I's), Exclusive OR-NOR functions, Full Adders, as well as
NAND gates, Thus, most elements used in IC logic design (though not most
MSI parts) are available for LSI logic design, As a result, a logic function
may be implemented efficiently with LSI as with integrated circuits, A great
saving of volume, weight and signal pins (reliability), parts count, and cost
is obtained through the placing of a complex function on a single wafer,

The range of LSI applications is greatly enhanced through the establish-
ment of a flexible wafer library., The NAND IC wafer shown in Figure 3 con-
tains only triple 3 input Nand gates, and although it can implement any logic

function, it does s0 at some degree of logic inefficiency, The wafers designed
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for LSI at Hughes contain a mix of logic cells with higher level functions such
as Flip Flops, Full Adders, And-Nors, more conducive to most classes of logic
requirements, |
The "Adder' Wafer shown in Figure 4 contains logic elements most
conducive to arithmetic processing. Logic elements consisting of Full
Adders, D Flip Flops and gates are listed in the accompanying table and shown
in Figure 5, The "And-Nor" wafer shown in Figure 6 contains logic elements
most conducive to multiplexing or buss-organized logic, Logic elements con-
sisting of And-Nors, JK Flip Flops and other gates are listed in the accompany-
ing Table and shown in Figure 7. The Logic wafer shown in Figure 8 contains
elements for generalized, mixed logic; JK Flip Flops and gates are listed in
the accompanying table and shown in Figure 9,
Design of these wafers was based upon the following criteria, listed in
order of relative importarnce:
i, Logic capability (better capability where possible) to second
source any design on other vendor wafers,
2. Cell row format sslected to enhance pad relocatability and allow
efficient second level power distribution system.
3. Row logic types selected to provide for optimum master pattern
placement for typical distributed logic flow,
4,  Cell logic containing multiples of one element type with 1/0

symmetry for efficient PR pattern generation,
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JKFF 1 108 108
Ix2 AN 2 48 96
2x} EX 2 48 96
EO 2 24 48
8 NAND 2 24 48
3 NAND 4 68 272
{ NAND { (108)w/JK 108

320 680

Figure 6, Hughes "And-Nor" wafer graticule
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Figure 7, Cells available on "And-Nor' wafer (Concluded)
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5. Row logic symmetry with respect to wafers' horizontal and
vertical centerlines to provide identical logic counts in half or
quadrant wafer partitions,

6. Increased active area to within 100 mils of (1.5 inch diameter)
wafer's edge allowing the processing of 320 84 mil x 44 mil
cells,

The wafers derived have been applied to a large number of designs

already realized in working hardware and planned for future applications,

With two inch IC wafer technology well established, the extensien of

LS]1 wafers to two inches is not only natural but desirable, Using the same
logic cells, the two inch wafers contain twice as many circuits as one and

a half inch wafers as shown in  igure 10, This allows the two inch wafers
to contain lagi\é formerly allocated to two “smaller” LSIl's and provides vys~
tem partitioning at a much higher level with much lower producion costs,
An example of such an application is realized ina mini-computer designed
for two "small" LSI's plus MS5I's, A twe inch wafer was then reclcnuy
idesigned to implement the entire mini-computer {less memory) as a second
phase. Figure 11 shows the wafer graticule gpecification to realize this
computer-on-a-chip design, Other two inch wafer designs are being pursued
to implement more generalized functions as well as specific high deasity
logic,

Cost studies in the arca of fuil wafer LSI versvs IC/MSI's have been

made, Typically a full wafer one and a half inch LSl recurring costs are
roughly §300 in 100-500 quantities, Equvaleat 5400 1C Ceramic DIP com-

: poneats priced at Hughes cost roughly $500 in 100-500 quantities, I'he above
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figures represent component costs only, In the case of the LSI, this
includes fabrication and functional test, not included in the IC component
cost, When inspection, test, assembly, board test, module interconnect
and assembly are complete, LSI shows a clear cost advantage over the
individual IC's for military production quantities; and this cost is still
exclusive of inherent LSI cost advantages of higher reliability, and reduced
weight and volume,
Systems can be constructed of LSI componénts in two general ways:
(1) through standard functions with general utility designed for multiple use
among several systems or classes of systems and (2) through specialized
"ran&om“ logic arrays designed for a apecific system,
'VStandard LSI functions offer several advantages:
{, LSI components are obtained without recurring costs for sach new
| system, Off-the-shelf functions become available at several
hundred gate complexity,
2. Lower cost is realized through greater production quantities of
LSI parts, Advantages of large wafer production are brought to
small part type production runs for military equipment, |
3. Logistics problems are sased through reduction of part types and
the use of types in several systems.
4. Design of new systems 'ijs aided by avaliabie components, . Second

sourcing becomes easier and more economical,
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Standard LSI parts should have multiple system uses, at least within
a class of systems, as radar or displays, S_'uch functions are able to imple-
ment processing required by all members of a class of systems, The large
potential production of standard functions achievesAmaximum benefits of pad
relocation, Extensive use of such LSI functions will .require_ relative high
production rates, Advantages of standard LSI components must be ﬁaded
off against design inefficiency required for generalized c;:'mponents. a
With design for a rahge of applications the resulting logic will not be
fully used for each application, This may take the form of additional logic
which is only utilized for certain applications, or excess speed {or others,
Greater power dissipation than custom designs will then result, |
The inclusion of logic not needed in all applications will incur no
volume penalty in full water LSI, Overall dimensions of the wafer and wafoer
pa::kagé are not affected by logic interconnect within the array. Usiﬁg pad
relocation techniques, the additional cost of logic used only for some appli-
~ cations is small, The only additional cost of conseguence is that of one time
| »routing the édd‘iticnal logic, (If the more complex waler is to be routed any-
- wWay, this would not be an added cost,) In any case, additional cost per unit
would be very small amortized over evea a small number of units,
Additional logi¢ would increase the silicon area used for the 100 percent
yield approach, 7This would iﬁcrease V‘c:oat Sy lowering yield, Original mask
design cost would also be higher, Although chip size may increase through
logic only having application in some uses, overall package size would not

change,
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Greater power dissipation of additional logic and, perhaps, small
incremental component cost must be compared with the advantages of high
volume production of a small number of designs, and simplified logistics
for elements common to many systems,

Examples of widely usetul components of LSI complexity have been
demonstrated through Hughes contractual effort to define such tomponents
for radar and communications digital filtering systems and contractual and
internal studies of airborne data transmission, shipboard display logic,
d'gital computer, and advanced standard hardware program (SHP) functions,

Five LSI componeats embodying commonality found in radar and com-
munications filter processing systems, were defined and designed in study
under Air Force Contract F33615-69-C-1804,% Using present LSI technology,
the components defined perform digital filtering functions required for present
and near future radar and communicatioas pioceaaing.

| Components of LSI complexity found to have the greatest commonality
were a 3 input ‘dder-accumulator, a multi-input carry save adder tiee, an
- adder-subtractor with multiplex gating for one set of inputs, multipliers, and
digital correlators. In combination with memory circuits, these components
can modularly implement varying filter algorithms of different data rates and
data word lengths, Filter processors which can be realized efficiently with
the LSI components include linear digical filters, Fast Fourier Transform '
ptocessors, add-only base processors, communications correlators, and

~ pulse compressors of several code types,

*N, Benowitz, J, K. Crosby, and I, Diugatch, "Digital Filters for High
Speed Data Processing", AFAL-TR-70-192 Volume I,
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A set of 10 functions have been designed for 1-SI application to
implement varying digital computer and computer-like ha.rd\ava,res.ig The
character set, as the building blocks arc¢ called, utilize microprogrammed
ROM blocks for control, while storage, computational logic, and data paths
are supplied by remaining characters and their interconnection, Characters
include functions of register storage (Gl character), logic and arithmetic
operations (L1 and L2), input/output {L3), microprogram storage aad its
control (M1, M2, and MM), scratch pad storage (Pl), counter and related
control (P2), and multiplexing (P3).

Study of a shipboard display console identified three other generalized
LSI components which, through multiple use, might form well over half of
the 47 LSI arrays needed to construct the console,

Under Air Force Coatract F33615-70-C-1072 Hughes has designed a
generalized aircraft fault-tolerant multiplex data tranemission system (DADS)
and, using pad relocation, successfully obtained an LSI design implementing
a substantial portion of system logic, The DADS systemr. can intercoanect
ajirborne equipments having a wide r.énge of signal format, data rate, and
koliabmty requirements, The system is modularly adaptable to meet cur-
rent and future aircraft systems requiremonts;

LSI may also be used to implement 'anld extens existing standdard hard.
wares, as the Navy SHP program, Oue approach is to implement several
SHP functions on a single wafer, scribe the wafer and individually package
the resulting functions on SHP 1A cards, An allernative is to define standard

functions of greater complexity.

¥ Characters-Universal Architecture for LS!" F, D, Erwin and J. F,
McKevitt, Proceedings Fall Joint Compute: Conference, vol, 35, 1969,

pp 69-79,
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The present full wafer TTL bipolar LSI designs have been successful
in meeting fabrication requirements and in meeting requirements of systems
employing 5400 class logic. The concept has been shown to be very feasible,
thus extension of the present LSI technology has been examined, One of the
most promising extensions seems to be in the use of MOS in full wafer LSI,

A preliminary study of MOS full wafer LSI was started at Hughes Air-

craft Company late in 1970 with preliminary results being presented here.
A sample system for MOS implementation was examined for applicability of
the present existing LSI techniques as developed for bipolar pad relocated
LSI. Some of the aspects are listed below.

1, Comparison and choice of MOS logic types (DC ratio, 2§ ratio,

29 ratioless, 4¢ ratioless, P-MOS, C-MOS, etc,) for use in full
wafer pad relocated LSI,

2, Basic cell circuit function congiderations,

3 Pad relocation considerations for a MCS cell,

4. Multilevel processing effects which influence circuit operation

and pad relocation design rules,

Circuit, logic, processing and design factors were examined with the
results indicating that the basic bipolar developed LSI techniques could be
applicable to full wafer MOS LSI. The MOS logic types which seemed the
most applicable were DC ratio and 20 ratio, Though such things as packing
density, power, and speed were considered, the m.iin choice of applicability
resulted from the ease of electrical design, Ratioless circuits were elimi-
nated because they were thought to be too difficult to use in an LSl system

which, by nature, has a large number of design variables. Many iterations

459




ene ¢ AR e WAEEER

of design and layout are usually required with ratioless design before
satisfactory operation will result. These iterations just do not fit in well
with LSI whether it be full wafer pad relocated LSI or the standard library
CAD MOS 100 percent yield LSI,

MOSFET circuits are generally slower and more sensitive to circuit
drive requirements than bipolar, but possess the significant advantages of
lower power, simpler processing, higher yield, lower cost, and higher
packing density, The most efficient use of MOS circuits has been in the
design of highly used complex logic cells such as DDA's, multiplexers,
decoders, counters, shift registers, ROMs, etc. Such logic cells optimize
the advantage of the MOES higher yields and component packing densities
while also providing knowa load characteristics on all internal circuits.
However, only a portion of conventional digital systems can make use of these
higher level logic functions, Simple gates, flip~flops, adders, etc., must be
interconnected to realize the other digital requirements, especially the con-
trol logic of general and special purpose processors, The use of simple
elements, however, brings a low packing density due to the need of large
probe pads {or input-output which takes up a major portion of the cell area,
In addition, exact load conditiona at the outputs of these circuits are not
known, Thus a standard load has to be assumed, producing no optimization
of power as would be available in the internial elements of complex functions,

" The basic cell study produced a set of three circuit cells which proved
very effsctive for implemeatation of the example system, Such considera-
tions as circuit speed, size, power and utilization were made in the design

of the cells, Since these cells were designed to implement a particular
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system, they were not truly universal logic blocks with which any logic
system could be implemented, Advantage was taken of the fact that the
example system displayed a limited repetition of a group of random logic
blocks which in themselves showed a fair amcunt of similarity, The three
circuit cells consisted of (1) a logic cell of five semi-interconnected gates
which could be reconfigured into five differente gate configurations by
metalization additions as part of the relocation pattern; (2) a flip-flop and
gating which could be used by itself as a {lip-flop or as the complement part
of the partial counter cell; (3) a set of three flip-flops and gating which can
be connected as a decimal or binary counter when used in conjunction with
the flip-flop cell,

The cell circuit design exercise gave some insight into the difficulties
involved with universal cell design, The study of pad relocation considera-

ticna for MOS cells showed that with very little extension of present tech-

" niques, MOS cells could be relocated even in the case of clocked logic

elements,

The multilevel processing study provided practical limits for physical
parameter values which influence circuit operation and processing., This
study provided some assurance to the compatibility of MOS PR LSI design
and near future physical or practical limits of muiti-level processing. In
addition to the study, actual experimeantal work to demonstrate MOS capa-
bility to multi~level processing has been conducted. Work done has included
the interconnection of 2-phase dynamic shift-registers on a wafer, The
metalization has been two levels of aluminum above that of the basic circuit

metalization, Encouraging results have been gained with progress toward

_ process finalization being planned.
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Future MOS LSI work will include a study of the use of CMOS circuits
and the actual design and fabrication of a MOS full wafer LSI of either con-
ventional PMQS or CMOS, The use of ROM, multiplexers and functional
cells in doing random logic will be examined, These approaches offer the
potential of large gate complexity and yet allow a general enough usage,
Items such as these take full advantage of the size, power, and complexity
advantage of MOS, thus would use MOS potential better, In the direction of "
reducing power, low-voltage CMOS capability, which exists in-house, will
be examined for reduction of operating power, This will complement the
lower quiescent power available with MOS,

The complexities which might be poasible for random logic full wafer
PMOS LSI are in the 3000 to 5000 gate equivalent range. Operating speed
would be about 1 Mhz, ¥or CMOS random logic LSI, the possible complexity
seems to be about 10,000 gate equivalents with an operating speed of about
2-5 Mhz, These figures are for 2" diameter wafers, DBoth limits are due to
power considerations of the packaged array, Though CMOS and PMOS

. require different areas for circuit implementation, size does not seem to
affect the complexity as much as the power aspects. The complexity figures
‘are based on a reasonable usage of medium complexity cells.

Future bipolar LSI will extend into the areas of bipolar speed and
lower power, Immediate work in higher speed circuits seems to favor the
use of Schottky clamped TTL since this technology is basically similar to
the TTL technology in LSl at the pi ssent time. The complexity of near future
Schottky LSI will probably not increase too far above the 500-600 gate equiva-

lent of present LSI due to the powor. dissipation limits of the LSl packages
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presently available, The speed of operation will probably increase by a
factor of 4 or 5, and with only a two-fold increase in power. Low power LSI
seems to be an even easier extension of present technology, Since low

“ power TTL dissipation is about 1/10 the power of conventional circuits,
power limitations are secondary and size of circuitry assumes the main

i importance, A complexity of about {, 500 gate equivalents is thus a practical

goal for such bipolar near future work,
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IRTRODUCTION

Nithin the semiconductor indust:y, the need for multilevel teche
nologies for fabricating interconnect patterns on circuits aed/or on
substrates increases continually. Increased compiexity and speed,re-
duced geomctries, veduce chip size and the inverse relationshiv bg-
tween the yield and bar size all point to the voquirement of a muiti~
level process. Those of us involved in development activitics Nave
Yong sought for a viable multilevel process. If bipolar memories are
to make advancements in the near future. a swltileve) technolegy is
réquired. Because of the complexity and routing probiges javelvad 3
simple and reliable two-Tevel process is a twst. The simnlést fors
of multilevel interconnect pattern is comprised of 3 single Jave) of
metallic interconnect $n conjunction with dif¥ussd tunmels iy a semi-
conducter substrate. This paper deals hewgver, with multilovel metal
intercornect patterns which may or may mot te fobricsted on a substrate
containing diffused tunnels. The process described may in fact b
applied te interconnect patterns on insulating substrates, such as,
substrates for use fu a civcuit gackaging., |

Yield loss and reliability failures wn conventionally processed
wultilevel matal interconnects can be attributed in large measure to
the topoiogy of the surfaces upon which successive intercoanect levels
pust be delineated. The topology upon which the first level must be
fabricated is determined by the previous processing of the semicon-
ductor and/or of the substrate material. A1l subsequent levels how-
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ever, are fabricated over surfaces with topologies duminated by
previous interconnect levels. Steps equalling or larger thap the
meta! thickness are encountered at both crossovers and at via hole
areas. Unless extreme care is exercised in the design of such cir-
cuits, these steps can exceed twice the metal thickness at the third
level of interconnect pattern.

An electrochemical process is described in this paper which
minimizes this problem of topology in multilevel processing. The
use of the process described herein has a resultant structure in
which the intercomnect leads are embedded in an anodic insulating
oxide, The anodic process is also used to create the insulating
layer between the levels of interconnect. The planarity of the upper
most surface of such an interconnect pattern provides an excelleat
surface topology for the fabrication of successive in‘erconnect levels.
An iteration of process steps is all that is required to add addi-
tional levels of conductor patterns.

Before entering into & discussion of the process and the steps
fnvolved in effecting the anodic process, et us consider the topo-
logy advantages to be gained via the anodic process. Figure 1 depicts
a test pattern of a two-level interconnect pattern processed in a
conventional wanner. The motallurgy of the interconnect system is
99.99% aluminum and the multilevel insulator is deposited silicon
dioxide. ODelineation of the first level of interconnect pattern was
accomplisited in a conventional metal leach process. In the fabri-
cation of the structure of Figure 1, little care was exercised to
taper the edges of the first level metal. Upon subsequent deposition
of the insulating oxide over the first level of intercennect pattern,
there 15 a high probability of a re-entrant fold existing in the
insulating oxide in those areas. These re-entrani folds often result
in shorts between the first level and the second level of the multy-
level structure. A second area of concern in conventional processing
of multilevel interconnect patterns is at the via hele contact win
dows. In order to form the via h lss in 3 conventional rrucess woe
mist chemically remove the -eposiie . silicon diexide film in the via
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hole area in a matter so as to completely clear the hole and yet

not overetch to the degree that one destroys the first level inter-
connect pattern in the via hole area. Etchants which are totally
selective, that is etchants which will etch SiO2 and have no effect
upon aluminum, are not yet developed. Thus the etching of via holes
is an extremely critical step in that if an underetch is encountered
the via hole continuity will not exist and if an overetch is encoun-
tered the first level interconnect pattern can easily be destroyed.
Assuming it were possible to fabricate multilevel structures to this
point, that is to the point where the substrate is ready for depo-
sition of second level metal, it becomes apparent that the topology
created by the fabrication of the first level interconnect and by the
via hole etchings offers a new problem area which is unique to the
second level interconnect pattern. The steps encountered at the lead
edges and at the via holes are at least equal to the thickness of the
first level interconnect metal and of the insulating oxide. If care
is not exercised in tapering the edges of the first level metal pat-
tern and tapering the edges of the via hole, discontinuities in the
second level metal interconnect pattern is not only possible but
indeed quite probable as revealed in Figure 1.

If care is exercised, and steps are taken to taper the edgzs of
the first level interconnect pattern, and if the deposited inculating
oxide layer is depusited in such a manner that the upper most surface
etches at a faster rate than the lower surface and via holes are there
by tapered, it is possible as shown in Figure 2 to have & second level
interconnect pattern with a high degree of .ntegrity. Figure 2 then
is similar to what one could expect from the most advanced methods of
using conventional processing to fabricate multilevel interconnect
pattern.

Figure 3 depicts the same structures of Figure 1 and 2 but in this
figure an anodic process has been used to fabricate a two-level sti-uc-
ture. There are several things to note about Figure 3, consider first
the topology of the upper most surface of the insulating oxide over
which the s:cond level metal is deposited. Note the lack of steps at
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the first level lead edges and the lack of a step at the via hole

area. This figure clearly shows that the planarity of the surface
upon. which the second level metal must be deposited is superior to
even the ultimate which can be achieved by conventional processing.

Figufes 1, 2 and 3 are Scanning Electron Micrographs and are
nresented only as comparison of conventional processing versus anodic
precessing of two-level interconnect patterns. It should be noted
that in all cases the second level pattern was delineated by a con-
ventional metal etch technique. In the anodic process, for purposes
of demonstration, tne second level was also deiineated by a conven-
tional etch technique. If the second level of Figure 3 were to be
fabricated by an anodic process the second level interconnect leads
would be embedded in an anodic oxide as are those of the first level
interconnect. A Scanning Electron Micrograph of such a structure
would not reveal as clearly as does Figure 3 the topological advan-
tages to be gained via the anodic process.

ANODIZATION OF ALUMINUM

It has long been recognized that the corrosion resistance of
aluminum is due to the natural oxide films which forms on the surface
of the metal when it is exposed to any oxidizing conditions. This
oxide film is only & few tens of angstroms in thickness but does act
as a barrier against further corrosion of the metal surface. When
an aluminum part is made the anode in a cell containing an appro-
priate dibasic acid a process takes place which is very similar in
nature to the natural oxidization of aluminum when it is exposed to
an oxidizing ambient. The difference being that the oxide growth
mechanism is enhanced by the application of an electric field. It
is possible to grow aluminum oxide films of several mils in thick-
ness via this process known as anodization. The electrolyte used for
the fabrication of multilevel interconnect patterns in this paper is
ohe that has a finite solubility of the oxides which are formed in
the anodization cell, Figure 4 represents the type of structure which
results, When an electrolyte is used which does have finite solubility
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for the oxide a porous structure results. Each pore has an asso-
ciated cell surrounding it. These cells are comprised of aluminum
oxide which varies in its compositions with e]ecfro!yte. There are
several characteristics about the cell which are independent of the
electrolyte used in the formation of the anodic oxide. First the
pore is separated from the metal surface by a layer known as the
barrier layer. This barrier iayer varies in thickness with voltage
applied to the anodic cell and is independent of the electrolyte used.
The celi wall thickness is also proportional to the applied voltage
in the anodization cell. The pore diameter has been found to vary
with current density used in the formation of anodic oxides. The
anodization process proceeds by means of ionic migration across the
barrier layer at the pore base. This ionic migration forms new oxide’
at the metal-oxide interface. Simultaneously with the formation of
this new oxide there is dissolution of oxide by the electrolyte at
the pore base. Thus as thie process continues an equilibrium state

{s reached in which the rate of formation of new oxide is equal to
the rate of dissolution of oxide at the pore base. This process will
cortinue so long as the voltage is applied and electrolyte is avail~
able for the oxidation process.

As the metal aluminum is anodically converted to its oxide there
is an associated volume increase. This causes the anodic oxides to
be in compressive state as they are formed. It is this compression
factor which limits the thickness to which one may grow an aluminum
oxide film. When growing films of excessive thickness steps must be
taken to minimize or alleviate these compressive stress or else they
will be self destructive. Such failure mechanisms are often noted
when parts of the sharp edges are to be anodized, The films used in
the fabrication of multilevel integrated circuits, as is purposes of
this paper, were in the range of 1 to 1 1/2 microns in thickness.
Total conversion of filins of these thicknesses to their andcic oxide
.did not result in any failure mechanisms via this compressive mode.
Since the oxides which are formed by an anodization mechanism are
comprised atomistically of the metal atoms of the films themselves its
adhesion is found to be excellent, The metal films of this paper

%69




~

which were anodically converted to their oxides were vacuum deposited
upon silicon dioxide surfaces. Aluminum films because of their elec-
tronegativity and/or oxygen affinity adhere very well to silicon
dioxide surfaces. It has been found that when such adherent films are -
totally converted to their oxide, the oxide of aluminum alsc adheres
well to be silicon dioxide surface. During the course of this inves-
tigation there was in no case any delamination noted of the oxide from
the metal or from the silicon dioxide surface. Thus the mechanical
stability of such a material system for the fabrication of integrated
circuits is well demonstrated.

THE ANODIC FABRICATION OF MULTILEVEL INTERCONNECT PATTERNS

Figure 5 depicts a sequence of processing steps used in the fab-
rication of a single level of the multilevel interconnect pattern. Figurs
ba depicts schematically the structures upon which the interconnect
patterns will be fabricated. It consists of a semiconductor substrate
with its associated diffusions. Covering the surface of the semi-
conductor substrate is an oxide insulation level with contact windows
cut in the oxide. An aluminum film of 1 to 1 1/2 microns in thick-
ness is deposited on the surface then of this total structure. Figure
5b depicts the first step in the processes used to produce the multi-
level interconnect pattern. The step introduced at this point is the
masking of the via hole areas on the surface of the aluminum. The via
holes are masked with photoresist and a conventional photo 1ithographic
process. Following the masking step the structure is introduced into
the anodization cell and made the anode of that cell. An oxide is then
grown on all of the surface of the deposited metal film except at the
areas of the via holes. During this anodic process there is a moderate
volume increase which varies with electrolyte from 20 to 50%. At the
end of this anodic process the via holes areas are still metallic and
all of the areas are coated with an anodic oxide of aluminum. The
thickness of this anodic oxide is controlled very simply by monitoring
the current density and time. The thickness of oxide produced is dir-
ectly proportional to these two parameters. This thickness may be varied

210




s
."(’_, >
i B
'-;' A
v
-

‘ !
3

5
3
S ¥
<
%

- %.
L

i-,'\. 8

from a few angstroms up to more than a micron. Circuit parameters
determine the desired thicknesses since it is the oxide that is
grown at this point in the process which becomes the multilevel
insulating oxide. Parasitic capacitances between the levels on
interconnect thus dictate the thicknesses which must be grown at
this point in the process step. Figure 5c depicts the next process

- step which is used in the fabrication of the interconnect level and

shows the photomasking step in which the leads are defined in a photo-
resist pattern. This photoresist pattern serves to seal off the

pores which were grown earlier in that portion of the wafer which is
to contain the interconnect pattern. Following the masking step

the wafer is re-introduced into the anodization cell and the anodic
process continued. Those areas of the wafer which are masked will

no longer anodize since the pore sturcture which was formed earlier

is sealed ¢ff by the photoresist material., The area of the wafer

~ which is unprotected by photoresist wi]]icontinue to be anodized.

The direction of the anodization front during this portion of the

~ anodic process was pre-determined by the first ancdization process.

The pores which are found in the previously grown anodic oxide are
oriented normal to the surface of the wafer and the process continues
via new oxide growth at the base of these pores. Thus the direction
of the anodization front is normal to the wafer and the process con-
tinues until all of the metal which is between the lead system is
converted to the anodic oxide. The fact that the anodization front
does have a pre-determined direction offers several advantages. The
chief advantage being that the cross-sectional area of a given lead
is maintained and there is no associated undercut of the photr-esist
material as is often noted in the conventional metal etching tech-
niques. A second advantage is that because of the directionality of
the anodization front the process is found to be a self limiting
process. That is, when the metal between the interconnect patterns
has been totally converted to the anodic oxide the current of the

“anodization cell drops to extremely low levels and the anodization

process ceases. Anodization times of 300% greater than that required
for the conversion of unwanted metal to its oxide have shown no
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reduction in the cross-sectional area of the interconnect pattern.
Thus the process lends itself well to a totally automated production
facility. At this point in the process the photoresist materials

dre stripped from the surface of the wafer and the entire structure
given a thermal threatment to totally dehydrate the anodic oxide.

The wafer is then ready fo: an iteraticn of the process steps we

have just gone through for the fabrication of th: second level of

the muTtilevel pattern. If the second level of the interconnect
pattern is to be anodically fabricated as well as the first, a simple
iteration of these process sequence is all that is required. However,
ore of the anodization parameters must be changed substantially, that
parameter being the applied voltage in the anodization cell, If the
same voltage is used in the delineation of the second level as was
used tn the delineation of the first level, the process is not self
Titmiting. That is to say when the interconnect pattern has been
delineated in the second Tevel the anodic process will continue and
the first Yevel Teads will pe consumed. As was discussed earlier,
the anodization process proceeds via a field enhanced diffusion
mechanism of ions across the barrier layer formed at the pore base.
The thickness of this barrier layer is therefore voltage dependent.
If in processing the second level the voltage is used which is less
thdn that which was used in the fabrication of the first level of
triterconnect pattern, the process becomes self limiting. That is to
say that the barrier layer which was formed at the pore base of the
firgt level interconnect pattern is of sufficient thickness to retard
or to {nhibit ifonic migration under an applied field of lesser mag-
nitude. It has been experimentally determined that if the voltage
levels used during the fabrication of the second level of inter-
cotinects are 35% lower than those used in the fabrication of the first
Tevel the process is self limiting. This 35% reduction reduces the
magnituc: of the field found across the barrier of the first level
interconnect pattern to a magnitude where fonic migration virtually
ceases. If threce or more layers are to be fabricated an iteration

of the same process sequence is all that is required, but for each
successive level a voltage reduction must be utilized. Associated
with a voltage reduction there is of course a reduction in the current
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densities which are encountered in the anodization cell. This
reduction in current densities can change the pore diameter of the
successive ‘levels of multilevel insulators. However, for two-level
structures there is no deleterious effects encountered when the
second level is anodically fabricated. It should also be pointed
out that the second level of a two-level interconnect pattern can

be fabricated in a totally conventional manner. The anodic oxide
which is formed on the surface of the lead system at first level does
act as an effective etch stop against metal etchants which are used
to delineate the lead pattern of the second level. The disadvantages
of this system are obvious in that the second level interconnect
pattern is totally exposed and has no chemical and/or mechanical
protective overcoat. It would be totally possible to use deposited
oxides for this purpcse and thus use a hybrid type of fabrication
method. Let us refer again now to the final structure shown in
Figure 5d. It is interesting to note that the volume increase
associated with the conversion of the metal aluminum to its anodic
oxide does not introduce any major steps in topology of the upper
most surface of the anodized interconnect lead pattern. Note that the
lowest point on the surface of the pattern corresponds to the via hole
area and the highest most point on that surface corresponds to the
area between the leads. If an electrolyte is chosen which has an
associated volume increase of 20% we have an 80% reduction of the
step heights to be found at lead edges and an 80% reduction of the
steps to be found at the via hole areas. Scanning Electron Micro-
scopy work as well as Talysurf work nas revealed that not only are
the steps reduced in theiv magnitude but are gently sloping steps.
Because of this reduction of 80% in.magnitude and because of the
tapering of the steps which are to be found on the surface of such

an interconnect pattern it is a simple matter to form an additional
level on interconnect pattern which has a high degree of integrity.

PROPERTIES OF THE ANODIC OXIDE OF ALUMINUM

Although it is totally possible to introduce an additional
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oxide as a multilevel insulator in the anodic process some of the
topological advantages to be gained by the anodic process would be
lost. It is therefore. of interest .to consider whether or not the
anodic oxide of aluminum can be used as an effective two-level insul-
ating material. In two-level structures the parameter of concern

to the design engineer is the parasitic capacitances to be found
between the levels of interconnect pattern. These parasitic capac-
jtances are of course related to the thickness of the multilevel
insulator as well as to the dielectric constant of that insulator.

We have shown that the thickness of this indulating oxide can be
made up to 1 1/2 microns in thickness, but a parameter over which

we have no control is that of the dielectric constant of the anodic
oxide. This dielectric constant ‘has been measured by others as.

well as ourselves and our data is in good agreement with tne literature.
Figure 6 is a plot of the dielectric constant of the anodic oxide

of aluminum versus the frequency of the field under which it was
measured. It is interesting to note that there is very little
frequency dependence of the dielectric constant and that its mag-
nitude is in the 8.5 to 8.7 range. This magnitude is approximately
twice that which is encountered in conventionally deposited 8102

films. It is a nearly impossible task for the design engineer to

predict what are the limits of parasitic capacitances he can tolerate
in a newly designed circuit. He can however use layout rules which
minimize the area of the capacitors to be found in the muitilevel
circuit. In our evaluation we have used existing circuitry and applied
the anodic process to the existing circuits. Although we well recog-
nize that the parasitic capacitances in these circuits were increased
in two ways by the application of the anodic process, that is by thin-
ning of the multilevel insulator and by the increased dielectric

. constant of that insulator, we have found no deleterious effect to the

operation of these circuits. Prior to the existance of the anodic
process the multilevel insulators were made of thicknesses which ranged
from 1 to 2 microns, these thicknesses were dictated by the need to
have an effective {nsulator between the levels of interconnect pattern
and not necessarily chosen to cptimize the parasitic capacitance levels.
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At this point it appears that a trial and error method must be

used to determine whether or not parasitic capacitance problems will
arise by the use of the anodic process. It is desirable from a
structural point of view to minimize the thickness of the multilevel
insulator thus reducing the stress levels shown found both in that
insulator and in the corresponding metallic interconnect patterns.
The anodic process will allow a very minimal thickness of multilevel
insulator because of the integrity of the anodic oxide. Pin holes
in the anodic oxide are virtually non-existant since the process by
which the oxide is formed is inherently self healing process.

Figure 7 depicts another interesting property of the anodic
oxide. This is a photomicrograph of an anodically processed inter-
connect lead which has been subjected to high temperatures such as
found in the packaging of integrated circuits. Note that in the via
hole area there is extensive nodular growth found on the surface of the
aluminum, but yet on those surfaces of the aluminum stripe which are
coated by an anodic oxide ihere is no nodular growth to be seen. This
nodular growth is caused undoubtly by a surface migration phenomenon.
The presence of the anodic oxide ties the surfauce of the aluminum stripe
such that the surface migration no longer occurs. These nodular
growths can grow to heights which are as thick as the films themselves.
In conventional multilevel structures these nodular growths have been
known to penetrate the multilevel insulating oxide and cause shorts
between levels of interconnect. This failure mechanicm is totally
eliminated by application of the anodization process.

Another required property of the anodic oxide is to be used in
processing of multilevel patterns is that its resistivity be high.
The resistivity if the oxide in the plane of the oxide as well as in a
direction perpendicular to that plane has been measured. Figure 8 is
a tabulation of the data which we have measured giving the resistivity
of the oxide in those two directions. The magnitude of this resis-
tivity is such that no problems should be encountered in the fabrication
of nultilevel interconnect patterns via the anodic process. Another
parameter of concern to the design engineer 1s that of the lost tangent
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of the anodic oxide. Figure 9 is a compilation of the lost tangent

of the anodic oxide and shows as well the comparative lost tangents

of other oxide systems which have been used as the multilevel insul-
ator. It is of interest to note that the lost tangent of the anodic
oxide although high is quite frequency independent.

When aluminum is used as an interconnecting metal for multilevel
interconnect patterns one must be concerned about the current carrying
capability of the metallic stripes. Electromigration is a phenomenon
which is more prevelent in aluminum than in many of the other alter-
native metals which one could use. Just as the presence of the anodic
oxtde inhibited the nodular growth during thermal treatment it is found
that the presence of the anodic oxide on an aluminum stripe under high
current stress inhibits the surface migration of the aluminum metal,
thus proionging the mean time to failure. Figure 8 gives mean time
to failure data which we have measured at Texas Instruments showing
that the presence of the arodic oxide gives approximately a factor
of two increase in the mean time to failure. This factor of two allows
for ralaxation of design rules and/or an increase in the current
carrying capability of leads of given cross-sectional area.

MATERIALS REQUIREMENTS

A1} aluminum films do not anodize in precisely the same way. That
is some of the aluminum films when they are totally converted to the
anodic oxide leave behind residual islands. Figures 10-11 show the
results of this study. If the aluminum film is a sufficiently small
grain size the residual islands are virtually noﬁ~existant. Trans-
mission electron microscopy and electron defraction studies were used
to determine the grain size and the orientation of the aluminum films.
These figures clearl& indicate that a rendomly orientated fine grain
film is the type which is desirable if an anodic process is to be
effective. Films with large grains such as those which are deposited in
high temperature substrates may well be desirable in terms of carrying
capability, but yet if they are to be used in the anodic process
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residual aluminum islands are left. It may be argued that these
islands are indeed only a cosmetic defect since when circuits are
fabricated using such films:no circuit parameter is affected. All
of the metal films used in this study were deposited via E-beam
evaporation from high purity aluminum source materials. *At this
point 1ittle can be said about added impurities in the metal films
and their effect on the anodic process.

RELIABILITY

Table 1 is given for the readers evaluation. Of the
passivating capability of the anodic oxide it should be noted that
this reliability study was directed towards those environments to
which the aluminum metal is most subject to failure. Humid conditions
under elevated temperatures and mechanical shocks are given emphasis.
It is felt that this indicates that circuits which have been anadically
fabricated indeed are a very reliable product.

SUMMARY

A novel method for the tabrication of the multilevel interconnect
patterns is presented. In the process all etching steps of either metal
or oxides are eleminated. The topological difficulties introduced by
muitilevel processing by conventional methods are removed as a source
of concern. The processes used in this method are extremely simple
~and self limiting thus lending themselves to ease of manufacture and
automation. The resultant product is both chemically and mechanically
reliable.

This work was sponsored in part by a contract awarded Texas
Instruments Incorporated by Naval Air Systems Command.
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Table 1. Reliability Data

Test
126°C Operational

Hrs.

168
336
500
1000
2000

Results

45/0

85°C/85% RH

168
600
1000

Pressure Cooker

8
16

g8 882

45/6
kT

Boltin

72

120
144

6/0

10/6

Extendad Temp Cycle
~85 ¢ 160

85°C/85% AN
QOpen Flat Pack

80 Cye

8/0
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