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i

PREFACKH

Ho attempt is made i this report to completely cover the field of
wiccominiaturization ot electronic equipment. Rather, this represents the
anthors' suumoary and evaluation of what they belleve to be the more promising
and readistic appreasches to microcircultry. Also, included 1s a report of
the accompliishments made at this facility. Finzally, along with a note of
cantion, some speculations opn the future are presented.

There are a number of excellent reports available, some of wnich
are listed in the biblicgrephy.
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1.  CONCLUSIONS

The gtate-of-the-art is 1n such & turmoil that it is impusubln
3 at this time +n nmaan-f the vitimata form 44 wil) vesuma M. nen suncopt
should be general]y aeccepted at this time - at least by the military. In
i the interest of industrial preparedness, all concepts should be carefully
i fuilowed and vnderstcoa by responsitle military representatives. Great
! strides sre bejng tuken forward and more are inevitnble ae scientists learn
- more ebuut physics of the solid stete.

For purposes of discussion aud reference in tals report, micro-
electronice concepte have been arbitrarily classified es follows:

(1) Pncku_ring/,'

(?) Integrated Circuit {ceramie substrate) .

Giiast aamics

k3"4 Integreted Circuit (semiconductor substrate),
: J
{ 'h) Munctional Blocke .

Tue micrucard conocept is 8 teality nov and is gaiming acceptance.
A list of misrogomponent suppliers eppeers in wu A, There 18 ounsider.
able cptimism adout the cthars.

-~




- / PRECEDING PAGE BLANK - NOT FILMED

VHAFT REPORT TR-7

1T.  RECOMMENDATIONZ

It 18 otrongly recommended thet thie program receive ungualified
support not oily mt this facility tut at other Nevel estallishments as well.
£11. these efforts should be coordineted so as to avold as much duplication
ag possible and to renlize the greastest return for the investment. The -
survey reported hers revealed the stute-of-the-art ds in sudh a transitional
state that this appewrs to be an opportune time for ghe Nuvy to provide
direct support and eupervision of 148 own research and -development programs
on mleroelectronics, '

In cunsiderution of this, the followlng recommendations or
mgiestions are presented for serious conslderstion:

a. Ohet an intra-Nevy panel or working group compesed o. individ-
unle who bave techuinal backgrounds he astablisbed., This group sheuld keep
abreast of the latest inncvetione so as to be able Lo evaluate the Nevy'e
current and projected requirements. 7t should .aasume Bechnical leadership
nt wll Lines and guide, encourcge, 0. 1n some cases dfzosurage, ocertaln
selocted efforts. '

t. Fresently uvellslle kuowledge, technigues and devioes should
te used now, whereo applicsble, for prototype equipment under consideratien.
Two oonospts seen to be Teasible at this time, nemely, modules with thiln
film eveporated puessive components containing inserted active components,
and microomids whorein all camponents are inssrted. The purpose la applying

. these techriques now 18 to gain practicel experiasce in thelr spplicatiaon
wnd to gether operstionel dats r'or relisbility sbudies.

¢. That u 10-yeur progrum be Initiated; the chjective of which
shall be to study developuant and applicstion of solid state devioces
capsble of performing vomplete logic functicns within their crystallagraphic
domuins per se.
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TIV.  BACKGROUND AND HIGTORY OF THE PRODLEM

Jinee the irtroduction of the transistor in 1943, mor: funde and
effort heve bean expendsd on minleture eleetrounic systems than wae spent
developing the atomie bomb. ¥rom the present pleteau, hhe future of elec-
trunlcs appears limit'ess,

M leagt 209 government and commerclal interests in this .country

and wbroad are known to ke actively engaged in some phase of mieroelsctronies
a1t applientlons.

fu splle o Ths fubulous potentialities, it le wise Lo keap one's
teet, on the ground. 26 in any ~nterprise 14 takes Lime 16 becume seasuned
ad mnture, Molecular wad culld glate tunctlional systems offer great .
promise ag & means of' achleving miniaturizetion so witael to the military
estebllishment., However, much more reseurch and develgpment 1s reguined.
Most of the units ocurrently ~vailable are reletively simple and designed to
handle little pawer. There is reanon to believe future models will hardle
seversl wettls and more. Witness the Tol lowing shich eppeared in a mapa*t
trom Radlochemlstry Branch off ANCRC:

"Improvements in existing electronle egquipment, using available
materials, have Tor the most Leen pushed nemrly to their limita. IT grester
relisbllity of function, new and deesiradbility functions and major break-
throyghs ere to be realised, they must for the most part come frum nev -and
improved materials.'

Also the following:

“Mide 48 the wge of ropid change - 1o whieh "going into productdon”
means obsulesosnoe., With thy bitter leasonm of the transiticn from elrcratt
to miasiles wo fresh in thelr memories, many cumpanies will appreciete this
fact, will recugnise the need Tor thinking abhead.

"There are those, however, who - happy and complacen’ in the
wonders of their own accomplishments = will scome dny disoover that onoe agein
the military eirplane busineas seems 1o be dying out." (Seehrook Hull , SPACE,
Miesile Design & Development, Junuary 19A0).

The NAFT labwratory hae no intention of "forsaking all others” in
pursuing any .one micrumlnlature concept. Applied research persannel at this
station heve had move thun 50 years conblined experience in vacuum techrology
and thin-f1lm fetrication., The leader of this group procduced seme of the
?irel thin-f1lm compunents 15 yeers age and has meinteined an mctiwe ocon-
tinucus interest in the field. 7hise leboratury is equipped and staffed to
rerforn and evaluate mogt any thin«tilm technique.

For the past year and s half, personnel in this leboratory heve
teen making nn extensive survey of the stete-of-the-art. This is & three-
prong attack:

1
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L. Thtersature survey

'+ Personal contuacts with more than L0 industrlal and commercial
lenders Tu the fleld

3. rabricatine thin-11m clrenita for evperienca +eut and
evi luntion,

A3 an agency uit Lhie Departumeny of Defense and esr.ecially or tne
[ndustriul trepuaredness Program, this laboratory has been "courting ell
sultors" in additlon to malutalning a weather-eye tor a1l new and novel
appxoﬂchcs, this .ial orutory has made a few original contributions of its
own .,

i
3
[]
i



V. APPROACHES TO MICROELECTRONI 3

After more than a decuce or so of attempting to reduce the size
wnd welght of electronice equipmert by several different spproaches, four

nonenr o be emorging ar leadare Ac of thio wedddng +ho £1012 gpmenyn b

ey “z'x TLIl Ll

be narrowing to four npproaches which muy be prophetjc of into what form
vlectronde equipment will ultimntely crysts lize.

It i8 anticilpated that greater reliability, plur improved
muterials and reduction of costs will accompany reduction “n size und
welght,

. Packaging Techuiques

This refers primarily to various and novel means of packeging
conventionl miniature componerte £3 well a8 other dlscrete ones of specisl
geometrical shape.

]

2. Inbegroted Circuitry on Ceramic Substrate

Integrabed circultry Iz intended tc lnclude that group in which n
nurber of active nnd passive components are attached or fatricated in situ
by one or more of a coubination of several thin film deposition techJiquea
an to a glass or ceramic substrate,

3. Integrated Circﬁitrxﬁon Semiconductor Substrete

In this concept complete opvfational eircuits are formed in plane

on semiconducting substrutes., By using veriou~ wvlluyiug, diffuslen wnd evapora-
tion processes, both nctive cnd passive components are formed on a single
wafer,

., Functionul 1locks

llere individual components c~ese to exist. Rather a Dlock of a
specially grown and doPed crystul perfoms a complete clreuit function,

Comporenta o1 High Temperature Amblents

In the forseesble future many components ~nd azsemblies will he
required to operate in higher temperature environments. Two approaches are
belng sericasly considered by various researchers. First, using components
nvillable now, coouling by electrlical or mechanical means and, second,
develop new materials eble to perforu the neceseary circult funetions in the
presence of high ambient temperatures, A coneidersble amount of material
has teen published about the mechanical cooling of wqulipment, but most
observers frel 1t will require excessive vower and penalize the primary
power plant too much.

Severnl materials are aveilaple for high temperature pasaive
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component applicuation, bulb relebively fow for active componcats. & few nre
sone of the carbvides, sillicides and phosphldes. Busic maleriuls studies
are belng pursued hy several leboratories under contruct to goveroment agen-
cles. The sewrch Tor new materials ablce to operate In hipgh wmblent tempera-
twres muet be diligently pursucd, because as Lthe terminsd velocity of
vehicles 1s dincereansed the effective stwnation temperaturcs increace
Logarithndenlly.

Al ~ -
Moufacturdneg Kognomg

"Several factors can run the cost of manufaccuring wmicrominiature
equipment unreasonahly high.

1. Ixpensive capital equipment may be required for automatic
astembly or processing.

2. Deslgn chunges may run up the manufacturing cost by obsoleting
intricate special tooling.
L

3. Low yield may result if tight process controls are required,
particularly if s defect in any one of several sequencial operations can
result 1n the rejection of a considecrable portion of an equipment.

I, Inflexibllity of the packaging system can adversely affect
parts costs and availability, particularly vhere there are asevere dimen-
sional constraints rn parte. Such packeging scystems cen be obsoleted by .
never developments." (Ramo-Wooldridge Proposel)

A. THIN FIIM MICROCIRCUITRY

The thin-film aepprosch to microelactronics is a quasi two-dimen-
sional concept for the fabrication of electronic circuitry on a thin flat
wvafer substrate., The present state-of-the-art limite the application of
this approach to the deposition of thin f£ilm conductors, insulotors and
resistors to form pucsive resistive, Inductive, and capacitive (RIL) net-
works., The network may be rendersad active by soldering or otherwise
attaching transistors and diodea in the circuit,

Thin-film microcircuitsy in iis present state of development is
similar to conventional circuitry. In gonersl, individual componencs
retain their respective identities and conventional circuit design techni-
ques are usually upplicable. ‘There are two notable exceptions: high-value
components capnot be formed but dietributed paramet.r RC networks oan be
produced by thin~film techniques.

Although thin-film circultry occupies near zern volume, it requires
apinreciable area because the velus of o deposited component is a function
of ity area. Bacause of area limitations only relatively low-value resiators,
inductors, and capacitors are avallsble to the circuit designsr. As of now,
the limits ore approximately 100,000 ohms for resistors, 10 micrchenries for
induetorea, and one microfarad for capscitors. Iiven these values are diffi-
cult to attein on microcircuit substrate wafers (lesn than 1 inch squars).

R
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Eventuully, the development of new materials ond technlques muy rulse these
limits,

Since lumped parwneters exlst in thin-f1lm miecrocircuitry and con-
ventional printed cirenitry, 1t would appear that their design procedures
would he ddentderat. Howover  thare era fnmortent dtPforonsan.  Tn avder 42
provide continuity of cilrcultry Trom one side of a board to the other,
rclatively few design proulems are encountered in laying out a conventional
printed circuit bomrd, neesuse eyelets or plated through holes may be con-
venlently located. In thin«tflm microcirecuitry, holes, if there must be
any, miet be located froum one slde o ¢ not to interlere with thin-

electrical continuity between faces of the substrate wafer i1s through tren- -
sistors or ddodes mounted in holes in the wafer, This constraining feature
Introduces several design problems.

The designer of printed circuitry has only to specify circuit
component values, tolerancer; and wattoge ratings, and usually is not !
deverely restricted us to the dimensions of the circuit board. On the uvther ‘
haud, the designer of thin-1ilm microcircuitry is confronted with more
complex problems, Firat of all, the dimenslons of the substrate wafer m:.y dbe
flxed; und, a8 u sule, the wafer ares {s one-half square inch or less. ‘The
size of the wafer not only restricts the amount of circuitry that can be i
deposited, but also limits the values of the deposited components.

In order t0 teke maximum advantage of the avajleble area, it is
desirable to make the luyout us compact e possidvle, The mininm space
betwean coumponents is governed Ly several factore such as operating voltages,
frequencies and the rasolution of the masking devices that defines the areas
of deposited materiwuls.

If the clrcultry is divided between both sides of a wefer, an many
ap eight mavks are required. (see Figures 1.) Tf all the circultry is
deposited on one nide of a wafer, 1€ manke are nesded in a process for 1
dopoaiting & relatively eimple circuit. (See Figure 2,)%7 ]

At present thy thin-film concept suffers from a Jow yleld in
manufacturing, Consider, for example, the above-mentioned circuits re-
quiring 8 (or 18) maske fur their production. Each mask dafines the deposi-
tlon for one or more clrcuit elements on vach wafer Auring an evaporation 4
cyele. llance, ciroult yield {a the product of the average yield for sach
evaporation cyels. - If the average yleld par oycle ig 9& (a very high
yield), the circuit yleld would be 0.90° or 43% (similorly, for a cirouit
vequiring 18 maake for its fabrication, the yield would be only 154).

‘Thegs figures are disconcerting, to any the least. However, the econamic
outlock for thin-11lm minrocireultry may not ve as gloomy as it sppears at
tirst glance. Regardlessc of tha niethod of deposition used for producing
thin=£ilm cirouite, the costs of the depoceited materiale are nogligible., If
#lano is uoed ay substretes, a relatively low yleld of acoeprlabie circuits
v not sevious, tHowever, production economics decome more savere when nore
expensive materiale are used ap substrates, Tabor and equipment tims are
wleo factorn that must be considered for the sconomic production of mioro-

9
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Tne fabrlcation proccsses described above are "additive" In that
Jndividual layers are deposibed in specifle geometrle putterns. Halold
Xerox uses a4 'sublractive' method for tabricating similar circuitry. They
deseribe the subtractlve processt ag follows:

“lixcept For the dieiectrte PMIm, each layer 1a deposited on the
subntrate without benefit of wasking., Bach successive evaporation, there-
rore, completely covers the preceding layer. (See Figure 3A.) The geometry
of the todlvidual luyers is determined by selective etcehing, ufter the plates
ure premoved from the vacuws chwober, . . To convert the clreuit plute to o
functlonal RC clreuit, e sevies of stuncllllng and ebehling steps are
necessary.  Xerographic usbencilling was used primarlly becuuse uf the speed
of the operatlon. By this techniqQue, resist ilmuges are formed un circuit
l-len Toowpproximatetly bwo alnutes. . . For applicutions where very high
v olublon (greater than 100 lines per in.) 18 requlred, photoresist
mebhudd wre recomuended,

"Figure 3B showe the stencilllng und etehing steps necessury to
form n tilmple Plip-1rTop elrealt fron an RC circult plate, The initial step
comclsbs of deposilliyg un Lhe conducblve 'l 4 recist image corresponddng -
{o the conductling line-capacltor top plate electrods pattern, This ie
tcllowed by an etehing s8tep which removes the exposed conductive material
but dves not attuck the underlying £41lm, Resistor formation is accomplished
by en ndditional reslet depositloun, followed by an etching step that removes
the exposed resistive film, Removal of the resist ruterial completes the
clreult., Note that It was uot necessary to etch the dielectric film in
order to foma capucltors., A8 the capecitunce ¢l a parallel plate capacitor
1e proportional to the weea off the smallest elecirode, capacitance values
withic e particular range muy ve deterrined d¢olely by the geometry of the
top elecirode,” .

Auother sublractive method Yor fubricrting thin-film mlarc-
clreultry is described in u Ytunford Kesearch lnwtitute (&RI) proposal to
the Information Bystemu Branch of Off'ice of Naval Research. The methed is
descrits? o8 ‘mlerominialurizution uslng elestronic mechining/etching
techniques” Lo currently under inveetigatiun ut Stanford. :

A1 steps of the SHL process wre conducted within the confines of
nospecially congtructed ultruvacuuwm system capable of being evacuate’ to
better than 1077mn lig.  'The daposlition and machining operations may o
describoel dn genernl terns us followe:

"lLo A £llm ol nabuerlal 18 aeposlbvd on w oleun, siooblh vuriace
“nited the gubstraty by meend ol slther viouum evaporatlon or vopor
de postUlon twehindques.  The materlaols may be metals or non-metals, v.f.,
tunguten or aluminum oclde.
"2, Ny wimudtennously exposing the deposited tilm to n lov pressuro
dreompousble gus and o loenlized electronie beam, a stnble compound ealled
roreviat tu formed where the bewn hits the wnwrtuce, Gaseous by-products

i
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are pumped awey. The resist will afford protection to the underlying film

dirlng & subsequent elchiing prucess.

"3. Btching is accomplished by raising the asubstrate temperature,
and exposing the rilm to a gaseoue etchant; a volatile compound is formd . .
Ly reaction between the film and the etchart, while aress protected by the
resist remain unaffected.

‘4. The thin reslet layer may nov be removed by means of ancther
gasecus etchant. -

"The over-all reault is the production of a pattern of material
that has the shape of the electron besem. B8imple spots, lines, or sreis may
be obtained by proper control of the electron beam. The maximum resolution
I8 set by the resolution of the electron beam. Materials that have been
processed by this method include molybderim, tungsten, tantelum, silicon,
{ron, nickel, silicon dioxide, snd aluminums oxide. A much wider selection
of materials is possibie," _

Figure U shows the successive steps followed by Varo for depositing
passive ocomponents and insertion of the ective ones. Figure 5, left and
right, vespectively, present conventicnul and distributed parsmeter schema-
tics of the ecane ¢ircult. An important objective of the Varo program is to
form componsnts by means of ion beam deposition, thus eliminating the need
for evaporation masks,

Arma bas been forming thin-film circuitry on 1/2" square x .030"
thick vefers es illustrated lu ¥Figure 6. Passive components are evaporated
ug transistors 'are inserted into .100" diameter holes, and the diodes into
050" holas.

Figure 7 shows sn edder male by Aerovox. It corsists of T vafers
connected by means of & printed wiring ceramic board, lere, sgain, the
passive components are either evaporated or printed vhile diodes and trarsis
tors are sttached to the interconnecting wiring.

The 3ylvania or glass hat, ss it is frequently dubbed, uses
hermatic sealing with an inert protective atmosphere. mBxploded and com-
pleted viewe of modules are shown in Figure 8. Individual circuit wafers
use a combination of aveporation and printed technigues to apply componsnts.
A significant feature claimed for this concept ie: 1t wses no organic
sealers or encapsulants. Interconnections are made by fired on printed
wviring.

IRC hes been supplying evaporated resistors and capacitors and
has acoumtlated coneiderable date and much valuable expsrience in thin-film
wvork., -

_ DOFL 18 forming entire functional ecircuits on a single thin wafer.
Thiin-film components are deposited in a 2 dimeaniional form and uncased
transistors and diodes are mounted in holes withiy the bdody of the vafer.

17
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IRC, in eddition to developing conductive, resietive, and insulat-
11y £1lms, hes fubricated integrated circultry by mounting dicdes and
trunsistora in holes drilled through the eubstrates. Research and develop-
ment work aimed at developing thin film active elements is currently under
investigation.

B, MICROCARDS

There eppears to be widespresd misconoeption among ceasusl readers
concerning many of the aspecta of mirroelectrontisa, A mmber of 44 wule-
informed associate high vacum techniques with microelectronies. This
association probably results from the publicity given to the commendeble
vork of Varo Manufecturing Company, a ploneer in eveporeted miorocircuitry.
High vacuum technique is only one way of depositing thin films and the thin-
£ilm erncept 18 only ope spproach to microelectronics. The realization of

" the latest upproach t0 nmicroelectronics requires no expansive vacuum ocoating

equipnent, This relatively new spproech, the simnlost sttempted thus far,

- is & refinement of conventional printed circuit b ard techniques to include

the incorporation of micruminiaturized circuit caomponents. Many micro-
aintaturized components (micrccomponents) used are those developed for use
in the U, 8, 8ignal Corps - RCA micromodules. Other. zmicrooccaponents have
been devaloped or are being developed through the afforts of the Mlero-
ministure Fluctronic Components (roup organized within EIA Engineering
Departwent, This group is concerned anly with discrete components at this
time, eand hes specifically excludsd pre-assambled groups of ocampanants in
modular form,

16
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The acupe of the EIA Miorondunlature Flectronic Camponents Oroup

followe i
"“Po revommend physicul and mechanical requiremsnts for indlviduul

omall reliable active and passive comgonents as uscd in digital data
procensing systems, The partloular wrsas of concern to be included are:

-+ n, Recommendations of form factora and lund plucement of com-
ponsnts wo a8 to fac)litate the production of systoma. -

b, Rocommend a set of -pucificationl on components suitable to
pucveasiul uosembly with partioular emphasia on envitronuvental oonditions.

t¢. Rocummend the moms for tha handling and transportation of
components £rom the suppllesr to the econnumer,”

This group hes no illusions thet the combinetion of printad oire
ouit board twchniques and microcomponents represents the ultimate in
microelectrics. Rather, they recogniae this approach as an interim step
$0 be adoptod until such time that thin film miorcelectronice and/or soldd
state dlrouitry are demonstrated to be reproduaible, relisdle, and economio-
ally mcoeptuble, :

The aimplest vorsion of the microcard consists of microcomponents
“with pigteil leads mounted on thin etched coppexr cled glass epoxy or Teflon
boarda. The fedbrication of thess miorocards neoessitates more care during
the etching and assexbly steps than is required of conventional printed
olrouitry. Oleveland Metal Spacialtios Company 1s one of the ustried
lgboratorisa spontoring this oonoapt,

Other methods for munting microvcmponents svoid the need for
pigtail leadn, 'in thess packaging schemes the microcomponents are inserted
vithin the body of a ceramic vafer which carries the asecciated oirouitry
on 1ts two major surtaces.

The Ramo-wocldridge packaging mcheme (Bes Figure § ) - "involves
the imbedding of presently availsble miorominiaturimed components in phato-
atched oavitien in & ceramic vafer. Qopper-etched electrical condustors
for intervonnection mre contsined on the surfaces of the ceramio vafer whioh
also sois as the strucivural owrrier for the oomponenta. The presant program
uses discrete ocwponents, but can bte extended to include wdoro-module unlts
and molectronic unite wa they become available. Each vafor provides at
lonst 8 oircuit funotlcn, Beveral vafers are then interconnected, dy a
proprietary micro-connactor, to perform a system function.

"Repair is nffacted by the two-level prucess currently used in
digitw) cquipment. MNepair of the equipment ia acoomplished Ly interohanging
plug-in curriers; the carriur is repaired by repluoing psris. Although the
narriers are initially dip soldervd, parts can be removed by a soldering
iron wnd n new part van bu pushed in vith lidtle effort.”

e Hughes' puckaging consept of microcizouit bowrde (i ao rimolq)

9
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Ju = Meentered rbout elrealt elemeytu, (050" dfameter x 030" thick., Dlodes,
restutory, and crpaettors in this form ace providod with gold-clud cud platen
for attachment into the clreuttry, Trmslators would have the collector
contsnt 1n a sindlar (050" diameter end plate, with emltter and bose lendn
emerging 1n two plrtes on the oppusite surfece. Such compunents can be
inoeirted within the body of a board wiilch carrleeg the sssocinted clrecuitry
on itn TWo major surtaces. Dovicor ave carrled in 052" dlamater through
holep la a ,030" thick substiratt wd the holes are located on a 100" oquore
matrix. Ouch spneing fa sdamate for inter-component connection, b s not
8o tight ny to present problems of reoceidentnl ehort clrouits," ‘

Nelther of the packeging methods described nbove specifies standard , ]
ounhrtrate dimenalons other than thickress. Tndeed, it is claimed that to
spoc ity substrate orea wowld deetroy some of the flaxibility in design
clained for theme packaging schemes. .

Tho Burroughs Corporation "Masoro-Module" packeging conecspt of
microcircuit boarde (Hee Figurell) spscifies substrate dimensions, lovever,
their guliemo possesscs o feature that muy compensate for the inflexibility
in design introduced by stundardivabion of wafer dimensions., Unlike other
puuknging schemon, tho Burrough's Mucro<Module provides for the incorpora-
“tlon of n hent enchauger as an integral part of' each module, 'The heat ox-
changer 1u suaid tu provide elflclont tranater of heat Irom the source to a
sink, ' '

The Duronghs Macro-Module wafer is a triangular chip one inch in
Loight and 1.75 inches along its bame, The firast chips wera fabtricated by
conventional printed oircult techniquus, 'later, chips were made of Coraing
Potocearam vith microconponents mourrted therein in o manner suggested by the
RamoeWooldridge concept.

The Daven Diviuion of Ueneral Mills has proposed moumbing RCA
mioroelamems on large cwramic warera to form funotional oiroudtry, The aim
10 to eliminate Aiffioulties ariuing from the use of riser vires normally
used in the micro-moduls pnokaging concept.

e prasent state=of-the-art does not permit the febrication of
thin=£1lm diodes or transistors by methods compubtidble with the deposition of
passive componants and intervonnecting oircuitry. Consequantly, thin-film
cirouit fabrication requires that slots be formad in the sudstreate wvafer to
sccommodate the active components. The proponents of miarcaircuit heards
olaim that the nost of providing additional slots or holes for the passive
components is slight, In other words, they argue that as long as active
componants have 4o bo imbedded in the substrate wafer ull the componente
might a8 well ho imbedded, The added cost of providing more slots or holes
to a vafer, 1t 1o nlaimed, 1is more than compensated by the savings resulding
from the elimination of oritioal masking problems and sxpensive veouum
oparations.

Tho proponants of mierocircuit boards enumsrate other advantages
of thims concept of misroocirvuibtry as compared ‘to evaporated cirouitry., Among
thooe sdvanbuges they liat:

10
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a. Lower investuent 1n capital egnipment. No costily high vacuum
cquipmént ie nceded,

b, Lower oporntiug oxpenses. Lower level of skills required and
non-critical operations required for fabricating microcards.

¢. Lower design coota.

: - d, Higher wattage vating of resiastors. The waltuge mtinglor" :
Ingerted reuistors nverage shout twice that of' evaporated thin-film resistors,
e. liigher 'z'ea:['u'ta-mceu and greater capacltanves per unlt surfecy 7
IN1'8R. : : : o

1. Closer tolorances on reslators and cupucitors. UYhwese com-
ponanbn may be pra-’ ‘aloeted according to thelr values.

&+ Wider range of circult cowomntl can e accommodeted. Ceramie,
elsctrolytic and tartalytic capacitors, wirewound, caxbon mid other reaistors,

. an¢ industors may. be inserted in microcads, Also, s0lid circulis developed
‘ by Texes Irwtrumntu snd others can t) imbedded in ceramnic substrates..

h. Orester yield aincs componants ~re 1ndividually pre-teoted
Lufore hﬂboddma a 100% ylald can be expected, - A mishap dwring any one of
Lhe aevera’ Aepouritlion cyelew for producing an evaporated circuwid dnvall-
dation the e t*re wafer,

1. Repairable.  Microcsxrds non be repaired, A mal-functioning
component own be unsoldered and mplaqad. Evaporated circuitry camot be
repalrGd, o

J. Microcomponents for in.nertion intv holes in substrates are
availabls snd can ba supplied to urder, Spezial eizes and shapes of sub-
strates can be fabricated or purchassd. Microcard-tyve integrated modules

could be put into production at, this time, This conclusion cannot be

raached for thin~film techniques at this time,

k. In general, oize of components und eubstrautes could be
"standordized" £or many current endeavora, thus bringing automatic assembly
one step closer to reality.

The volume occ\ipied by a microcard consisting of components
imbedded in a substrate is comparabls to thet ocoupied by a four-layer thin-
f1lm ciroudt.

¥ollowing is a qQuotution from a recent advertisement descrilbing
another approach to microminiature circuitry called MICRAM (Microminiatu:e
Individusl Components Reliable Modules):

"The combined technology of five companles has resulted in high

reliable, off-the-ghelf componenta which can be packaged in stundard modules
or to specific requirements with a density of 2 million componento parts per

37
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cubie foot. MICRAM has wade these components and vodwles avallable to indins.
try today - not e promise for the future. Ui-Q Divisicn, ferovox Corpora~
tion; CM3 Cleveland Metul Specialties, Co.; PSI, Pacific Semiconductors y Inc.;
Raytheon Campany; anl Sylvania Lighting Products. Capacitors Hi.Q, thoto-
engraved "Printed" circuits 8, Deatgnn & Pa.cksging from Elect.conice Division of

(‘Mt‘ N T -~ B e VO
e Ve ) MaTMUS 2iwk 2 agp Transl v e Didw SSwivwsiuciug u.LVJuLUKX, nmneon

Co., Readout & Indicator Lanps frum Sylvanie Lighting Producia, division of
Sylvania Electric Products, Inc.

The 5ignal Corpa-RCA Micrmodul e“concept is au extension of tha
Tinkertoy module concepts developed at the Burvau of Standards. Inztead of
developing integrated stages on a single substrate, each component is held
by a separate one. The individual wafers with their coapanents are stacked
and conrested by risey wires through notehes along the edges to form complete
stagea., The inference is thet components can bs made up ahead of time and

stored for- ﬁrbure use. Individual wafers are ,31 inches squave by .02 inches .
thick. ' '

A unique concept by G. K. is 1llustrated in Figure 12, Components
are formed ccout steandard torcoide made of a high titsnium-ceramic bo@
Auembled uaits are hermaticelly sealed at a low pressure, are rugged, and
quite repistant to the effects of radioactive fielda. ‘'[hese unite are satd
to operate successfully at 500° C, and cnoe operating tempersture 1s attaine?,
hecters; ss found in omvon'cioml slactron tubes, are no lunger regquired.

¢. sow CIROUTTS 7 _ _
' "mm the udmt ‘of thn trsusistor and the vork lu nltoondétou

‘gonerelly, 1t nov oeems possible to envisage slectronic equipmant in & aolid
.Llock with no connacting vires. Tha bloock may oconsist of leyers of insulate
- ing, conducting, rontifying on’ emplifying mabterials, the eleatriocal funoc-
4ions boing comnacted directly Ly ocutting out ares of the varicus layers." '

Ttds prophetic gquotation by G.W.A. Dummer in 19%2 Just aboub sumarizes ooes -

of the recant wmuahunts of 80113 atate cirouitry.

' - Hork In this nom is bYaing pursuad by & nunber of ubnrdmrtu.
Same are working on individual ooqmmm vhila othars are

omplate stopen, (Hoe Figure 13, A8 indicated ahove, the mm-.uuon of
the transistor greatly ancelerated Nunoh in solid state phywice.

Prinsiple objiotive of snlid state oireuitry is o perfor all
cirouit functiuny vithin o propevly p oryvtal of a sesicopductor. A
crystal might perforu ane of the fol oireudt unotions:

a. R,F. A@lifi'r

b, I.F. Amplifier

¢. Oscillator

d. Nixer
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e, DPower amplifier
f. logic

Moleculur engineering, as such, is being pursuec by a number of
laboratorlies, notebly, Westinghouse, T,I,, Bell Laboratories, Sylvania,
Sperry~Rand, and Varn. One, or s combinstion of the followling techniaues,is
used in molecular engineering; etching, diffusion, vapor deposition, ion

. bomburdment. zone meiting, etc. In other words, any technique thet allows

ne to have cuntrol over the arrangement of the molecules in a substance is
¢lungiried a8 molecular engineering.

In spite of the cxcellent work that hus been done, a'l workers
nrree there 40 much more to boe done betore it will be ready to emerge from
the luboratory.  While much of the theory 13 tairly well established, there
wre a few nebulous areas requiring more etudy and reseacch, Exclusive of
research, the greatest need is in the field of applied development. Thie
involves the upplication of 1ew methods and techniques and the adaptation
of methods from other sclenras.i As & matter of fect, the fadrication of
nolld state devices requires scme knowledge of a host of sclences and arts,
soms of which way not be related to each other, and reguires chenge in
thinking, ete., Some unlts ure available, but it may be 1970 before come-
pleted unite are conmerclnlly avallable,

Golld state functional blocks, products of & new science called
"molecular engineering’ are belng oxplcited by several leboratories. A
vorking mrdel of an audio amplifier was recently demonstreted publically.

Tts £idelity was "madiccre” Tt it was spectacular .in thet the unit wes about
the size of & pencil eraser. To & casuml observer it rasemdbled a piece of
anthracits with several wires nttached, ‘a more basic knowledge of the
physics of the sBolid stute 1s mcquired, it is anticipated more asophlsticated
devices wil'. bacome uvulluble,

Yarallel wlth these endeavors ,,ti strong materials program ia
required to develop leuser known muterials able to function in high ambient
tempoeratur ., and to handle greater power.

Ii 46 possible that a vnall pilece of sultably prepared silicon or
other seudnunsluctor materisl will replave several clrcult components, The
lenlred impadnnce, capucitance and inductence in an smplifier stage may he
designed Into uw s'ngle unlid atate device,

Tho Westiighcuse molecular englneering approach tekes advantage of
the advances made in Quantun mechanics in recent years. A proprietary method
ol growing dendritic crystals in the form of ribbons having very flat sur-
facas 18 reported, 8o far three-zons dunirites have been produced and
tomcnstcated, ume objuctive is the developmant of -~olid state functional
blocko.

Mcleculur syntem snginesring differs groestly frum all other micro-

minlature concepts in thut indivldual, or conventlonal, comporents cease to
rxint as such, kquivalent eleclrical functions aure porformed by properly

k3
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doped and grown domaing usually within a aolid crystalline block of a semi-
conduct ing meterinl.

Another approuch though not proprietary starts with a thin wafer of
a uniformly doped or unaoped semiconducting crystsl. Then by various surface
treatmente such eg etching, diffusion doping, vapor pleting, etc.. the
Va&iAOuS auvulve and pessive camponent areas are formed 1ln place, Soldered
connections and interconnection wires are entirely eliminated.

Figure 1l shows a Pull wave rectifier construuted on diftused -
silicon vafers with a slit and trough design. TIts siz. is about 1/h x 1/2
inches,

Figures 15 and 14 show the general laycut of the Sperry-Rand and

Arma concepts respectively.

Single crystal silicon ingots ere now avd.la'ble and can be furnished
in several specified resiativities. These can be sliced, diced and formed
into diodes and transictors by several methods auch as alloy Junction,
surface barrier, diffused tuse and alloy-diffused base. These bechniques
avoid the problems associated with tha grown Junction crystal ~nd eliminate
high scrsp losses, These unita can be prepared in advance or formed in
place 1f required, This concept le illustrated in Figure 17.

Much mure research end development work is required befors units
of this kind will be ready for the production line. The state=of.-the=ait
i+ in such a flux that one cannct, with any degree of certainty st this vima,
predict vhat the ultimete morphology will be, After reviewing the current
literature, hovever, one or two trends seem to he smergirg. One obvicus one
je thet electrsonic assemblies will continue %0 shrink in aige and weight.
Aleso efficiencies will continue to increase. As more fundamental knovledge
of the physics of the soiid state is guined and epplied, more 'breakthroughs"
can be expected, Each step forward is bound to have its influence upon the

eize and form of the final product,

Dr. Hesvper Q. North, presldent, Pacific Bemioconductors, Ine,, hes
this to say sbout so0lid state circuitry: '"It's a wonderrul onncept degraded
by ovoer-publiocity end sbout to experience retardation . . . as a result of
over-optimism, When techrology cutohes up with 1%, we'll be able to strive
toward brain-like circuitry with a vengeance., I'm guessing it will tske
five years or more."

Lk
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The present state-of-the-art of thin-film microcircultry fabrica-
tion permita the deposition of resistors, capacitors, emall inductonces and
their interconnecting conductor lines on glass, fused silicae or ceramic
substratea, Ultimately it is hoped that semiconductor materiels can be
deposlited in proper crystalline structure and in correct amounts so that
semiconductor devicea, such az diodes and transistore, can be formed inte-
grally with the circuit. '

A. MKTHODS OF DEPOSITING THIN WI

Thin solid films cen Le produced by s number of diff'erent methods,
lncluding :

ae 'meotro-depoution

b. Chemical precipitution, notadly of copper, silver and nickel

¢, Thormal decamposition (vepor plating)

d. Solidf-_stutes reactions, including "wraing on” !
¢. Cathodic sputtering |

f. Iiigh vacuum evaporatlon

Although all »f these methodo have been exploited to some degroe
in ettempts to develop thin-film mivresiroultry, high vacuum eveporation 1is
the most populur, In general, films deposited by ligh vacuun eyvaporation
have higher purity and the process 1le more easily ccntrolled,

1. I{i@ Vacuun bveporation

High vacuum evaporation is simple in prinoiple. (g.l0) IL conslsts of
raieing the temperature of a thermally stable material in c vacuum so that
evaporation takes place, Tha svaporated material ia emitted in astraight
lines from o heatud source and condenses on to surfaces surrounding the
sourco, Some meteriuloc cvaporate from the liquid phase while u few, notably
chramium, ¢vaporate or sublime from the sclid phase,

There are three common methods for hewting an eveporant, namely:
resistance heating, r-f heating and electron bambardment.

H, RESIBTANCE HEATING

Regietance heating ie the chespest and most readily available
meals of ralsing the evaporant (source material) to 1ts evaporation tempera-
turc, In this method tha msterial to Le evaporatsd is hamted in contact
wvith a refractory metal, such as tungsten, tentalum or molybdenum, through
which a current is passed. The sowrce heuter may bs in the form of a boat,
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crucible, or filaments as shown in Fig. 18, A disadvantage of this method
is that many materiels, when heated to evaporation temperasture, react with
the boat material., This reaction results in the evaporation of the boat
material as a film contaminant and also causes the boat to eventually "burn
out". These deaficien-ies can be avoided in some instances by heating the

evaporant by radiation (Fig. 1B8E) or by using a crucible that does not
react with the matarial o he avanawetad (P~  18n)

.~ .

Control of source temperature for resistanze heating may be
acoumplisued with a varimble autotranstormer (Variac), This control ie fast
end accurate and serves to closely control the rate of evaporation.

" 1. R<F, or Induction, Heating

ReF, or induction heating of evaporation source material is caused
by coupling r-f energy from a coil of a high frequency generator to the
eveporant, This energy may be coupled directly with a conductive evaporant
or wvith a conductive containar holding a nonconductive source material,

This method of heating, which may be controlled quite closely as to source
terperature, permits fast eveporation. Induction heating is superior to
resistance heating in that no new impuritles are introduced into the system,
Centamination is absent for a’nonconductive eveporant if it has a melting
peint sufficiently lower than that of the conductive container. The chief
dissdvantage of induction heating is the high initial cost. Some of the
induwstrial laboratories using r-f %o hest evapcrants are: Bell Telephone
Taboratories, IRM, Remington-Rand Univac, and Hughes Airoraft Company. (Fig.l9)

2 lﬂootron Bambardment Heating

Electron bambardment melts target ancdes of x-ray tubes and burns
holes in the plates of vacuum diodes if heet is nobt dissipated. When

properly controlled, eleatron bombardment is & highly sabtiefactory mathod of
heating an evaporant.

The essential elements of an electron bembardment errengement (see
Figure 20) are a cathode (heated filamsnt) and anods (usually a metal to be
evaporated) plus power supplies. When heated, the filament emits elecirons

vhich are accelersted to the anode by potentials betwesn 1,000 and 10,000
volts.

. Scme of the industrial lebhoratories using electron bombardmant
heating are: Varo, IEM, Moborolas, and Halex.

3. Cathode Bputbering

The ocathode of a glow diescharge slowly dlsintegrates during
borbardment by ionized gus molecules. Sume of the atoms ejected from the
cathode condensa on surfaser surrounding the cathode. This method of . __
obtaining s meballic film is called sputtering., Although thias coating method
has besn known for a long time, the mechaaism of the process ie not fully
urderstood, The gputtering process roequiiwa a rauge of pressures from 1
down to about 10 Hgs and a range of potentials from 1000 volts t0 a8
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high as 20,000 volts. The sputtering process for depositing thin £1lxs is 1
normally much slower than high vacuum evaporation. Socme metuls are deposited
ut fester rates than others. Bismuth, silver and gold sputter much faster
than metals such az chromiwm, aluminum and titaniwma, vhich are protected by
refractory oxides, The sputtering rate also depends on the €28 in which the -
glow discharge occura. The rate is relatively high in argon snd lowest in
eliun,

Sputtered films rarely have properties superior to those of
Svaporated films, A notable exception is tbe groater adhersnce of sputtered
gol? f4lms. Since sputtered films are produced in s poor vacuum, they are
likely to be contuminated by occluded guses. For this reason and because
sputtering 18 & mch slower £1lnm producing process, high vacuum evaporation
15 generally preferred.

Boll Telephono Laboratories™employ cathode sputtering in a
cireult febrication concept involving the use of s single refractory metsl,
fuch as tantelum or nirconfum, & form conductor lines, reaistors, capacitor
electrodes and cepacitor dielectyvic. Since refractoary metals readily
oxidisze in a glov discharge, ths coating chember has to be pwrged of oxygen.

ing s wccompliahed by reducing the couting chanmber pressure to bolow
10™ mm Hg and flushing with pure argon. The eputtering operation is per-
formed in argon. Bell Telephons Laborataries recommand high vecuum evepora=
tion with electron bombardment heating aa being superior to cathodis sputtar=
ing.

Cathodic sputtoring nurmally requires a gos pressure a fev orders
of magnitude higher than can be btolerated during vaouum eveporation; howaver,
& high vacwum aputtering process was demonstrated by the Gensral Mills Oom-
pany laboratory. Their process requires that tle substrete to rgceive the
coating be immersed in n low-pronsure Plasma of high density,

As mantioned, some metals resdily oxidize in u glow discharge.
The process vheredy s conductive materiul reacts with an ionized &3 in a
glovw diacharge 18 culled reactiva sputtering. For example, barium titanate,
rendered conductive by reduction in a hydrogon atmosphere, will produce
barium titanate £ilms vhen sputtered in the prasence of oxygen. Other ocon-
ductive materials may be sputtered in various active gases to form aompounds,
In general, reactive sputtering of films is slov and Aifficult to control,
Much work remains to be done bafore the procens is made practioal for micro-
electronic applications.

4, Methods of Heating Hubstrates

Meana %o mchieve repid and uniforw heating of substrstes are
nscessary for the economical production of stable evagorated thin £1lm
circuitry. The most common mathods for heating substrates are: infrered
heating units directed toward the face of the substrate, reaistance contact
heatera placed above the substrate, and a d,0, glow discharge from a cathode
consisting of a metal heving a lov sputtering rate. The ion bombardment of
the glow discharge not only heats the substrate, but alsc oleaws it of '
hydrocarbons and moiuturo, However, since a glow discharge cannot ocour in.

61




. .fowd in thess holes,

. whmogphers’ (_c_m syan oxygen in the p

PR

NAFI REPORT TR--T

o high vacuum, a special vacium procedure rust be foliowed. First, the
evaporetor la evacuated to coating pressure and eir, or preteraoly oxygen,

Io admitted uutil tne gas pressure is sufficlent to sustaln a glow discharge.
A dlacharge ot from 2000 to 5000 volks from 50 to 200 nilliamperes for trom

3 to 10 mivutes is applied. Finally, the evaporator is evacusted to coating
prossure. Since there 1s an ~pprecishla lapes 22 +izc Lolweeu uie ond of The
glow discharge cycle and the beginning of the coating cycl:, the srubstrate
has a chance to cool somewhet. Since the time required four pumping down. to
conting precsure moy vary frouw cycle to cycle, the coating tempercature of the
gubstrate cannct be accurately predicted. Hence, the glow discharge methed

ot heeting is not suitable when a predetermined suvstrate temperature is
required,

A convenient method for heating substrates is furnished by resiste
ance heaters nlaced above the holdersa, Bare tungsten strips, coils or
heating units consisting of tungsten wire imbedded in fused silica tubes have
been succesafully used for heating subetrates, '

Another convenient method for heating substrates is provided by
infrared heating units with suitablie reflectors to give uniform heating.

A discussion on evaporsted films would not be complete without a
few wordo concerning the structure of surfaces and the formation, struature,
and edheaion of evaporated metal films., Mirst of all, it should be noted
that no surface is either smooth or uniform over areas massured in terms of
atomic or molecular dimensions. The uleavege planes of crystals probably
have the smocthest nutural surfaces. Fire-polished borosilicato glass

probably hey the smoothest surface likely to is eacountered in mierocircuitry
fabriocation.

~ Boroeiliocats glems is composed essentially of silica (8102) vith
varylng amounts of boric cxide (BpO3) phosphosus pentoxids (P205) and alumine
(AlgOn ). Interspersed within the natwork are slkali or aikeline ecrth

metald such as codiwn and oaloium. 'These slaments ars oalled network modi-
{iers,

The building unit of silics glesses, vhioh is identical to that of
arystallins quarte, tridymite, criatobalite, and all ailicetes, is the 810)
tetrasieéra. It 1» probable that the silicon and oxygesn axe only partially
ionised and thed their tetrshedr L arrangement may be the renult of the
oaxtined Anfluence of the site of the silison end oxygen ‘ons and of the

dadrahadrel covalent foraes, According to the rules goveraing glasa forma-

ion thess detrahedra may share uorners but not edges or faces, and at least
ee ~mers of each tetrahedva must be shared. From these riles, it is

" qvideuy ‘amt the tetrahedral framswork must include relatively large holys

boupded Yy oxygen lons., The larger network modifying alkali ions may ve

¥

The structure of the surfalye of giads necsasarily differs from

gheriodl donde axe droden. If en B 1s severed, oxygen frou the
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Llon chambesr) wlmost lumedd wbely combines with the s41tcon, Thersrore, Lne

portaes ¢f o Telean” plece of borosiltonte glase contalns oxysen lons, many
cf uhich are whbluched o ondy one oAlicon tor, and clvnce sodivum and othor
moetallic tons.  The unshuared arygems awree satd te pousess unsaturated valeoe.:,
I!unuo, the glnes sinface pousesses rerions off ow and '1jp;h gurface anctivity,

v'$ ni: 4o n'|| \u-~l i-.\ '-. O-ln\ n+ \\«h el v -&\u\ Is'kf\.- 4-».“ £osm
- = AP

) ,hm‘t Lhm_, theue nmaturatr_d VE.'CIV(—:L (pr)ints ot ICJlleV(‘ly high activﬁy\

hecome nutisfied by nberacting hydrocarbons (olly molecules) or water.

ilydrocarbone can be removed from a glasy surface by chemical
methodis,  waber or the hydroxyl {=01) donn can be cemoved by subjecting the
glase surface to & tempersture of aboul. 100 €@, prefersbly In u vaouum,

The peints of relabively high encrgy exlsting on & clean glncs
surface become nucleatiorn cenbers for condenced atoms during the vacuum
sveporation process. The atoms to first condense on a glass surfuce migrate
Lo polate of higher energy wnd form isoleted agglomerates or grains, 'The
arrival of subsequent atoms causes these grains tio grow together to form
Inrger eryastals and a continnowr. Pilm, A hot subetrete Imparts more eneryy
to u condenoced atom thuws cccs nocool base, thus alllowlng the atome Lo d1Lffuse
aver the surtace to form Larger poraine,. Targer pralng are also formed at
alower depostition eatee becwpe Lo condenged ambredad has more tine o
mlgrate over the wwface to neeforred gites,

A glow pale of deposition along with hlgh residual gas prensuroe
(poor vacuum) resuits in the Pormation of rough, porous, impure films. Gasen
presant Juring evapornticn may be occludad within the £ilm structure or
chemically comabined witih the Film materinl, :

The unggle ut whilch evapyrated meterlal implnges on & cubstrate
nardace lnfluencoer the Lestioe ot ~vsporated filma, Ac the incldent angle 1o
increased, the Ympinging tors, woe roeble Lo penetrabe the Literstices
betwoen ralus groving on the subotrate, Consaquently eondensation iu- con-
tined to the peakn of the larger gradins wd growth proceeds in the direction
toward the ovaporation cource,

Jeratehed or abrwied srews on o glass surtece expose more nieles-
tion venters mnd provent varius nopecty to the avaparation gource, Mor
tliege reasons surtnce asperitios are magnified by evaporation of » material
thereon. The usme urgments explaln why thicker films are rougher,

Ge  DURTRATE MATERTALD

The vididity of a vacuum evaporated thin-film cireuit 1a influenced
1y the mechanicnl, chemical, thermal and electrical propertioes of the
miwtbrate and the ~ondltion of 1ts surface.

Poabics nnd other orgunic materialas are undesgirable, chiefly
Yeeanor: thoy oulgnn In o vasimum and have poor thermal propertieu. Pecnuse
ot thel e high alectricul conductivity, bare metnls cannol be uscd as sudb-
wheabeo: ponoibly, ndvanbngs could be taken of tholr high tharmal conductl«
ylay by preconting Lhem with n thin inewetding U'lin,
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The macrostructure of the surface of a substrate nffects the
propertics of an evaporated £ilm, IFor cexample, the degrec of rowhnesc of a
substrate influcnces the resistance properties of a film deposited therecn.
‘m o vough turface, 1lat areas ol peeks and valleys receive deposits at
normal Incidence, while uteep sldes are coated at oblique angles and thus
racelve a thinner laver. Hence. the f11m ammadicta AP o nadkiasl o8 1o 0
high resistance arcas. fince moot resistor films oxidize to some extent,
the high reslstance ureas may consist predominantly of an oxide. Many oxldes
hove o high negative coeffilcienl of resistance wnile metnls have a positive
coefficient, Mixdng the two effects may or may not have a desirable infln-
ence on the resistance characteristics. In any case the resulting properties
may be ditficult to prediect. :

The microstructure of the surface of a substrate also affects tne
properties of an evaporated film, From the nature of the growth of slngle
erystals, it is known that the growth of subsequent layers tends to assume
the game crystallographic orientetion as the base crystal. This epitaxial
growth on the surface of a non-orisnted polycrystalline substrate ieg impor-
tant in determining some of the properties of evaporated films.

i 1ldeal substrate would have the following properties:

a. liigh thermal conuuctivity

b. Minimum electrical conductivity

ce Low thermal coeffilcient of expansion

d., Mlgh resistunce to chemical effects

e. Iligh mechanical strength

f. Flat, smooth surface for deposition

g.- " Homogeneoun surface microstructure

h, Low dielsctric conutent

Of course no single materiel possesses all the desirable qualities
lioted above, Certailn compromises appeur to be necessary, Glass and some
ceramlics meet many of the desirable characteristico.

Qlass is probably the nost popular substrate material for evapo-
rated thin-£ilm microcircuitry. Although it has relatively low thermal
conductivity, glass 1le cheap, readily avallable, has a flat, smooth surface,
and hay favorable electrilcal, chemical and thermal expansion properties.-

The homogeneity of glass surf'aces can be iaproved by eveporating
thereon a film of silicon oxidees from 2000 A to 10,000 A thick. Glass
surfaces thus treated behave similar to fused silica, another subatrate
material of interest in microcirowdtry febrioation.
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Coramics would be prolerred (o substrate wafers 11 they covld be
produccd witn dizlectric constante as low ns that 2 gluss -nd swefuces ar
Lsmooth as that of polished glass, 1In genewral, ceramles excel glaus in heat
conduetivity, mechanienl strength, wod high texrperutur( capabllitics. Amony,
cerumden of interest are high alumina (96 1303/ beryllla deO) bariunm
titonats (BaTily), Fulocermm and Voboform.  Ine latter two are of unique
Lnterest Lecause proclse intricate holes or slote can be formed in them by
n patented photo-chemical process. ‘lowever, Fotoceram and Totni'nma nre
proprietary (Corning Glass Co.) moterisls, wad bence their wniversal adop-
tion for mit.rou.lrc.uttry npplleationns is nnlikely.

Durium titanate ceramics would appear to be undesirsble for use as
microeiroultry substrute material because of thelr high dielectric constants
(x greater than about 100), However, Varo Mrg. Co. has capitalized on these
high dleleotria constants and is succesefully using barium titanate ‘ceramics
la o elroult concept involving d'stributed constants (Figure 5) as opposed
to lumped circult parameters. This eciraudt concept reduces the number of
circult components and ruughly hualves the muber of evaporation masks re-
quired for protucing R-C networks. Brrlum titanate ceramics suffer from
extreme brittleness, n characteristlc thet mry exclude them from serious
connideration as microcircuit substrates.

Alumina and beryllia have many characteristics that make them
attractive as substrates for microoircultry. They have good overall thermal,
electrical, chemical wnd mechanionl properties and can be produced with a
smooth aurface texture, Iliigh beryllia ceramicrs poesess all the desirable
properties of the ulwninas with recpect to electrical, chemical and macheni-
cal characteristics, but also have n thermal conductivity epproeching that
of aluminum metal, BReryllia, however, is toxic. When in a powdersd form
and in a condition which allows it to ba taken anto the lungs, beryllic can
“be a dangerous poison. No harm will reoult if simple precautions of adaquate
ventilation are obaerved during drilling or g:indlns Oporctiona on heryllia
wvaters, :

U, MASKG AND MASK-SOURCE CHANGHRS

The capacitance of n thin-f'ilm condenser to » funcilon of the areas
of the capuocitor electrodes., The reslstance of u thin-film resiator ig n
function of the resistor length : width (sspect rat'o). The interconnaction
of micrucirocuit components requires the deposition nf conducting materials on
neeurately located arens of the substrate. Hence, the successful production
of passive thin~film microcircultry is largely dependent upon the ability to
deposit deslred materinls uwt acuurntely defined arens on a substrate,

Bome typee of :usks are disposed ol after use while others are ueod
repentedly, A dispoanble mask cun be mnde frnm Kodak Photo Reajst (i¢PR) {n
the fo'llowiny munner:

s Cont substrate wnfer with n thin film of KPR solution by brugh«
ing, spraying, or lippiny;. Allow f1ln to dry,

b, Ekpoue ooated wat'er to ultraviolet light throush » photographie
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pusltive of the clreuit clement,

c. Devtlop exposed wilor thus dlsplaying the bare putiera of the
clrcult clement,

The requlred mnterinl 48 Aopaaliod cver the Sutlcse waler by puysi-
cnd means (evuporutlon o sputicering) or by chemicul deposition. The couted
substrate 1s then lmmerscd 1n u solvent for the photoresist. The phutoresist

with it overluy ol deposited mnberinl 18 removed, except where the cubsirute
was bared, - '

Fhotoresist does not moke an ideal mugk. Being org;mic 1t can de-
grede the vacuum in the cuse of evaporated films or it can econtaminute sput-
tered [1lms with ite decomposition products. Alsc, if gluss substrates are

' useri, internal refleetion of light during exposuro (Step b) results in

r1rcult patterns showing fenthéry edges.

Theso deficienclesa can be wvoided by adopting & more elaborate
procedure for making Jdlsposnble masks, In the modified procese the substrste
wafer g couted with a thin lwe‘ of metal, such as eopper or aluminum,
vefore procceding with steps (a), (b), und (c¢). Pollowing step (e) the bure
metol 18 etched through to the suhstrutc. The remalning loyee of KPR is
dlsgolved awny, Lhus leaving un extremely thin metal atencil of the desired
pnttern firmly atitoched to the subatrate, The material of the circult
elument is deposited onto the etched metal patteran and the whole unit is
immersed in an etchant for the metul., 'The metsal mask with its overlay of

Qepusited materinl is removed, loaving only the desired cirouit elemen‘b on
the substrate,

Bell Telephune Laboratories pionoered the development of disposable
metal maske. It is reported they produce patterne os nerrow as one mil u

spaced cne mil apart by using photoengraving techniques on aputtered ocopper
filma.

"

Beonuse they nre thin nid maintain intimate contact with the sub-
atrate, disposable magks are capuble of heing tabriented in intricate pat-
ternd having extremoly fine definition. Despite these attractive features

' diaposable masks will probably not find extenaive use in mioroeircuitry

production. The rather complioated processes required for their tabrication
and removal heve to he repeated for emch pattern. Because as many ng four
putterns ars required for depoeiting cirouitry or only une side of & sube
strate, great care muut be taken not ¢o drnmege any underlying f1ims.

Although they mre not cupable of defining pntterns of sxtreme
detall, rous-ble mogks are lavorad By most exparinenteruy. Reusable mnska
uee made of awvbal or clehable photosens tive .alnna.‘& Miaks fabrioated from
photusensltive glnes huve these uttractive fontures:'

u., They vun by fabrioated to extre-ely oclooe tolerunovs (+0, 0003
Ineh wnd «0,0000 1noh) whers necoaspary,

bs  They ure flat, rigld and are therefore cupndle of maintuining
66
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conteclt with the aubstredle,

c. 'They w11l withstind considerable mechond el rbuce,
d. They are uneifected by normul clecning procecses,

Tae cnier arawpack to the use ol etchable photuosensitlve glusses
arer bhey are yroprietury products (Corning Fotoform mnd Fotoccram) uad
“the time requlred for thelr fabrientlon and deldvery con bo an lugonvenlence,

Metil cvaporation musks cuan be fibricnted by machining, etehing, - .

o electroforming processes. Electroformed masks are usually formed on glass
plites trom which they wre subscquently stripped. A typlenl procedure for '
munufacturlng electroformed masks f£ollows: -

.. .. 'a., Evaporate i metal double layur - copper nn"aluminhm.-‘on A
(zlngs plate. ' ' ' ‘

b. Coat metallized glass plate with a thin film of u photosensi-

tlve emulsion (such ns KPR) by trushing, spraylug or dipping. Allow photo-
sensitive £ilm to Jdvy.

¢e  Expose sensitlzed plote to wltruviolet liuht through e photo-
graphic positlve or the circult element.,

. d. Develop exposed plute thus boring the metallic pattern of
the cireuit elemont. :

e. Chemicully etch nway é&pouod metal.

f. Dissoulve remuining vmalsion layer (KPR) ln a suitable solvent
thuc exposing the copper surface of the thin patiern of the eveporation musk.

: (-3 Ihcrauue thicknesa of evaperation mask to about 0.002 inch by
nlectroplating nickel from a nickel sulfamate bath.

he Free wuporution mnsk from the glass plate by dissclving the
aluminwn underlayer in a vultnble solvent.

e electroplutirg etep reduces the vidth of openings in the mask
beoause plating deposits metal At the edges as well as on the exposed horle
zontal surface. Hence, allowanoes must ds made in the artwork to compensate
f'or thin defioclicney,

There are several variativns of the eleotroformiiy process. Manks
haviag etencil patterns showing fulthful reproduction of artwork can be
n1nctroformed by w procean outllned in Seotion VI,

Most uvxpurimentcra engugod in resenrch on evaporuted thinefilm
mlervolireultry uso vtohel metol maske from 0,0015 inch to 0.007 inch thiok
to define clrouit patterns. Copper, iron, baryllium ocopper, mumstal, ataime
loun. stool mnd +1'onium are among metnls from vhioh maaks may he etched, 'The
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Tutter thiee wre more deslruble w8 they ure more resirtant to the corrosive
1eblion of clenning solutiona.  However, thls property that mokes them desir-
able «luo renders them diffleult to eteh.  Each metel requilres o «dlfferent
etchlny: teohnlique.

Bbched metnl evuporation masks are fubricated by u photochemical-
resist-etching proceas similar to a method commonly used for processing high
anlity doublecided priuted wicing buards., A master pattern, which muy

rnnge from 10X to 200X slve, 1t photogruphieally reduced to the.size regulred
1;1 the findlshed misk, From thia negative, a palr of £11lm positives 1s

prepared so that the patterns line up when thelr emulsions arc placed together,

Properly uligned fllms are taped togethﬁr ut twvo or three edges.

The sheet metw) tu recelvae the pnttern ig coated on both aides with
KPR, or other photoresist emulsion, dried, and placod bolveen thg aligned

- films. This aoimbiration 18 plnced in A vacuum frame and both sides exposed

to ultraviolet radiation. After the couted metal 18 properly exposed, it is
removed f'rom tlie £film envelope end developed in an appropriate solution. The
expoced (hardened ) emulsion acts us o resist in the etching bath,

The nceouracy ol the etched mask doponds on A number of factors
related to the etching process:

. O Spoed of etch, 1In general, s faster etch will produce a more
accurate pottern,

b, Ratio of metal thickness to openirg width, BSatisfectory
ragults ure odbtained if the mask thickness ia equal to the width of the
narrovest opening.

oy Or-nin size of motid. A more wdcurate pattern having omoother

edges can ba etoiwd from unitorm fine grained metals,

d« Ability of phctosensitive resist to adhera to metul, Obvicusly,
poor udhesion of resist to metnl would result in irregularities in the mask
ocpenings . .. : ' :

c. Homogeneity ol metal, The rclling process used in fabrioeabing
sheet metal induces an orientud utructural condition that causes preferential
otohing.

£, Rtohing procedures, For axample, there is less undercutting
of metal if the etchant is sproyed normel to the surface. .

Regurdless of tha oara exyrolsed in etohing masks, some undevoutt.
Ing nlwnys voaurs, Openinga in etched manks are always wider than tht photo-
grnphia pubbern,  Allowance for this dlsorspanoy muwt bo made in the artwor:,
The extent of the oorreotion ann only bo noclrately determined after atohiiy
procedures are evstublished znd mensurements mnda.

Some axperimentiera have successfully uaed mnohtnod muske, A gund
Jig boror sush sy found in a well equippoed machine shop may be sat up to
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muke several musks nt one Lime. B3Several thicknesses of masking material of

ebout 0.010 inch thick may be clamped together and machined simultaneocusly,

Drilling and routlng easlly alluw for rownis and circles to be designed into
the pattern lnstewnl of squares und rectangles as with etched putverns.

8killed opurators are alle to achieve tcleransea an amull ae
T Q.00U3 1nen,

The depnaition of an RC passive nohwork wsunily requires evapora-
tlon through four stencilling -magks from n miniviim of three waporation .

" sources. A separate mask is re?uired for each of the followl \1) reslis-

tors, (2) capacitor electrodes, (3) capacitor dislectries, and h) inter-
connecting conductor lines and capacitor counterelsctrodes. Separate svapo-
ration sources are required for depositing (1) resistive films, (2) capaci-
tive films, and (3) conductive films for electrodes and intercomnections.

- An additional mask-source pair is required if a proteo‘tive or encapsulattng
film is deposited over the circult, _

Batch coating requires a minimm of four pump-dowvn cycles., Between
cach punp-down nf the evaporutor, mnske, substrutes and evaporation sources
are chunged. These operutions require considerable manual labdor and are
time consuming. Furthermore, previously deposited f£ilms may become oxidized
or corlaminated, For these veasons, thin-film microelectronics will probably
not galn acaeptance in industry until active and passive components, their

1nt;roonnootin¢ lines md complete :nbriaut:ton ie nccompnohod in one vacuum
qaycde.

The l'blto-of-tho-lrb has not progresgsed to the point vhare this is

 practionl, The first step in this direction is the development of maske

aourcessubstrate changers to facilitate Tho dopelit:lon of paseive oirocuitry
in ene pump-down cycle. .

A suggosted list of features that such a ohmanr shiould possess 1,"
"~ 1. A minimum of three - preferably four or mora - evaporation
.MQ.‘Q )
2. Dvaporation sourve to Dy directly delow substrata,
3. Evaporation source shubtter mechanism operated by in-process
monitoring system to conbtrol thiockness of evaporsted films, no as vo
achieve rcproduoibiliw of +5 poremt. .

L, Baffling to prevent oontmumtion of sow'ves by vwor strean
fran the other sowrces.

5. Sufficlent number of masks tc define s minimum of four oirouit
patterns on euch substrate vater.

6., Provisions for ulnotinc and ru:l.ltcr:l.ns each maak to a

_tolerance of o.ooe {noh on thy sudbstrate.
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7o Provistonn for assuring {u) intimate cuntuct between tho muak
wid gubstrete or (b) spaclng of mask and substrate nt a predctermined dlg-
trunce,

8. Provieion for heating substrate to 360°C +10°C while it is
in ponition tu receive evaporated f£ilms.

Among, lndustrial laboratories employing changers of varied degrcel
of complexity are: Vuro, TR(; Rughes, Douglos, CB8 Blscticidos and IEM, The
lutter two have the most sophistisuted arrangements, tut readily admitted
they ware not satiafactory for sevearal rowsons. In addition to wmechanical
problems there are those of monitoring, mask rogutration, and oontrollina
-temperature of the substrates.

E. RESISTOR FIIMS _ _ 7

Restators ure the most w:ldely used comom.-ntl in RIC notworks.
Considerable etudy is being conducted on resistive materials, procecses and
substrates upon vhich resistors ure depoaited for lnorooiroui‘hry applications.
Thin-Pi)lm resistors may be faubricated in place on glass or ceramic subatrates
by a number of proosases, which may -be ciassifted as: mechanical (injectinn
molding and screan process), chemiocal (pyrolyais, olysis aid solid-state
reactions ) and physical (e\rnporutlou aw sputtering).

Ttdn £ilma cuitn‘nlo for mioroc:lrouitry ﬂniltor applications should
bet

| &, gcapable of being deposited 1n a reprodudidle mannyr, without

resort to hund-triming to meet resistance speoifications

b, chemically inert to ntmo-pﬁorio gas.s

S, electrically stable

d, thermally stablo

e, oopuble of adhering benuciously to substrate materisl.-

£, relatively free of electrical and thermal noise '

€. ocharacberised by a reladively high resisdance-por-square

h. ,uudéved with avafficient of thermal expansion approximating
that of t.ho subetrate mnteriul.

l 1
The Dismond Ordnance Fuse Lavoratory (DOFL) hae investigated the i‘ﬁ_
fahrioation of resiators by spplying resistor ink either by pen-type or : "

ocreen-type printers. Theés methuds are claimed to be sadisfagiory, dbut

noy an 'vcru\tilo o the injection molding process vhich allows for producing
¢ wider range of resistunces., DOFL hns made thin-~film resistors by high Y

.* vaouwt evaporation techniques and has also suggested the use of tape resiv=

tors. m.ctrionl grade steutite vn;raru ars used as substrates,
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For poverst yours Negh grewde bbeln=rlim tin oxide raalotors hove
et bbb on pedens substentes by the hydeolysia off $3n chlorttdce,  These
cenlat g e chemlen1ly und eloctefecdly obahile and ure capsble ol with-
standtng cowsiderable mechinteal abusa, | Algo, thay heve o Low temperature
codtlketent ad e pelotlively teoe From clectrdeonl wnd Lhermel nodse,  Tin

Chibe Benomnadly an netype semleonductor thint enm readd by be deonard wteh o
eopebype muberlide o wlter its clectrleal characteristlien,

M realatawicd ol Sio oxlde Tilme dependo upor n numoor of prueess-
Tugg parumeters, Unly u few of the yvarinbles are normally controlled, cor-
acquently realstora mode from tin oxlde Luyers ore usually selected [fron
varlong loto accoiding tu rtalat nee.. ' .

l(ucoutly Muturoln (muenix) cludmed to be able to congrol ProcEsss
it vavlables to such i “extaerit that tin oxlua fllms cun be 1abx'iou1.ad with

—r predbetabhle rorlutmmu pur Hauuare,

: s fall ‘m:lephonc Lu.borntoribauprutuoes up t¢ nine miomcircujt
resistors an . luss or ceramia substrite by sputtering Lantslum throush a
Hlaposnblo muwk, The tuntolum 1'ilms ore stubllized by annealing in air.
Morteis Lhis trentment the top layera of {untalum are converted to an inswlnte-
Pig, axrdde el Che poglotunce ul the fiim {8 Increused, Following this treat-
ment the resleyord arg Quiblo stuble, An average change in resistance of
nbout 0.2% in 800 hours at 100°C 1id reported for laboratory sumples. The
(.empnrutgro ocvef'ficlent of resistivity of these films is of the order of

100 ppm/ Y na compared to npproximately 3000 ppm/°C for bulk tantalum.

The ruiutunce of & #ilm produced in the munhner ducrib-d above i3
dd4ffieult to auntrol, Hence provisions muet be made for hand trimming of
raslytors to desired valuca (aae I“ﬂmu'e PR

Daposision by high vacuum avaporntion appsars to be the most
popular nethud for pruduaing thin film rusiustors for microcircultry npplica-
tions, A whclo aoriva of matals, somiconiuctors, und ulloyn have bean studied
for ‘this purpuse. .

Niehromo (Bo% nlokel : 0% chromium) was one of the first alloys
Invostiguted und atill romeins the most popular materiul for thin-film
realetor upplioutions, Resistanves of from 10 chms per square to over 5000
ohms por squarv huve buen reported, Nichrome films showing less than about
20 ohmg per squure are 8o thick thut thoy partially disintegrate, This bLreake

© 1p of the £11m 18 probsbly rdue to the d{fference between the oxpansion and

conductlon propesrties ol the alloy wnd the underlying subatrate. Niehromo
filmo thin enough to show resistances greater than about 300 ohma per square
normally @o not exhiblt the degres of etability desired for oirvuit fabrie
entton, Howover, some industrinl labovatocries report the aucocessful use of.
nlohvome $1lms ahowlng reslatmnoes of 1000 ohms per square and even highen
Nowslng Alrerurt Company reports having made stuble nichrome reeiatore show-
Ing replatnnced greator than 5000 chma per squars, 'These films were reporten
to have been stobillzed (n o helium stmospnore immediately. after vuouum
depugitlon, '
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Regud Lo of the monltored resistince of sn evaporuted thin
nichirome Cilm the resistrmee subsequentily undergoes chinges thot moy be
qulte pronomneed.,  hmacdlotely after the evaporutlon cyole the reslutunce of
s nlehrome f1lm slightly decrcases. This 1lnitinl recistince lecrensc
probably results r'rom structural changes taking place within the f£ilm, The
hipher the subctrate temperature, the less notlceable any initlal decrunse
in venlalynen Mo pactobnnss of Svapoceued nlenrome 110ns begins to ris
afber any inltlal decrease In rosistance, Th!s lnerense In resistance
resulbs Crom o decreage In metnl £1lm thickness due to econversion of aurtnce
Viyers bo nononsconducting metul oxide, The ~xidation prosess nnd ugsocilated

:wl tince Inerenge proeeeds slowly in the vacuum of the coating chumber, 1f

1o mimltted into the chamber shortly ofter the evaporation. cycle, the
nlx.hrfnme fllm undergoes o rather-large inercuse in reaistance., After the |
realetor 1 removed from the chamber, its resistance slowly Incresses until
a_condition of atability i3 practically attained. The ultimate resistance
aund the . time requived for stabillzuticn cannot, in.genernl, be' accurately
nredlated,  for This reason, anenling or other treuatments are resorted to,
fn nmomtu tu stubillze the resistance of nichrome tilms,

Evaporuted layers of allleon monoxlde ore somelime»t used tu protect
reglstor I'ilms. Gencrally, thess luyers arc effective; however, the all too
I'vequent pregence of pinholas in evapornted layers of sillicon monoxide will
expuse Bhe vesistor I'tlm to the plr and «dlov U6 to oxidlue or ngglomerate.

Betier rilndng materials or improved ovaporution techniques are suggested
m remedion. " .

) A diffarent depusition sequence is uaun.lly followed when roniator
£1lms are coated with a protectiva layer, (See Figure 22), Froquently, the
roslators nre the first circuit elemants evapurated., They are usually
deposited on hentod substrates wnl subjected to a subsequend eat trentment
in vaouiin befoyre the remninder of the circuit elements are evaporated, The
heat treatmsnt causes an oxide film to form vhich is normally thin enough to
ullaw azdequute uloctrica.l contact to be made with the subssguently eveporatod
matnl layers. .

when protective luwyers are deposited on resistor films, the evane-
ration 12 normally made through the vame mask that dsfines the rosistor
areas, 8:1ce protective loyers Are excellent insulators, filhs evaporated
on to them cennot muko eluwetrisnl oontact with the underlying resistor film,
For this reason contnots for the resistors must be deporited privr to svapo
rating the reslstor und protective films, as shown in medthod 1 of Figure 20,

Probaly the prégent state-of«tho-art of evaporatad thin-film -
microelectronice permita the economical production of passive network
circultry conalsting only of resighors and their interconnsoting lines,

Even though considerable proeruu hna bson mnde in the developmont
of' evapornted resistive 11me, much research ard davelopment work remniuu
to bo done, :

Arowy ol Inveetigntione in whioh resistor film improvementa nre
requlred qrnt  repeoduelbllity, ntubllity, recistrnce per aquars, temperature

r(‘r. :
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dipendenes, ad high bemperature eanvironment.
", CAPACITORS

Capucitors cun be formed in place on a glass or ceramic substrate
by the alternete covaporation of metsals and dielectries. A capacitor of the
simplest struclure consists of two metal eleactrodes separated by a dielectrin
Inyer. The capuicitance of such a structure depends upon the electrode
ceometbries and thickness and d° electriec conetant of the interposing dielectric
ilayer. Tor a glven capacitor substrate area; the capacitunce c¢can be incraased
by making the diclectric layer thinner, increasing the mumber f metal-
dielectric layers or by using o dleclectric having s higher dielectric con-
etant. The minimum thickness of. a usable dlelectric layer is limited by its
iclectric strength., The addition of each metal-dielectric layer requires
Lo additional nmsk-changing, sourece-changing evaporation cycles - a costiy
aperation. Hence, the use of dielectries showing higher dielectric constunts
«ppear to be the most satisfactory method of achieving higher capacitances.

Manty of the light-transparent materials used for optical coatings
heve found favor as dielectrics for evaporated capacitors. Among these
materials ure silicon monoxide3dmagnesium fluoride and zinc sultide. Despite
its relatively low dielectric constant (4 to 7.2) silicon monoxide appears
to be the most popular dielectric for vacuum evaporated capacitors. This
popularity is a result of the euse with which silicon monoxide can be evapo-
‘rated and the glass-like character of the resulting films.

The composition and consequently the electrical properties of films
produced from silicon monoxide starting material vary with rate of evaporu-
tion und the residual gas pressure. Pilms produced et a rapid rate in a poor
vacuum or slovly in a good vacuum are predominantly silicon dioxide and
exhibit the optical und electrieal properties of silica. On the other hand,
filns produced rapidly in a good vacuumm show opticel and electrical proper-
ties approaching: those of silicon.

The vield of capacitors by high vacuum evaporation.is lower than
onc might expect. A major cause for rejection is "shorting" of the capaci-
tor duc to faulty cleaning, dust particles or "spitting" from the evapora-
tion source. Despite all precautions to aveid surface contemination,
pinholes continue to appewr in dielectric films. The source, or sources, of
these imperfections is not completely understood. However several experi-
menters have noticed that the number of pinholes per unit area of a dielectric
1ilm decreases with a decrease in coating pressure. This fact indicates that
occluded gases may be responsible for the formation of some of the pirnholes.

Short ecircuits in evaporated capacitors can be "burned out" by
Aischarging a 4 m{d. capacitor acrnss the electrodes This procedure,

however, does not appear practical for production purposes.

Some experimenters have reported capacitor shorts due to the
occurrence of werk points in the dlelectric at the sharp step in the bottom
clectrode lnyer. Shorts due to this csuse can be avoided by supporting the
eveporntion mask about 1 mm away from the substrate.*!
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Yaro Monufacturing Company uses a technique, oviginatiog ol Dorve-
mechanicms, for senling pinholes in dielectric films with hich resistiviby
sllicon. IDvaporated silicon behaves like o metal in thet It hos a tendency
Lo Jdiffuse over the surfoce of freshly evaporated 8i0 and £ill the pinholes
'The resistanece of the silicon "shorts" in the silicon monoxide layer ic tmu
high to alverscly affect the electricul properties of the layer.

It capucltors wre formed by {irst cvuporating o silicon monosiide
loyer over an aluminum electrode, pinholes can be sealad by o dichromete 32
treatment or by rmodizing the exposed aluminum in on srmonium tortrate buth.
There e obther chemical and electrochemical methods thot may be used to
senl pinholes in capacitor dielectric films. Although these pirhole sezling
nethods e useful laboratory techniques, they do not upperar to bhe satis-
factory for use in production processes.

Among other evaporated capacitor dielectrics under investigation
nre boron nitride, calcium fluoride, aluminum oxide and some of the rare
earth oxides and 'aoridoes,

Jilicon dioxide capacitor {ilms can be produced by the pyrolvtic
decomposition of silicate vapors. Motorola (Phoenix) reports: "A capacitor
wvas Tormed using the deposited ulo? film as a dlelectric between two evapo-
rated aluminum {ilms. The capacitance srea was one-fourth of a square inch
and the dlelectric thickness, as measured by sodium-light multiple-intertier-
ence techniques, was between 1 x 107 5 and 1.2 x 1072 inches. Tne capacitance
measured 0.025 microfurwds nnd the dielectrie dissipation factor at 1000
cycles per second wus 0.006, Whe dielectric constant of the films was
determined to be npprox1mutelv .5 which compares favorably with a k of 3.8
to k.1 for quart=". T10, films cun be produced in a similar manner by
hydrolysis of ethyl esters of orthotitanic acid. Techniques for producing
these films on a produntion basis have not been reported.

Ixcellent capezcitors can be produced by anodizing evaporated met:l
films and applying an evaporated counter electrode., Evaporsted aluminum can
be anodized in sn ammonium tartrate baih; o form a pinhole-free hard adhering
oxide film. The thickness of an oxide :Iilm produced by this method is 12.7A
per volt. The dielectric constant is about 8.7. Capacitors produced by this
method are currently being studied by the NAFI Laberatory.

Metals other than aluminum can be deposited on substiates and
subsequently anodized to form capucitor dielectric films. Bell Telephone
Laboratories are using deposited tantalum for thie purpose. Capacitors are
produced by anodizing sputtered tentalum tilms and applying an evaporated
counter-electrode such zs gold or aluminum. Capacitors for 50 voit operation
hiwve « capacitance of about 0.1 mfd/em?. The dielectric constant of anodic
TnpO5 1s sbout 25 or about three times thzt of anodic Alp0O3. However, the
time consumed in processing a tantalum-tantalum oxide double layer is quite
long;.  The sputtering time for depositing a tantalum £ilm of suitable thiick-
ness is about an hour as compared to sbout a minute for evaporating an
aluminum £ilm. Thermal evaporatlon rather than cathodle sputtering would
materially reduce the time required for depositing tantalum layers, An
rnodizing time of from one-half hour to " or 5 hours is required for forming
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Tap0s Layers Torv copucltor applications. Only abeut o minute is vequired for
vorming Alpog Uilms of comparable thlcknesses.

Because of its high dielectric constunt titunium dicxide is
desirable dielectric for capacltiors having microelectronic applications.
Unfortanately Ti0p partislly dissociates when heated in & vacuum so thut the
resuwltineg f1lms censist of a bluish suboxide of titanium. Starting with o
saboxide of titunium, the NATI Materiols Laburatory hus evepeorated colorless
Uilms in a poor vacuum in which the residual gas was oxygen. 'These films,
vhich were ussumed to consist essentixlly of TiO,, will be studied with
recard to their adaptability to microelectronies applications.

i

: Ferro-electrics such as barium titanote and other titunetes howve
high dielectric constants. These materials, like TiO,, dissociube when
hented in v vocuum. Servomechanisms, Jnc. is experimenting with a reactive
sputtering technique for preducing films of ' BaTiOq. The starting matericd is
t. thin plate of Larium titunate ceramic (supplied”ty Mullenbach). The barium
titanrte is rendered electrically conductive by hent treatment in a hydrogen
reducing atmosphere. The reduced burium titanate is made the cathode in a
reasctive sputtering chamber in which the residual gns is pure oxygen. Films
resulting from thic reaction show promise as a capacitor dielectric.

Films consisting essentially of barium titanate have been produced
by evaporating reduced barium and titanium oxides from secparate sources. The
reswlbing Tilms, which consist of a mixture of the suboxides of barium and
titanium are oxidized by heating in air at a temperature above 450°C. Titan-
ium films can be converted to TiOp layers by a similar treatment.

Wnile many of the above mentioned methods of forming dielectric
layerc are sultable for use in fabricating isolated capacitors their applica-
tion to mieroelectronics will require further study. Tor example, one
critical problem in the formation of dielectric films is to control their
thickress. This, plus the geometry and dielectric ctrength, determines the
ultimate utility of the capacitor.

The fabrication of eveporated thin-film capacitors appears to be
in a rather rudimentary stage of development. Becouse evaporated capacitors
ere difficult to fabricate, frequently exhibit "shorts", and show low
capacitance per unit area, many experimenters resort to inserted ceramic
cupacitors,

Arens of investigations in which capacitive film improvements are
required wre: eliminatior of pinhole shorts, dielectric constant, dielectric
strength, dielectric loss and fabrication techniques.

{i. TIDUCTORS

The fabrication of inductive devices by thin~film techniques
presents problems in masking and involves evaporation sequences that are
Aifficult to control. (See Figure 23). Only low value thin-film inductors
hove been movle because of area limitations and the necessity of depositing
them in n two-dimensional spiral. A Tlat spiral thin-filrm inductor of -nly

™
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one piceohenyy conslsts of o geven-turn spiral 1/2 inch OD. x 2/8 inch 1.0,

M reports the production of o two-diwmensional spival 10 micro-
henry inductor consisting of UG turrs of 0.002 inch conductors spaced 0.00h
‘nch on centers. Fobrication of this inductor required surcessive uppiicn-
ticns of vacuum evaporation electrodeposition ond photoengraving techniques.

The incorporation of inductors in microcircuitry should be avoided
whon pessible.  Such well-lmown networks as the twin T and various Tilters
vr RC covpled oscilluators can often be substituted for inductors. Tow
frequency oscillators can be made by phase~shifting RC netvorks. Certuin
sclid sbobe devices, used in conjunction with more conventionel cireult
components, behave ns virtual Inductunces in some circuits.

Jiven though inductors remain an snomaly, some promising work hes
been performed ot the Gignel Corps?o They have been able to gynthesize
inductors to ~ limited extent, by using RC netwdrks with a negative-resistance
diode. A germiniun diffused-base transistor with an open-circuit base connec-
tion serves as the diode,

M. CONDUCTIVE FIIMS

Conductive films are the least critical of evaporated circuit
components and their deposition does not present many problems. The cholce
of conductor materizl is governed by a number of factors including adhesion
to substrate and to adjacent layers, compatibility with materials of adjacent
layert and method adopted for attaching leads of inserted componrnts.

in general, metols that grow hard, atherent protective natural
oxides adhere tenaciously when evaporated onto other metals and onto glass
or ceramics. Among these metals are chromium, titanium and aluminum. Iow-
ever, because of their protective oxide coatings, it is imposcible or
extremely difficult to solder directly to these metals. On the other hand,
metals that do not form protective oxide coztings adhere poorly when evapo-
rated on to oxide protected metals, glasses, and ceramics. Among these are
the ensily soldered copper, gold and silver. These metals, however, form
strong metallic bonds when evaporated onto unoxidized, clean metallic
surfaces. Consequently a solderable surface can be produced on a glass,
ceramic or other oxide coated surface by first eveporating a layer of
chromium, titanium or aluminum and then evaporating a layer of copper, gold
or silver, The sequence of evaporations must take place in the same vacuum
and in rapid succession from adjascent evaporation sources. Any appreciable
time lapsc between the evaporation of the oxidizable and solderable layers
results in the formation of an oxide barrier layer between the two. Even at
pressures as low as 107 'mm Hg there 1s sufficient oxygen to rapidly form an
oxide barrier layer on some metals, Hence, the sure way to obtuin metallic
bonding, and therefore good adhesion, between two metals such as gold and
chromiun 13 to avoid a barrier layer by intermixing these metals at their
interftice. This is accomplished by first evaporating chromium and 2t the
first visunl indiention of deposition bring up the gold evaporation while
shutting down the chromium evaporation. The gold evaporation is continued
until o autisfactory thickness is rcached.
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To be most effective, thesc compesite films should be ~cposited
in & vocuwn less than 5 x L0™°mm Hg on substrates heoted to ub lenst 250°C.
dires soldered to films thusly produced cannot be pulled from the substrute
without brecking the wire, disrupting the solder joint or damaging the under-
Ioiag cubstrate,

11" the Lleads of inserted components are to be attached to micero-
cireultry by thermo-compression bonding) aluminum oppenrs to be the preferrod
roberindl for conductive films, Even though aluminum films are prohected by
+ herd adherent natural oxide coating, this oxide is readily penctrated
turing the thermo-compression process so that gold leads ure firmly bonded.

boo ACTTIVE COMPONENTS

Fvaporated thin £ilm microelectronics will probebly not gain complete
aceentance by industry, until active as well as passive componsnts can be
deposited. At present, neither dlodes nor transistors can be deposited by
techniques compatible with the deposition of other components and their inter-
connecticns. However, Dr. H. A. Stone of BTL predicts 2! "for 1970 that this
problem will be overcome, and while the thin-film active devices may turn
out to be very unlike transistors, they will perform some of the same func-
tions". Until this time arrives, active comporents will have to be made
soparately and attacheid to the substrates by various mechanical means.

4. CONTROL OF FILM THICKNES3

Vacuum deposited films f'or microelectronic applications mast
nor.nlly be deposited to specified thicknesses. Methods of controlling film
thicikness may be divided into three categories, namely, optical, electrical,
and m2chuanical.

A mechanical method that would appear satisfactory is to volatiliue
a weighe quantity of material. TIf film thickness control is critical,
this metird is not satisfactory because there are practical difficultics in
evaporating a complete charge from a source and in preventing evaporant
lossee by spitting of the source materizl during out-gassing.

A second mechanical method of monltoring film thickness involves
welghing the amount of material evaporated onto a surface of a given area.
Torsion balances can be made, or purchased, that have a sensitivity of one
microgram. The ilm to be weighed is deposited on to a balance pan placed
ad jacent to the substrate. The laboratories of the National Cash Register
Company have found this method satisfactory for monitoring the thicknesses
of evaporated magnetic films.

An electro-mechanical method of film thickness n-process contrnl
is provided by the vibrating crystal device. TIn this device, one face of
2 plezoelectric crystal is exposed to the vapor stream, The netural frequency
of the crystal chanpges in proportion to the mass of material deposited thereon.
The change in frequency is compared to a fixed frequency. Change in the
difference frequency may be calibrated to indicate the amount of material
derosited. Among the laboratories exploitlng this method of thickness control
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sre: Varo, IBM, and Remingtori-Rand Univac.

Resistence determination illustrated in Figure 2L 1s, of course,
the preferred method for monitoring resistor films. Another electricai-type
in-process control i1llustrated in Figure 24 utilizes a modified ionization
gauge as a rate sensing device, which may te used to control curreni to the
evaporation source. I™M reports successful application of this device.

There are several optlcal methods for f1lm thickness monitoring.
The more common are the devices (see Figure 24) for measuring optical trans-
mission and reflection. Another optical method; is interferometry control,
which is accomplished by using a photcelectrie sensor to count interfereucé
peaks. It is capable ol providing thickness control to 100 Angstroms.

Most monitoring devices work fairly well Tor batch coating, but
complications arise when they are used with mask~-source-substrate changers.
Practically all sensing devices lose their sensitivity =fter more than cne
«wvaporation, and should be cleaned or compensation be made before proceeding.
When used with mask-source changers, mechanical and electrical problems can
be the cause of serious difficulties. Each eveporation source, theoretically,
should have uan associeted sensing device; this means - if vacuum is maintained -
that shutters or other mechanical means must be provided, to pictect or move
sensing devices from the outside.

Many monitoring devices have not veen refined %o tkz point where
they are reliable and ready for the production line. More development work

is required.
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- VI. NAFI LABORATORY PROGRESS

Paragraph lc of Bufer (now BuWeps ) Tuctructions for Budget Project
No. 82 requested NAFI to "perform production technique work es necessary to
make detalled recommendations (on microminiaturization of electronic circuits)”,
Accordingly, the NAFI Materials Lsboratory has established an experimental
plant to facllitate evaluation of the evaporated thin-film approach to micro-
'electronics.

Selection of the evaporated thin-film epprouch as the subject of
initial studies on microelectronics was made because:

1. 'The evaporated thin-film approsch appeared to be nearest to
realization.

2. Besic facilities were avallable for processing thin-film
clreuitry.

3. Personnel skilled in theory“and ‘technology of thin films were
availuble,

L, TInsufficient data were available on solid circults and the
"molecular" approaches to microelectronics.
5. Miecrocomponents (micfoelements) were not generally availsble
for microcard applications,

The feasibility of febricating thin {ilm passive networks by high
vacuum evaporation techniques was demonstrasted fifteen years ago. In recent
years, a few industriel laboratcries - notably Varo, TEM, TIRC, uwad CES
Electronics - have adepted these to produce laboratory semples of passiwva
transistorized circults on substrates one inch squarc, or smaller. Little
data 1s avallsble regarding capital equipment and production costs. This is
one prime reason many concerns hesitate to use corporate funds to support
such programs. Also, information is lecking on: yleld, reliability, repro-
ducibility, wattage dissipation, and environmental cepabilities.

So that NAFI could be placed in a position to evaluste the thin
film concep!; of wlcroelectronics and 4o obtain a perspective view of the
produntion problems involved, an experimental facility was established.

A. DESCRIPTION OF PHYSICAL EQUIFMENT

Equipment 1s available in this laboratory for eveporating two'or
more materials singularly, or in combination. The initial material mey be -
in the form of chunks, wire, or powder.

In addition to placing the evaporant in boats or on filaments, two

typee of mechenical feed devices have been constructed. One uses vibration,
and the other a screw feed., Both permlt the temperature of the boats to be.
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precset, The operator nes continuous ronual control durirg the eveporation
zyele, ‘those varizus evaporation sources and mechanical devices permit a
wide cholee of evapocatlon progrems to he set up,

Presently, this laboratocry maintaine four vertical vacuunm costers;
one is 32", 2 are 18" and one is 24" ir diameter. They have been aneninlly
designel end equipped to perform moet sny type of evaporation cycle. 1In
adcition, & full compleuent of acceesories is avallable, such a8 vacuum

soLTon el . -

supplles, and moultoring eduipwent,

Custom-made equipment is aveilable for meking evaporation rasks by
som2 of the more advenced te(.hniques arbitrarily classified dy “wo systems
as follows:

I. a. Dispnsable

b. Reusable
II. a. Negative
b, Positive

The mask making luboratory ils aquipped with:

arc lamp electroplating equipment
vaculmm frames | ﬂ.l;r. dryer |
plute whirler . dry hox

vspor degru.nrl : phutographic ﬁtht

Swpporting services eonslst of a drafting departuent, photographia
laborasory, wod consultants ln « number of fields, such as metallurgy;
chemistry, clcotronics, and physics. ‘Also availadle for part tige ulil*banco
is a wall-staffed maturialm loboretory. ‘Ris labordtory is extremely well
aquipped t0 perform & great number of qualitative snd Quantitative investi.
gations, A swmpls of souws of the major equipments at the dispomal of this .
project are: x-ray diffraction, electron diffraction, large prism spestror
graph, and infrared gpectropnotometer,

B. MODIFICATION OF COATER

Tha NAYI Materials Taboradory is using the dbateh cosbing mothod for
ovaporating peseive microcirouitry on to glass or oceraxxic substrates. Thia
approach 1s employwd because & high vasuum evaporator readily adepiabdle to
tatch coating was availabdble, No superiority is olaimed for this mathod over
the mask-substrate-sourse changing procedurs adopied by many investigators.

The high vacwuum evgporttor (Figure 29) vas dusigne at NAFI for
fabricating multi-layer dichruie optical filters, The cptical properties
of filters made i- any one goating cyale vere practically identical. This
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indicated that the eveporator was capable of depositing films showing a high
degree of uniformity + e desirable feature for microcircultry fabrication.

The high degree of uniformity of coatings is assured by the compound
circular motion described by the substrates during an evaporation cycle. The
substrate wafers are mounted in individual holders attached to one of four
circular plates counted in a horizontel plane on a revolving wheel. Thus,
the substrates describe eplcyclical paths during a coating cycle. The evapo-
ration source, or sources, are located éirectly below the circumference of the
outermost circle described by the rotating mechanisms. Theoretically, the
greatest degree of uniformity of coatings is achleved when the distance from
the evaporation source to the plane of the substrates 1s equel to the radius
of the outer circle. In practice, it was found more converient to locate
the evaporation sources about twice this distance. This colece of distance
was gelected as a compromise between depositing fllms rapidly and minimizing
gshadowing effects of the masks at large engles.

In a coating arrangement constructed, as described asbove, the
evaporation sources are dlsplaced about the circumference of a relatively
large clrcle. Each source contributes to the deposition of a uniform film
on all the substrates. Hence, more than one source can be used to increase
the speed of deposition, or two or more sources can be used for the co-
deposition of two or more materials. Also, different types of evaporation-
source heaters, such as resistance, electron bombardment and induction, can
be operated simulteneously, or separately, in the evaporation chamber.

There are some undesirable physical features sbout this coating
arrangement :

a., 1t has sn abundance of complex moving parts
b. it lacks a convenient means of monitoring substrate temperatures.

Also, it should be noted, magnetic films cannot be eveporated onto moving
substrates, because there 18 no convenient means for magnetically orienting
moving £ilms. o

At present the NAFI coater i1s tooled to asccommodste eleven 5/6"
square substrates on each of four circular holders, Thus, U4 microcircuit
patterns can be simultaneously and uniformly deposited during en evapcration
cycle. An alternative arrangement provides for evaporating circuitry onto 32
substrates 1" x 1/2". (See Figures 25 and 26).

C. $S10 PUMP AND SUBSTRATE HEATER

A novel arrangement v  developed for simultaneously heating a
substrate and providing "pumping, action where it is most needed - near the
heated substrate. This device, which is dlagramed in Figure2T7 exploits the
gettering action of evaporating silicon monoxide.’ A description of a
typical pumping cycle involving this arrangement illustrates its operation.

Current is applied to the heater coils in the 8510 container, vhich
8
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is in contact with the substrete, or ite support, as soon as the evaporstor
pressure is reduced to dbout 1o-é mm Hg. The S10 temperature is maintained
Just below evaporation until the evaporator pressure 1is reduced to about

10"* mm Hg. This pre~heat phase allows the Si0 to outgas and the substrate to
become heated. An increase in the current aspplicd to the heater coils causec
810 to slowly eveporate and condense on the shields above the S10 container.
Getterigg action rapidly reduces the pressure in the evaporator to sbout

1x 107 A lower ultimate pressure can be asttained if the initial
pressure in the evaporator 1s lower. Simultaneously, a substrate temperature
of 200°C can be attained with the arrangement i1llustrated. With an improved
design, wherein the S10 container will be made the heat source, much higher
substrate temperatures can be expected. Substrate temperature mey be adjusted
by raising or lowering the Si0O pump, by an arrangement operated from cutside
the evaporator.

Unlike other ion-getter pumps that consume the gettering meterisl,
the 310-deposited on the pump shields may be scraped off and reused. Gases,
trapped during a pumping cycle, are released during the pre-heat phase of the
subsequent pumping cycle. However, oxygen, which combines with the silicon
monoxide, is not released, and the gettering material has to be occasionally
rejuvenated by the addition of a small smount of powdered silicon.

D. MULTIPLE-BEAM INTERFEROMETER
Figure 28 shows a simple multiple~beam interferometer for measuring
the thickness of thin films by the Tolansky method. It measures the step
height between coated and bare areas of a polished substrete wafer. Before
messurements can be made, silver is evaporated onto both areas, and a flat
test plate having a reflecting but semltransparent coating is placed on the
silvered surface. Interference fringes - produced by multiple beam reflecticns
of monochromatic light - are observed through a low power microscope. Film
thickness is determined by compering the offset in the interference fringes
across the step, with the distance between them, The distance between fringes
1s a half wavelength. Under optimum measuring conditions, this method permits
determination of thickness to 100 A or less.

E. PLATE WHIRLER

A speclal plate whirler was designed end built at NAFT to Pacilitate
the application of photosensitive resists to glass or metal surfaces that are
to be etched. Whirling speeds from 50 rpm to about 850 rpm cen be attained
with an interchenge of two motors. A wide range of plate temperatures is also
available., High whirling speeds snd heating factlities aere required for
applying extremely thin two-leyer acld resistant photosensitive layers on glass
and metals tihat are normally difficult to etch. This whirler is versatile
enough so as to be used for meking circults by the subtractive etching method
such as that used 1n the Halold process.

F. RESISTANCE MONITORING

A device to monitor resilstance films during deposition has been
agsembled and placed in operation. In essence, a glass microscope elide =

20
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with sultnble lecds attuched - s used as one urm of o bridee circuit. The
rmonitor alide is held in the vecuum ccouter in the vicinity of the substratres
that are to recelve the deposited film. During cevosition, a digital chmw-
moter indicates the resiatance as the f£ilm 18 formad. When the proper resist-
ance s indicated a shutter is automatically placed over the svaporation source.

0, POWER SUPPLY

- For Bputtoriﬂz, klow dinahurge, and elactron bomﬁardment, & high
negative voltage diract current puower supply io avallabvie, It 18 rated at
2,970 volts and can dsliver 250 milliamperes, It has an intarnal overload
contrel,

B VACUIM AKRC

Bome binary alloys snd rofrastory metals ere diffiocult to deposit
in vaouuk, benriue of tholir melting temyeratured and vapor pressures, Iewvaver,
there are s few uvallable.means ol sttacking this problem, Othsr than evapo-
reting them by slagtren bonbazdment, it is possible 4o use thex as electrodes
of & controllsd ars’ iy veswun; Buh avepordtion sources may ba operated on
direct, pulsed ditect, or wltermating cwrrent; depending on the physical
proparties of the materials involved, Silicon=-cwrbide may be depcsited by
wsing silicon and Qardon as aluctrodes of an electric dre in vaoowum. In order

.to investigate thess various expediencies, a suitable ‘sontrolled power supply

{s being built ir this ladboratury. -
I, ATTAVEING ACTIVE OQGPONENTS - |
“ '.‘th present abatesof~the=arh dows not permit the vocuum deposition

of ¢iodon, transistors, o2 other agtive cirsult components, "Hence, these
components amust be attached to the psisive network. There are at lesst thres

" differant methoda fir attaching ocuponent leads %o matallic aondustors on

glaso or cerssia sudstrates, aamsly, soft soldering, wWtrascalo welding, and
thermo-copression bonding. If the leads are yold wirea of amall dianeter,
?hﬁ)‘ can be bonded 4o metallimed ocavings by Jying host end pressure
thermouccmprension bonding). A typical axample: a gold wire 0,003 inch
diameter can de wvelded by wplying 80 grams force ub 200°C with an inccnel
chisel having mn edge radius spproximately 2 1/2 timss the dismeter of the
wire. VWhile thios methed of welding leads to meas transiscors and other
aamiconductor devices is stundard practice, it does not appear, at present,
to. be the best method of attaching components to metallired substrates.
Component laads ore not standardised; and in the cese nf P8I miorctransistors,
three leads having diflerent cross sections are used, Hence, three different
thermo-comprassion heads wortld be required for attaahing ons trensistor.

Gulton Industries, Ino, hau anoperated with NAFI in investigations
on the ultrasonic welding mothod of otteching conponent lesds tc metaliized
surtecos, Oold-piated Dumet ribdbona 0,003 inah ‘thiek bty 0,018 inch wide,
{dentionl with the leads on PSI miorodiodes, vere ultrasonically welded to
miaroscopn slidas proviously coated with on evaporated chromiun-gold deuble
laysr, Owlton Industriws reportsd that a forus of sbout 80 pounda for abcut
6 seconds, with thair 190 vatt unit, wes requirad. The velds appearsd sdequate,

9
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but were definitely wenker thon soldered joints.

Ordinnry soldering technigues with lead-tin sulder hove T”OV“H
sotisfactory for attaching lends to metallize? slass or cerumic substro tes.
Aﬁheflon is so pgood that soldered wires pulled porallel to the substrate

ot bte removed without breaking the wire or solder, cor removing soume of
th@ substrute material, Extre care must be taken if thc metnllice surface iu
rold, beecnuse gold diffuses rupidly into the solder. Gold n;fiusion cnn be
reduced by using n lead-gold solder (85 15) that melts at h25 °r,

Soldered Jjoinls are not as sttrective as welded or bonded comnec~
tions, Lut they ure easily unsoldered and replaced, if necesswry. Alsc, they
probably can withstand as high o Lemperature as presently used dicdes and
transistors.

J. MASK FABRICATION

Figure 30 illustrates steps in the fabrication of improved masks
by an electroforming technique using nickel. Perhaps the most important
innovation is in step 6 in which a heavy layer of a metallic salt is deposited.
Its masking effect in the nlckel plate bath increases the Tidelity of the
deposited nickel stencil. Masks are plated to a thickness of frow .(015"
to .002", :

Conventional musks, made by an etching process, cannot faithfully
réproduce the art work, becauce of the nature of the etching process.
Allowances for this must be made in the original art work. The etched pattern
is always larger than the original, wheress in electroforming the reverss is
true.

K. SCREEN PRINTING

Basic equipment for screen printing intricate patterns by brh
webt and dry processes are available in this laboratory. Various orgaric
and inorgenic inks can be applied to glass and ceramlic substrates to form
conductive and resistive patterns. Photoengraving, spray etching, and
photographic equipment have been assembled for microcard processing applica-
tions. Resists and metallic paints can be screened for etching and firing,
respectively.

1.00
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