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TRANSISTOR PRODUCTS INC.

ADMINISTRATION AND PERSONNEL

Personnel: The present contract began under the direction of
Dr, C. G.Smith who had joined the company as project manager

of the gold bonded transistor development program. Dr. Smith
left the employ of the company in mid July and upon his depart-
ure Mr. R. A. lLangevin was assigned as project manager and has
continued in that capacity to the present time.

The assignment of senior personnel to the project has been in

the areas and for the periods indicated below:

Dr. P. R. Richards, Pac> to face transistors
(July - December)

Pr. G. Knight, Theoretical studies and humidity studies
(July - December )

Dr. R, Johnson - Gold bonding studies
(July -~ September)

Mr. E. Gschwind, Mechanical design
(July - December’

Mr. D. Humez - Onc sided (type A) transistors
(September - December)

General Comments: Generally speaking, no deficiencies of mat-

erial, equiprent cr personnel have hindered the progress of thLe
contract with the exception of the need that developed midway
through the contract for very lightly donor-doped gold wire.
Considerable reluctance was found on the part of comercial
suppliers to fabricate donor-doped gold o the type found nece-
ssary {or making transistors with the desired characteristics.
Significant progress, however, has been made by t he combination
of de-doping techniques developed here and specially doped gold

wire which has bsen secured from commercial sources.
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Conferences and Communications: During the course of the contract,

several conferences were held between Mr. Bowe, the Air Force Project.
Engineer monitoring the contract, and Mr. Lsngevin, Project Manager

for Transistor Products, Inc. The firsi of tiese conferences, held in

late July, was intended for general orientation and at that time our plans
for work on the contract were presented to Mr. Bows. A subsequent meeting
in late September was attended by Messrs. Bowe, Ryan and Musller from Air
Force Cambridge Research Centerand Messrs. Langevin, Richards and Rumes from
Transistor Products, Inc. This September meeting served to review progress
of the contract up to that date and at that time an outline was given of

the work planned up to the termination date of the contract.

Mr. R. Nelsaon, Comptroller of Transistor Products, Inc., accompanied by

Mr. langevin, visited Mr. “adile, the Air Force Contract Officer, to discuss
general aspects of contract language, and audit policy etc.

On December 2, 1953, Mr. Bowe and Lt. Rutherford from Air Force Cambridge
Research Center visited Transistor Products, Inc. and a general conference
was held covering all pbases of the work done on the contract. Transistor
Products, Inc. was reprasented at this conference by all of the senior project
people previously listed. At the same time, Mr. Bowe was provided with a
sample of fifty-four gold bonded transistors which had been made by the
techniques developed during the contract period. £An additional fifty-seven
gold bonded transistors have been supplied at the terminztion of the contract.
In addition twenty-iive sampie face to face transistor assemblies have been
supplied to the sponsoring agency for their expermmental use. Finally, a
semple of twenty to twenty-five symmetrical gold bonded transistors have
also been supplied to the sponsoring agency. These transistors, although
not specifically called for by the contract, are considsered of considerable
thecretical and practical interest, particularly for discriminator applica-

tions in the megacycle region. During the course of the contract, a proposal
was submitted to Mr. Bowe outlining a development program for a "junction-like®
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transistor which will give useful gain at frequencies of the arder of ten
megicycles. This proposal, which was submitted on 28 September, grows,
naturelly, out of and, we believe, is the logical next step to follow,
work done on the present contract on "point contact” gold bonded transistors.
The proposal contemplates a program somswhat more general in scope than the
present contract to permit a study of materials other than gaold in the
bonding process and it is further proposed that the decision as to the
specifications of the transistors to be fabriscated be deferred until the
complation of a preliminery study phase. [t is belisved that by such
means the most rapid progress can be made tLoward useful end devicas and
that this procedure will provide the fullest possible exploitation of bonding
techniques.



TRANSISTOR PRODUCTS INC.

REVIEW OF THE DEVcLOPMENT

Problems: The course of the development work on the prescnt contract

'can most readily be outlined by discussing the work done on the fol-
lowing nine major problems which have arisen in the course of the con-
tract work:
1. Theory of alpha in two-sideu transistors.
2. Theory of frequency cutoff.
3. Study of gold bonding techninues:
L. Methods of obtaining thin base layers.
5. Hurmidity studies.
6. lethods for obtaining lightly concr-doped gold wire.
7. Fabrication of experimentaltransistors.
8. Methods of packaging two-sided units.
9. Special ezpraratus developrent
@. Airbrasive unit
b. Gold bonding set
c. Noise figure measuring set

/ Methods of Attacy: Significant progress has been made on all of the

above problems with the exception of 8) Methods of packaging 2 sided

units, The theoretical problems 1) and 2) have been solved tor the

case where diffusion is the only active transport mechanism. Idealized
geometry has een utilized as much as possible to make the problems tract-
able although it is believed that the idealization still retains the relevant
features of the geometry of the actual devices. Details of these theoretical

stuiies will be found in Appendix A.
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The gold bonding study, 3) has beencarried out primarily on diodes.

This has seemed to be the best way to minimiza the number of active
variables in the problem. Fxperiments have been made primarily to obtain
é comparison of "resistance bonding", in which the gold wire, initially
separated fram the germanium is advanced until an arc strikes effecting
the bond. Details of this work will be found in Appendix B.

Theory indicates and experience confirms that in order to obtain a

highp( and higho(-cut-off frequency in the two-sided units it is
necessery to have base layer thicknesses of the order of .00l" or less.
Attempts 1o secure base thicknesses of this order by masking and e tching
and by lapping either fail or produce structures so fragile that they
cannot be handled. This problem has, however, been very adeguately solved
by the use of an S. S. White Airbrasive unit. With this machine it is pos-
sible to bore wells or troughe in germanium wefers in such a way that the
thin section is essentially supported by thick material and hence can be
handled with ease. Base layers of less than .001" can readily be obtained
by this process.

Concurrent with the development work on gold bonding and gold bonded trans-
istors, a limited study has been carried on to determine the effects of
tmmidity on gold bonded contacts. At tue initiation of the contract there
had been same hope that gold bonded centscts by virtue of the intimate
contact attained beiween the gold and the germguium might ve less sensitive
to humidity effects than pressure contacts. Unfortunately, humididty
studies cn gold bonded contacis have not supported this hope. Generally
speaking, the rectifying gold bonded contacts sre similar to pressure
contacts in the adverse effecis of high humidity; however, sane success

in minimizing these effects has been had with special surface ireating agente.
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Details of the work carried out in this humidity study will be found

in the Attached Appendix C.

As vork on the cmtract progressed and variously doped gold wires were
studied experimentally it became increasingly evident tiat transistors with
characteristics as contemplated in the contract could not be obtained unless
1t was possible to obtain donor doped gold wire with extremely low concen-
trations of the doping agent. Initial effarts to secure antimony doped gold
with doping percentages ranging down to .001% or less from commercial sources
were not successful. Consequuntly, several ajproaches were utilised in an
attempt to fabricate such wire ourselves. The first approach was based

on the use of commercially availadble 1f antimony-doped wire. Since the vapar
pressure of antimony is higher than that of gold, it should be possible to
"de-dope" such gold wire to any desired extent by heating the wire in a
vacuum and essentially boiling off some of the antimony.

Experiments on this de-doping enabled us to secure small sampled of de-doped
wire with which transistors of desirable characteristics could be fabricated.
However, because of inhomogeneity in wire doping and strain configuration,
this procedure has not proved practical. Consequently, doping waes attempted
by using essentially pure gold which had been dipped in various antimony
solutions. Results obtained by this method were promising but were abandoned
in favor of a method which consisted of moving the gold wire continuously
through a furnace. In the meantime, we were successful in obtaining antimony

v done waAs
W a WASR

sunposed to be .01%. With this
wire, moderate success has been had in transistor fabrication but the desir-
ability of still lighter doping has led :s to continue our de-doping efforts
to the termination of the contract. Details of the doping studies will be

found in Appendix D.
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Experimental gold bonded transistors of two gemeral types have been

made: Ths first of these, the “one-sided" or Type A unit, is essentially

a conventional Western Electric eartridge type point contact transistor in
which the phospher bronse and beryllium copper whiskers have been replaced
by variously doped gold vires of .O0R" to .003" in dismeter. A more uncon-
ventional but more interesting type of device is the 2 sided or "face to face"
umit in which emitter and collector wire, are bonded to opposite faces of the
germaniun wafer. These units are assembled on 3 pin glass-metal headers
similar to those being used by many manufectu-ers for junction transistors.

A linited attempt has also been nade to fai:ﬁouta the one sided units on

the three pin glass metal headers. A detailed discussion of the transistor
fabrication will be found in Appendix E.

In addition to the problem of building experimental transistors of the

face to face and one sided type for the evaluation of germanium resistivity,
various doping agents, etc., it Lias been necessary to consider the problem
of packaging the gold bonded transistor into structures that are mechanically
rugged, stable, resistant to humidity, etc. This has been adequately accom-
plished on the one-sided units by the use of the Type A cartridge. The two-
sided units hLowever have proved to be too fragile for packaging by any

means 8o far tried. This fragility is primapily attributable to the fact
Ehat with the donor doped gold wire sofar used for the collector it is not
possible to obtain mechanically strong tonds and at the same time secure
transistor characteristics in the desired range. In addition to the point
contact-like transistors called for by Exhibit A of the contract a limited
number of symetrical transistors of the face to face type have been fabrica-
ted using 1% gallium doped gold wire for the emitter and collector. Samples

of these units have been supplied to the sponsoring agency.
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Special Apparatus and Fquipment

Mention has already been made of the S. S. White Airbrasive unit. Thise
machine, made by the S. S. White Dental “fg. Co., N. Y. C., has been
indispensible in cutting wells in germanium wafers to obtain thin base
secticns. Considerable control of the cutting process has been obtained
utilising a timer to give short (.01 to 1 second) blasts of abrasive.
Empirically, a nwrber (5-10) of short blasts of equal duration seems to give
the best control of the cutting process.

To facilitave the bonding and testing of the experimental "face to face" trans-
ietors a standard gold bonding pulser has been mcdified to permit bonding
and approximate measurement of X and r, in the same set.

In order to obtain noise figures on the exjerimental transistors fabricated
in the course of the conuract, and on the sanples supplied %o the sponsoring
agency, a transistor noise figure measuring set l.as been constructed. De-
tails of the gold bonding set and transistor noise measuring set are con-

tained in the Appendix F.
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Status at Termination of Contract

Theory: Calculation of the maximum attainablec( in a face to face trans-
istor suggest that a limiting value of about O©C = . 8 1is the best that
can be expected for collector and emitter of equal cross section and acceptor
doping in both emitter and collector. Cut off frequency calculations, assum-
ing diffusion to be the only active transport mecianism suggest that 10 mega-
cycles can be attained for base layer thicknesses of the order of .0J1". The
fabrication of experimental transistors, as will be described subsequently,
he¢s provided general confirmation of these results.

Gold Bonding Studies: The work done to study the comparative behavior of

resistance versus "arc" bonding has been very inconclusive. Results obtained
by the arc techknique have not &l any time been significantly better tu.an
those obtained with canventional resistance bonding techiniques. On this
account further work on this problem was discontinued.

Thin Base layer: As already mentioned, thin base la yers ranging down to

001" can be easily obtained with the Airbrasive unit. While no specific
reproducibility studies have been made, it is ocur strong impression that
the base thickness can be controlled to dout .0005" in this process.

Humidity Studies: The basi. objective of the humidity studies l.as been to

ascertain whether gold bonded contacts exhibit in the presence of moisture
any characteristics significantly different from those observed with conven-
tional pressure contacts. A general discussion of results in Appendix C shows

s nam £

that geld b d contacts are unfortunateiy no better in this regard.

Methods for Obtaining Lightly Donor Doped Gold Wire: Three methods have been

utilized for the local preparation of lightly donor doped gold wire:

1. De-doping antimony doped gold wire by passing current
through the wire in vacuum

2. Doping "pure gold wire by dipping into various aqueous antimony
sclutions.

‘ 3. De-doping antimony doped gold wire by moving it continuously
through a resistance furnace in air,
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The first of these techniques has proved unsatisfactory due to marked in-

homogeneity in doping level and wire diameter resulting from the process.
The dippixig technique, while promising, has been abandoned in favor of the
third, continuous processing technique. By this latter means it has beer
possible after conaiderable experimentation to de-dope antimony doped gold
wire in relatively homogeneous fashion without introducing noticable varia-
tions in wire diameter.

Faobrication of Fxperimental Transistors: By utilizing the techniques

developed in the course of the development work it has been possible

to fabricate gold bonded transistors as contemplated in the contract.

Fxperimental transistors have been of two types, a one sided unit similar
structure to a conventionsl “Type A" point contact transistor and a

two sided or "fsce to face"™ unit which »ffers structural and electrical

advantages 110 samples of tha one sidea units together with complete date

teve been supplied to the sponsoring agenc'i In addition two sided trans-

istors, of a special "symmetrical" type hsr: been supplied in sample quantities.

These units are characterized by the fact . at they have an emitter and col-

lector with nearly identical electrical c' iracteristics.

Packaging of Two Sided Units: Gold bonded ransistors of the type contemplated

in the contract require the use of suitably donor doped collect;ors., Very
light bonding is required with such wire tc >btain the desired electrical
characteristics. In the two sided units th  fragility of this bond has

made it impractical to "package™ these unit: satisfactorily. Ais a con-
eequence it has not been
bonded transistor before the termination of e contract.

Special Apparatus Devslopment: No difficulti s were encountered in modifying

a gold bonding pulse set and fabricating a trinsistor noise figure measuring
set for the purposes of this contract. The erjuirment has been used in the

course of the work and performs satisfactori.y.
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SUMMARY (F RESULTS

During the course of development work it has been established that trans-
istors of the type contemplated in the contract can be made using 1%

gallium or indium doped gold wire for the emitter and lightly antimony doped
gold wire for the collector. It has been determined that the preferred
antimony doping is less than .0l%¥. Considerable work has been done on
specific techniques for preparing antimony doped wire with the desired doping
level. Bonding techniques have been developed for obtaining transistors
with the desired characteristics. Transistors have been bullt using the
methods and materials developed in the course of the contract and a siz-
able sample together with data supplied to the sponsoring agency. In ad-
dition it has been possible to supply samples of a "symmetrical" transistor
which, although not contemplated in the present contract, is considered of
considerable theoretical and practical interest.

RECOM''ENDATIONS

On the basis of the work carried out to bring the contract to a successful
conclusion it has become evident that in order to fully exploit the knowledge
and techniquas developed to this point it would be desirable to undertake
further development work in directions outside the scope of the present, con-
tract. In particular, the following specific recommendations appear to

be warranted:

1. Evidence has accumulated that the process of gold bonding may
well involve primarily a recrystallization process from the
germanium-gold eutectic. Such & process would be critically
dspendent upon the nature of the current pulse utilized in the
bonding operation. While the bonding equipment used in the
course of the present contract has made it possible to fabricate
satisfactory transistors the possibility exists that much more
elaborate bonding techniques affording full control of the bonding
pulse may permit more adequate control of the recrystallisation
phase of the bonding operation and significantly improve the yield
in the fabrication of gold bonded transistors.
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The techrniques developed in the course of the present
contract for obtaining lightly antimony doped zold wire
for collector use have been e ffective on the practical
level. It would be desirable to determine quantitative-
ly the optimal doping level. 1In addition the present
techniques for de-doping leave the gold wire extemely
soft. While this interposes no real barrier to the fab-
rication of gold bonded transistor=such as have been made
for the present contract, should such transistors be re-
Quired in large quantities it would be helpful to develop
suitsble means for hardening the wire without upsetting the
doping level.

It will have been noted in the preceeding discussion that it
was not considered feasible to adequately package the two
sided gold bonded transitors because of the fragility of the
collector bond. While the one sided samples supplied are
considered ad_giate there are mechanical and electrical
advantages to the two sided units which would make it desir-
able to undertake ihe necessary packaging development to
learn how to adequately package the two sided units.
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Appendix A
Cut~Off Frequency Calculation

Problem: To determine the cut-off frequency for the transport of
o o from emitter to collector assuming the transport to ta.=
place solely by diffusion.

Solution: For this problem a one-dimensional geometry shouicd be
adcquate for determining the correct order of magnitude of the cut-
off frequency.

The rel:tlon hoturrr curren: t=ndily, 3 o g coie oo ountrar o,

Py in *ue une I AR T Y

.. - » /..-
41,‘) "k ! ./—CA ?’, - 18
BEER: ‘ e
e Lfg A8 2ne c0le cobility., 0 tre stead: state Jp musi be
fnueieae t of - Y reeoruination can be gegliecteo gso we may re -

«rti.e . as

f/§ 2 = 2%;‘06(

where the coefficient of dx is a constant. ‘The boun.ary coniitions

(2)

are: hole current Jp introduced at the emitier {(x = 0); hole current
Jp remved (1.e. p * 0) at the collector (x = L) The solution of

(2) is therefore

/D = -—-t’g"_ L_x)
l&7ﬁﬂ%p ' (3)

If recombination is considered, the continuity equstion must be used:

CIIIVJP = —-«%;-» ()
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where ’Z;o is the lifetime of holes in the germanium, combining equations (1)

and (1) gives

-Oﬁ:-/—f =) -—..'e.. =~ o P 5
o A dx = .

S’

The solution of this equation must have the form:

- aX a X
(6)
Differentiation gives
a /
a* = TS
lé:7’(/,9zlﬂ (, }
while applying the ooundary condition p = 0 &t x = L gives:
A _ 2al
== =L (8)
B —
and the boundary condition glﬁ/ - - ,;/___a__,__,_. gives
dx X=0 IQT/‘:/IO
_ £ :
A = &2 : (9)

AT 4p & ()4 @22

The solution is therefore

, - QX
peo A | E L et
AT, /v g =3t 7'/'8'2&4"

(10
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If QL <¢ | this reduces to

P )
r LY INC [‘a(L X)]

(11)

which is identical with the solution obtained by neglecting
recombination. Since T,o may be > /0~ ¥sec for a good single
crystal of germanium (cf. Shockley, ilectrons and Holes in Semi-
conductors, p. 68) and since kf/_’,qp S cmz/sec for sermanium

at room temperature (Conwell, Proc. I.R.I., Nov. 1°52)

£ L
al= < %= ()
(b Ty, 7)™ (79%107%) %" Ton
80 recombination can be neglected for [ << 0.07 cm.
In order to determine the cut-off frequency, a solution of the
time dependent equation,
L .
at 2 X~ (13)
is required. If a periodically varying current,
A ; E ; PN
P—(}OPS/Nwt':Zn(JoFe t)
where In () indicates "the imarinary part of ( ) “, flows at x = O,

the boundary conditions are

9p | o Ta(fer ™)
Cf)( X=o ¥4 7?;4?70 (1)
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and p* O at x = L. Assuming a solution of thz form

pixt)zZ, (et

we nave

/ OK P

The function _&A (X) must have the fornm

_4
i =cerpoe™

8o that

2'(4) :'éT"ytp[/’L

1/

) we "
= 4 = ( RT Ap /

Application of the boundary conditions3 pives

‘-‘/OP :A(C—-&u

RT </ ’
and Ce()ltf._,',pe'“'::()
DA _ 1bL
L .e
L abl 3
c(|+e’ R L
¢ 740 b

(1r)

(22)

(23)



‘ b(x-L) 4o ~b(x-1 7
PACGE /,,.,[p G (25)

- = 74 ]
L e bl. "'“ t:) A

this becomes

RO (26)

{which is identical with the stesd; stat: solution.)

———
-

For GL K

rom)
\7’, (x)'-L) jo: e, z) v )
for BL £ 1
r~ l' v 2 N
f Y oy ) ;‘:1‘,5(;,'-- :’ f -
i LS \’/j(oi’ i e ,."""T"":'" l {8)
L 773 (/)/.) ]

: ol :
b . < ?r\:
J+ L (Q)Lo) : 2 £ H ‘f (25)

T Y S SRS IS
A f+..( WL 7,’ K = g

b el

AT

Tie
i~
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I
L) i\
J

(4

«\,\

4

and are cut ol phase "‘ were the aprroximation is valid to within .‘,ﬁ:’é\fcr

/ Y, |
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- ey e e T "y S S,

\ 47



TRANSISTOR PRODUCTS INC. . 3
FUFE
Evidently e magnituode of the cuwrrent et x » L i« then 20%
legs than the surrent at:x = &, and ity nhuse lzoo the other by aboat
27“. Thus the order .of magailiude of the cul-ofl Trejuency lu

..{.A..)— = ifﬁ:ﬁ-* < vy
2w A T =
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Appendix B

Study of Bonding Techniques

Introductigg - At the beginning of the project it was suggested
that bonding performed by establishing contact between molten
gold and molten germanium might resuit in bonds superior tc those
achieved by first making contacting between gold wire snd german-
jum and then passing current through the contact.
The general scheme suggested is shown below:

AR

.. /0o Grocp
A X W/ E

c
-]- CTD<}£RAmM~vu«

On moving the gold toward the germanium an arc will be established

£

Al

through which the condenser C will b> discharged. Tt was hoped
that by varying C, R, and the magnitude and polarity of [ some
control of the bonding process could be obuained.

Possible Advantages of "Arc" Bonding

a) Possibly greater uniformity of bonds could be achieved
since the bond should be largely ind2pendent of the initial con-
dition of the germanium and gold sur(aces. In the method present-
ly used (resistance bending) variation in -he resistance of the
initial contact may contribute to thz non-uniformity of the
resulting bond.

b) Variation of ¢, R, E, and the polarity of E can be used
to preferentially heat either the gold or the germanium - this in-
dependent control is not available with resistance bonding where
the heat is developed at the gold-germaniws interface. It is pos-
sible that bonds of greater mechanical strength ceuld be made by

this method.
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Preferential Heating of Gold or Germanium - The energy dissipated in

the pld and in the germanium can be calculated if the arc is assumed

to have a fixed voltage drop, kgpe

(o -3
Fnergy in Germanium = [ 2R e
o

where Rg is the spreading resistance of the germﬁnim. It has the

theoretical value

S 8 Y
Here /O is the resistivity in olm em and r is the e ffective radius
of the contact in cm (say 1072 cm).

Similarly, (when the gold is used as the anode)

oo
Energy in gold = f.m.‘/ Z.O/f'
(4

Substituting, we have

EnErey gold = RSC(E’an)l

™ - /
and Lnergy germanium = “ave \ £ - Eovc) C

The fact that either the gold or the germanium can be preferentially

heated can be demonstrated by computing the ratio

[)' (601—0) - 2 Epvc /Q‘f'/\JJ
£EnCeer) ~ T F - Eave As

Thus at a fixed value of C the fraction of the total energy which

heats the gold can be controlled by verying the initial voltage on the
condenser E and the series resistance R. It is thought that this degree

of control is not available with conventional resistance bonding.
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The above approximate formulae are not sufficiently accurate for
quantitative design of & bonding method, since in aidition to the
assumption of & fixed arc voltage drop, we lLave neglected the tem-
perature dependence of the spreading resistance and the arc character-
istics.

Magnitude of Electrostatic Forces - Originally it was thought that the

electrostatic forces betweenthe gold and germanium would be an import-
ant factor in establishing the mechanical bond. Analysis shows that for
the range of voltages used the arc is always initiated at distances much
larger than t.ose where the electrostatic forces would become apprecia-
ble. The electrostatic forces are sufficiently great to close the gajp
when the separation is (‘/ KE 4 5) 72 cm where F is the voltage,

K ie a constant related to the electricd ca, acity of t he gold-germaniu,
system (K = Cd where d is the separation), and S is the spring constant
of the mechanical system supporting the germanium and gold point. For
E = 100 volts and estimated values of K and S for the system used, elec-
trostatic closure of the gap would be expected at distances of the order
5 x 10b cm. However, the arc starts when the separation is £ where
J/ is the breakdown field strength (about 10," volts/em) which gives
10.“2 cm for thestriking point of theac. Accordingly, the arc starts
long before the point is close enough for electrostatic forces to be

of sufficient magnitude to aid in establishing contact.

Miscellaneous Calculations

A) - The energy required to bring a segment of gold wire of diam-
eter .003" and length = .003" to the melting point is approximately

2x10"l‘ joules.

B) - The energy required to raise the temperature of an equal

volume of germanium to the melting point is approximately the same.
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C) ~ The energy ava,lable from a 1 uf condenser charged
t5 100 volts is S x 10~3 joules. Therefore, getting sufficient
energy is not a problem.

D) - The timerequired for a heated regiom of gold wire
.003 inches long to lose half of its heat by conduction is
approximately 6 milliseconds.

E) - Using D above and the breakdown strength of air,
the gold point must be movel toward the germanium at a velocity
of greater than 2 cm/sec in order to make contact before the
gold is cooled.

Experimental Results

A. Polarity Effect - It has been verified experimentally

that more energy is dissipated in the gold when it is used as the
anode of the arc., Faor E = 100v, R ~ 0, and C = 6 uf. None of
the gold melts when it is used as the arc cathode. On reversing
polarity, quite a bit of gold is vaporized. Under these condi-
tions a crater is vaporized in the germanium for either polarity,
presumably because the heating in the germanium is largely due to
12R loss in the spreading resistance.

B. Cptimum Bonding with Slow Velocity of Approach -~ Bonds

and 1% gallium dcped gold wire with the following results. The gold
was brought up to the germanium slowly in these experiments.

1.) At low voltages, (E = 22v)with R * O, bonds cante made
with the gold as the anode. Increased mechanical strength and increased
reproducibility were observed with increasing capacity from 1 to 10 uf.
However the strength and reproducibility were not good under any con-
ditions.

2.) With E =15 volts, R =0, Au +, C » 2 to 10 uf, good

bonds were achieved with fair consistency. MNicroscopic examination
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showed both gold and germanium had melted.

3.) With E = 90 volts, R =0, Au +, C = 2 uf or more, no
bond was made although a large (3x10_2) cm dis.) crater was
melted in the germanium and the gold was obviously melted. Evid-
ently, the gold never came in contact with the germanium. Pre-
su~mably, using a greater velocity of approach would do better here.
The introduction of series resistance made it possible to schieve
bonds although the reproducibility was not negtrly as good as in 2)
above.

L.) At higher voltages large quantities of gold were vaporized
and no bonds achieved with R = O,

C. Some bonds were made using a higher velocity of approach
(about Scm/sec) with fair to good mechanical strength and reproduc-
ibility. However, this method did not appgar suitable for mass pro-
duction - particularly at the narrow point spacings required for
transistors.

D. Electrical characteristics of diodes made by these arc
bonding techniques were checked and found to be essentially sim-

ilar to those obtained on diodes rrdeby resistance bonding.
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APPENDIX C

EFFECTS OF HUMIDITY ON BONDED G LD-GERMANIUM CONTACTS

In connection with the development of gold bonded transistors
it has sceemed important to undertake a limited program to delermine the
effazis of liumidity on tonded gold-zermaniun cortacts and tc make a
cursory search for effective mcans of reducing tix e effects. /

The most important effect of humidity on bonded gold-germaniwn
contacts is a marked decrease in reverse resistance which occurs when
moisture comes into contact with the bond. The effect, similar to that
cbsercved for pressure contacts is shéwn in the accompanying Figure in
which the value of reverse current at ten volts is plcited against the
percentage of units having less than that value for ten gold bonded
dilodee on successive days of humidity cycling. Although thesz units
were protected by encapsulating in a glit filled phewcl.c cartridge,
the gradual deterioration of the reverse characteristics is evident.

A limited amount of work has been unde ‘taken in an effort
to crevent or at least to retard this detericration. One __._.. has
involved an attempt to reduce the sensitivity of the bond itself to
moisture, wt 1. a second -u.:.: ‘. has soughit mecans of preventing the
renetration of moisture to the sensitive region.

In the first part of the study, elementary, unencapsulated
diodes have been utilized. It has been found that the response of a
bare diode to water vapor depends critically on the treatment which the
ger-enium wafer reccives prior to bonding. In particular, diodes which
are not washed after ihe wafer is soldered to the ohmic lead respond im-
mediately to the presence of water vapor whereas diodes which have been

washed with a detergent such as "Alconox" do not, G&urprisingly, a group
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of diodes washed with detergent exhibited no significant deterioration of
reverse characteristics during a three day exposure to a relative humidity
of approximately one hundred per cent. at 70°C~ These dindes, however,
regained their sensitivity to water vapor after a drop of deionized water
had been placed at the bond and allowed to evaporate. Perhaps the most
surnrising feature is that thls water drop treastment improved both the
forward and reverse diode characteristics in many ceses.

These observations suggest the possibility of finding = surface
treatment which will indeed reduce the sensitivity of the active part of
the diode to moisture. A number of posgibilities, for example, the hydrolysis
of water repelleat chlorosilanes onto the surfece o Lie germsnium, could be
tried.

Little has teen done on the second phacs of e study, concerned with
keepingz moisture away from the censitive region. L thle or nc improvement
has bteen achieved oy using e variety of resirs or rubber ccatings although
the use of a silica filler in an epoxy resin shows some proniss. ‘The most
successful moisture barrier studied is achieved by enclosing a clastic beaded
diode in a glass tube filled with dessicant end sealing the ends of the tubes
with an epoxy resia. Presuraoly, this technique of a double seal against

moisture could also be applied to transistors.
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APALNDIX D

DOPING STUDIES

Initial experiments were carried out on face to face gold bonded

transistors using .003" gold wire doped as follows:

EMITTER DOPING COLLECTOR DOPING
None None
1% Ca 1% Ga
5% In 1% Sb
14In 1Z Sb
1% ca 1% Sb

These imit’ 11 studies were carried out on unite with a nominal .002" point
spacing, utilizing germanium ranging in resistivity from 3 to 30 ohm cm.
Measurements of the small signal parameters of the resulting transistors
established the following:
1. Units with 1% Gallium doped emitter and collector exhibit

junction like properties with the & always less than 1.

Values of ,5 to .7 are typical. Collector impedances of

10 to 20 thousand ohms are readily obtainable with Of cutoff

frequencies as high as 7 megacycles and power gains of 15 db.

or more.
2. No diffcrence in smitbter characteristics could be discerned

betwcen the 1% gallium and 1% indium doping. Wi lle the 5%
indium doping also affords satisfactory emitter characteris:’cs
some difficulty is experienced in bonding successfully when
using this wire.

3. Antimony doping (presumably arsenic would do as well) of the
collector is essential if current gains greater than one are to

be obtained. While 1% antimony doping makes it possible to obtain
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current gains as high as 5 tc 4, these high current

gains are always accampanied by collector impedances

of the order of a few hundred ohms. This is interpreted

as indicating that the antimony doping level is much too

high
Following the discovery that the donor collector dcping required for
satisfactory operation is less than 1¥ efforts were ~ade to secure lessa
heavily doped wire fram commercial sources. Because there was initially
no readily available commercial source of antimony doped gold wire in tke
doping levels desired a program was undertaken to devise means of providing
wire of the desired characteristics locally. The first approach was based
on the fact that the vapor pressure of entimohy is much higher than {hat
of gold and that therefore it should be possible to effectively "boil out”
som2 of the antimony by heating 1% antimony doped gold in & vacuum.
Initial studies of this process confirmed thaet the antimony could indeed
be "boiled out" of antimony doped wire by heating in vacuum to temperatures
of approximately 6&0 Centigrade for times of the order ctf twelve to
twenty-four hours. Althoughthe doping levels attained by these methods
gave improved results in transistors, other difficulties arose in connecticn
with this process. Specifically, the heating (a) destroyed the temper of
the wire and thus made it difficult to handle in the transistor assembly
operation and, more importantly, (b) relieved local strains (due presumsbly
to the wire-drawing operation) thereby leading to considerable ncn-uniformity
in both doping level and the wire diameter.
Because of these difficulties ancther approach was explored, the introductien
of antimony dope onto "pure" (99.99%) gold wire by dipping the wire into an
aqueous solution containing antimony. At first, solutions of Sb(313 were usec

but the results were found to be very variable. This was traced to the fact
that SbClB reacts with water to form SbOCl which in turn is essentlially in-
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soluble but which forms a colloidal suspension in water. Thus, the

antimony strength of the resulting "solution" is very dependent on time

and methods of handling. To obviate this difficulty solutions were

prepared using antimony-potassium-tartrate. This forms a true solution in
water and it was found that 99.99% gold wire dipped ir such a solution

(10 mg of K-Sb-tartrate to 3p cc of distilled water) yielded, when bonded,
results very similar to 1% Sb-doped gold wire.

The reproducibility was at first poor but became quite good upon adding

to the above solution about 0.) gram of "aloconox" detergent which apparent-
1y had the effect of cutting through residual die-lubricants etc. on the
surface of the wire.

At this stage in the investigation, we were fortunate in obtaining some
0.01% antimony doped wire from a commercial supplier and the dip-doping

was discontinued in favor of this mredoped wire which was felt to be more
reliable and mare easily handled in assembly. A number of one sided
transistors were fabricated using this wire, With this lightly doped wire
it proved possible to obtain transistors meeting the contract specifications.
Difficulty was still, however, experienced with the strength of the tond with
the result that de-doping studies were resumed using the .01l% antimony

doped wire as a starting materially.

/’L‘bis time the problem was approached via the "boiling out"™ technique but
with the differences that the "boiling out’ was carried out in air instead
of in a vacuum and was accomplished by drawing the wirs continuously through
a 900°C resistance furnace. This continuous operation appears tc provide
good uniformity of doping level and little alteration of the wire diameter
contrary to previous experience in the vacuum de-doping operation. The

;succeasful operation of this de-doping system was only obtained in the very

last stages of the contract and whilc experimental transistors confirm its

value in obtaining the desired transistor characteristics along with a
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mechanically strong bond it arrived too late to be utilized in the
samples suprlied to t he sponsoring agency.

A sketch of the dedoping furnace is shown below:

v .
. 7/ Loacve seans

IPILY $/°00L

Typic&l operation of the furnace involved the following parameters:

Furnace temperature at center - apgmximt.ely 900°C,
Pull Rate ~ 1,87 /hour
Gold Wire - ,003" diameter, .01% Sb Gold

The extremely slow pull rate could be obviated by modifying the above

structure to provide for the gold wire to traverse the furnace a number

of times.
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APPENDIX E

FABRICATION OF FXPERIMENTAL TRsNSISTORS

Fxperimental transistors of two types have been fabricated. These hLave
been cne sided units in a cartridge similar to the Western Electric

Type A and a two sided unit constructad cn an in line transistor base

as tentatively proposed by the RETVMA. It has been found that either

1% gallium or 1% indium doped gold wire .0R" to .003" in diameter

makes a very setisfactory emitter, Typical diode characteristics of

the aemitters are given in the attached datu sheets., For the coll::tor le
and .0l¥ antimony doped gold wire hss been used. Other experimentzl units
have been fabricated using "de-doped" gold ®tained by methods descrited in
Apperdix D. While the optimal de-doping has not been quantititively determi :
experiments using .0Ol% antimony doped gold wire .203" in diameter as
starting material have established approximately 1.3"/hour a3 a satis-
factory pull rate in the continuous dedoping process. Such dedoped wire
gives promising results in the fabrication of transistlors with

A > Y, Y > 2 7oA N and A cutoft = /¢ 21 €.

The resistivity of the germanium hus beenvarie4 in the range from 5

to 20 ohm centireters without materially affecting the characteristics

of exrerimental units. There are, however, some indications in the
accompanying data that a material resistivity in the vicinity of 10

ohm centimeters may give somewhat better results.

One hundred and tem sample transistors of the one sided type have been
fabricated, tested, and supplied to the sponsoring agency. The test

data on these units will be found in the following pages together with

an information sheet which shows the emitter and collector materials and

the germanium resistivity used in each sample transistor.
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uNITS

It should be emphasized that the sample units supplied to the sponsor-
ing agency have been selected with a view to illustrating the range of
transistor characteristics which can be obtained by the gold bonding
technique. It is, therefore, only units later in the series (in¢id-
entally the latent chronoiogically) which meet the contract specifica-
tions.

In addition to the measurements tabulated in the succeeding pages, noise
figure measurements have been made on units %5 through 110, The fol-
lowing histogram gives the result of these measurements. The nolse

figure here is measured at 1000 cycles/second for a nominal one cycle

bandwidth.
ot
204
/0 4
1.___4. | l
n 1l | ——————

! R T 4
Ky éo o go Po I

/900
NO/SE FIGURE IN O&

The above distribution and values of noise figures are substantially
similar to those obtained from measurements on conventional point con-

tact transistors. The high noise figure of these transistors is not
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understood but may be. associated with the fact that the collectors were
only very lightly bonded.

Noise figure measurements were also made on a number of units on which
emitter and collector current were varied. There is observed & noticeable
trend toward increasing noise figure with increasing emitter current. This
trend is of the general form, noise figure = F + ‘/Ie o F =55 db and

Y* 2 db /MA arerepresentative of the wlves observed over the range ,

5 & Ie“-‘ L MA. Relatively little dependence on the value of V, was
AN

nbserved.

During the course of the development of a few "symmetrical" transistors
were constructed. These units have emitter and collector wires of 1%
gallium doped gold .003" in diameter and utilize a germanium wafer with
approximately 5 olm centimeter resistivity. The units are so bonded that
emitter and collector characteristics are made as nearly identical as
possible. As a result either gold wire can be used as the emitter or
collector and the units are true symmetrical transistors. Typical char-
acteristics of the units are .5 6& 4.7, Y;, >/0A L, o Cororr > SH1C,
While these units are not specifically called for by the contract a
sample of ten units has been sujplied to the sponsoring agency as a
matter of general interest. Typical static characteristics of these

symmetrical units are shown in the following figure:

ory 111/

R

Ve 1~ |./0L7'$
*®
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Transistor No. Resistivity Olm Cm.

Emitter Wire

Collector Wire

1,19

77,78

80, 81

82

111

83,84

85, 86, 87,88, 89,
33, 90

3,7,9,12,15,29,
30,91,92,93

11,12,13,14,15

15,1/,13,19, 29

99,100,101,1%,
103,10h,106,1%
21,22,23,2L, 5%,
107,108,109.110
95,96,97,98

25,26,27,28
29,30,31,32,33,3k

35,36,37,38,39,40
L1,L2,k3,L4, L5, 46

g7,b8,b9,50,51,52
3

5k,54,56,57,58,59,
60,71,62,63,6lL,65
66,61,58,69,10,71,
72,13, ik, 75,16

15

5

9
15 - 20

10

10

13

.003"
.002"
.003"
.o
. 002"

00&"

Own

NS0l

L@en
. 002"

9.0 -4

- 002"

1% Ga
1% Ind.
1%ca
1%Ind.
1f Ind.
I
13 1
15 Ind.

1% Ind.

14 Ind.

14 Ind.
1% Ind.

1% Ind.

1o Ind.

.003" 14Sb
003" 1%Sb
.003" 1%Sb
-003™ 1£Sb
.00*™ 1%SH
003" 1£Sb
+003" 1%Sb
.003" 1%Sb
»003" .01%Sb

.003" .05 Sb

,J03" .01% St
-003" 1% Sb

.003" 1% Sb

.J03" 1% Sb
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SEECYAL APPARATUS DEVEIQFHENT
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Cold Bonding Pulsa Set: 1In crder to facilitate tha bonding srd testing of
expe.imental gold bonded traneistors fasricated during the course of the
contitact it was necessery wo modiry a standard diode pulse sec 4w provide
in i testing Tacilities. Tre deixilei schematic disgran of the modifizd

equipment will be found in the follewing Figure.

Transistor Noise “igure Measuring Set: Becsuse no fecilities existed for

e n o g o o e 0 —va—

the neaguvrement ol transistor noive fijzares end sinze such equipnent was not
commercislly avaliable it was necassery Lo desigh ana build suzh wr instoaent
for neasuring noize figures on the tran:istors fabricated durdng the cowse of

the

g
1Y

contract. Th2 equipment was dezign>d in the form of ithicse s2n2

te chasi i

1

for ease in servizing raxirum flexioili .y, Tne chassle rooleins & nerrw-Yard.

g
.o

(10 cycle bandwi-ish centered on 1060 cy-les) high-gein aupliifier with a tine
power-measuring output meter., The szcond contains ¢ noise gensrutor dide with
ivs asscciatec control eircuibry 23 well 28 an sttenuator and medering con-
trols fer intrccuning sfaonrels from an eternil ecarce; while Lhe %LLird ~liass’s
conteins poweir and biss supplies forr tle trancisior :nd approjricie cirsvits
tor coupling b tweep b2 other twe cltasais. The metho? adovted Jor reguremsy
of npelga-{igures «s desevibed beliw 1s standird. A veconrceads) O the ledti
tiva REVVA gpeciiiestions. the sisnal generacinr impsdatce is made egral o
1000 ohre. ¥Tor low noise figures, %“he noive dlode i3 uveed &5 a rignel nource
vhereby talkdng advantage of the feet thet the measwremarth is thaﬂ Loz raondend
6f the noise-bzndiridth of the amplifiar circaits.
The noise diwde doee not deliver sufficient signal to directly measure

noise figures greater than about 25 db. Therefore provisicr is rmade for

introducing a known sine-wave signal from an external signsl-penerztor.
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In this case, th2 noisewt?andwidth of the frllowing =smplifier mué'h be kmown
and the firnsl eitpul meter mvst ke a true-pewer-measuring device. The noise
oanwridih ney - o .t be calibrated by measuring a low-noise device
‘guchr @8 & grown-junction iransiztor) nsing in succession the diode and
an external signal source. The outpub meter is a thermocouple device
a10. thur measuvres rue power provided only thet the anplifier is linear,

Savoral special provisions caserve mention. The trongistor powoer-snd-bias

supply has been desizned to linit tha available

0]

pcwer tosbout 1/L watt
in «ll cmses in order to decrcase the vrobasiiity c,z burning cut the unit
wader fest. 1loe cutput stage oi the srplifier is intentlonally designed
to ovarloac soon afier full-scale defilecticn of the ocutput meter in crdsr
to protect the Liermacouple of the latter. Turther vrotection is alforded
by vhe voltaze-liritlng action ¢ a nesa-bull conreciad acre:s Lhe prinary

of the cutput “rarsfocrmer. The input of the amplifier includ:zs an stien-
ustor to prevent cverload of the iirsi grid by the (wide band, noisc signal
fren high-gein vaite vndergoinz test. The bandwidith of the impab sig.al
j= iimited by a Lransformer in lhe transistor-chaszeie; the transformer
coupiing miso glves a litile gain and alloss transistors “o be tested at
high eoilector currente. Firally, provisicn is made in the acise~diode
chassis (by mean3 of & switch ard pair of terminals au the back) for z'u.ﬁ--

rimg the diode fllament from batteries. This may orcasionally be necess
5

iy
e

bacouse the diode fila2men® tempe-atuve has & tendency Lo {luctusie at the
power-line frequercy thus giving about 26 nv ripple iu the cdicde plate-
current. 4 tesl point for observing the amplifier ocuiput wave {im is
avz:dable 8% the back of the emplifier chassis.

To use +the ejuipient the transisior is inzerted aud the desirad bias
conditions set up. The noise-diode current is reduced to zero and the

external signal (if used) is turned off. The amilifier imput attenuator

is met on "low® and the amplifier gain advanced until the meter reads a
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Convenient value (less thsn 110 ma). If the gain is insufficient, the
input attenuator mey then be set on "high". The noiss diode filament is
then turned up until the output meter reading is increased by 2 facpor of
.2l (output power doubled). If the dicde can deliver sufficient signal
to do this, the noise figwre (at 1000 ecycles) is given simply by

F = 10 log. <01 decibels
where I ig the diode curcent in milliamperes

If the diode noise-signal is insufficient to double the output powar,

&én external signal, tuned to the ceuter of the pass<banc of the ww»nlifier
muet be used. The diode current iz twmed down and sufficlent extaraal
gignal intreoduced to double the outpuat powver as previously deszeribd.

tnoer these conditions, resd the voltege zcrose the “exterpal WY Lerminals
anc¢ nowe the positlon of ths exterral-simmal-sttepuator sguitebes, Tue ac se
is then:

F (decitels) = 10 1og10 Vz

F LT
L0153

where 7 iz the {rms) exterucl sicnal in volts as meusuced at the

- & -+ 140

“gxternal VM" terminials, 4 is the atienuvabion read from the swliches, anc 3

i’ the noitge bandwidth [asbout 10 cycles) which may be convenisntly calibrated

by measurirg & low-1cise device by both methods). Deteils of tie noise

n2asuring set are given in the last five of the following figurss.
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