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Abstract

The investigation of proximity effects between normal metals and
- superconductors has been continued in its second phase - the investi-
~gation of the three~terminal, thin-film, SNSAdevice as an amplifier

("superconducting transistor").

_The problem of films cracking which,ﬁad been vapor-deposited onto
‘a subsfrate precooled to'u.ZOK héd been overcome during the last report
'period by using thinner films. Unfortﬁnately, the thinner fiimé’of”tin-’
.sometimés had critical éurrents which were smaller than the:Josephson )
critical curfenf; the?eby'destrqyingbthe Josephson éffeét. This‘
.difficulty has been surmounted by vapor-depoéitingvthe films onto_a
72756K brecooled;substrate which is iﬁmediafely cooled té 77°K after

~deposition to prevent significant interdiffusion between gold and tin.,

_YMuch of this report is devotea_to the-descfiption of tﬁe new
  eléctrical.chafaéteristics of‘these films, VSuch févorablevcharacteristics
'include.shiny.and.smobth films, higher Josgﬁhson critical éurrehts, |
smaller elecﬁronié mean-free pathé,vand consi;tent_I-V cufve shaﬁes; 'Qne;.
unfavorable chahécteristic is a much steeper inérease»of the Josephson .

critical current-with decreasing temperatﬁre.

The functibnal‘variation of .the Josephson current with the control
- current is described., There have been two functional forms observed and
" a brief deScription as to possiblé mechanisms for this behavior has been -

included.
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Introduction

A Josephsoﬁ junction is a device wherein two supefconductqrs_are
separated by either an inéulating or normal metal barrier. Henceforth
'the.jﬁnction yith the insula#or Qill be termed-SIé and the oné with the
normal metal barrier SNS, The barrier thickness is critical to the
- operation of the device (e.g., the normai metal barrier may be as thick
as 10,000 g, whereas the ihsuldtiﬁg barrier is restricted to thicknesses
- less than 50 X). The purpose of thezbarrier is to provide a weak
D coupling betweénrthé_phase of the‘C&cper pairs in bne supercénductor

with respect to that in the other superconductor.

‘The pfesént SNSVjunction consists of a sandwich of films, with tin
'Iférming the outer.two.Superconductiﬁg layers and gold the normal metal
". bafrier. The junction geometry is'in thé.foym of two ﬁlegs" of ‘tin
Vintersecting with a gold film between them‘. we.had chosen thé fhiﬁ-film:
'junction over the point-contact iunction és é‘cbnsequencé of a paper by
Stewértl, whéreinkit was shown that for‘a,Jqsephson junctioﬁ it was more
likely to'dbtainkcurréntfvoitage_(iéV) traces with raﬁges of 1arge v
. dynamic resistance, and perhaps even negative-résistance for larger areas.
which ha&e larger juﬁctionvcapacitances.A-The la:gé dynamic resistance is
'a.requisite forﬂpowgﬁ gaih in a three-términal SNS &evicé (a:transistor;.
.;ike device wherein each fiim_h;s an elegtficél terminal éttached'tovit).
Films, because of their‘larger area,:can,carfy larger cuireﬁfs than point

- contact junctions - at least up to'a'poinf where magnetic fields generated

1. W, C. Stewart, Appl. Phys. Lett. 12, 277 (1968).
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by this current in the junction tend to confine the current., The
attributes of larger current-carrying areas range from easier current

detection to a better immunity to thermal fluctuations,

Metal films vapor-deposited onto a subétraﬁe cooled to u.?oK tend
to crack to relieve built;up stress if the film thicknesé exqeeds_a
:'critical value. 'Unfortunately, the critical values were only about
3000 2 for tin (only twice AL(O>,the London pénefration depth ) and
.abdut 1000 2 for gold.: The advantage of a thickerbfilm of tin-is the -

resulting larger supercurrent. carrying capability of the tin;'

As a reéulf; we hgve cdnverted,froﬁ a substrate teﬁperature of

| Qv4.2°K during'depééition to one of 273%K, - The. improved film'qﬁality for
fhiéker films-iszdeécribed in sectioﬁ A. Section B contiﬁues wifh a
_descpiption of the_consistent I-V.curves due fo the befter quality of -
fhe film, The functional dependence of the.Josephson critical éurrent
on temperature églweil as -the elimination of toé low a critical current
of th;'fin which would make the device inoperative-is deséribed in

section C.

'Section D'ié devoted. to describing the variation of Il with the

control current,Iz..‘



Results
‘As Thin Films

Previousiy the SNS films were vaporfdeposited bnto a ;apphire>substrate
precooled to 4,2 K, and their elecificél characteristiés were subsequently
measured in sitﬁ. With this 4,2 K deposition there is an inherent upper
3 limit of the film thicknesses caused by mechanical stress buildup in the
micracrystallineAfilms during depositioﬁ (e.g. gold films thicker than
1000 X would tend to craék to relieve the stress). This has been overcome
by depésiting the SNS films onto a sﬁbstréte precooled to 273 K. “As
.ﬁefore, the fiims are deposited onto a subétrafe with preconnected électiical
'ieads so as to allow immediate cooiing to_77°K within‘$ minutes and to 4,2 K 
within 20 minutes and tO’minimize anyvpossible’iﬁterdiffusion‘betweeh the
metal films, The films quOSifed at>273°K show no signs of cfacking witﬁ
_thicknesses of tin présently up tb 6000 X! ‘At 273%K the metal atoms havé
: much'mdre mobility as they deposit on the substrate than at 4.2°K _resulting

in a more ordered atomic array. This is evidenced by the data in table I.

Table I
u.2°K deposition = 273°K-deposition’.
. Gold resistivity at 4.2°K 30 x10°% 2 em 6% 10°°q cn

Gold electronic mean free path _ : 3sA 350 A

Tin electronic mean free path 200 A 1000 A

SNS junction resistance in the

ohmic region with the tin - : L3 , 3
superconducting - "<50 x 10 @ . <1 x10° @
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- The effgct of eiectroniq mean'ffeé path én A (0) has been meésufed by
Pippard? for tin and treated théoretically.by Miller'3 showing that AL(O)
increaées rapidly with decreasing éean free‘path. fIncréasing the film

- thi;kness'has the séme‘effect as increasing the mean frée pathu. Hence

for the present films which are tﬁicker and have longer mean free paths

the magnetic field‘péhetration depth'is_at,minimum:ailowing a‘ﬁetter'
definition of the area where magnetic fields:are present and a more

accurate analysis.,

2. A. B. Pippard, Proc; Roy. Soc., A216, 8ul (1356).

3. P, B, Miller, Phys. Rev., 113, 1209 (1959).

4, e e.g; R, H. Blumberg, Jour, Appl. Phys., 33, 1822 (1962).




B. I-V Characteristics

The current-voltage (I-V) characteristics of the films deposited
~at 273 K have been consistent in shape (contrary to those déposited at

4,2°K) and are represented in Fig. 1.
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Fig, 1., I-V characteristics typicél of these films deposited at 273 K, 7

There exists a region of "large" dynamic resistance (>10 mQ) in the I-V
"curve denoted by line AB, It is the slcpe of this region of larger resistance

~which is important to eventual power gain.



The power gain of the three-terminal device is given by

a2 R°2 RL
6 = ——2 2, (1)
_ , (Ro + RL) i
91, . ‘
where a = -eiL
K 91

A 2 vy =T const,
;nd RL’ Ro,<and Ri are.the‘load, output, gn& input fesi;tanéeé repectively'
(See NASA report SIT P260 5/71 for a more complete deécfiption). For a
gain greater than one (with a v 1) it is necessary to maximize the ratio
Ro/Ri. With thié'ratio in miﬁd one should realize that thg dynamic
'fgsisténce in Fig. 1 iqcreasés rapidly ﬁith.decfeaéing temperature until
‘the siopé paésés ﬁhe-zgro value (note, R;l'=.slopé here) and.fﬁe resistance
becomes negative. ‘This increasing dynamic.:esisfance alqﬁg wifh the
poséibiiity of reducing Ri ( the resistanéevpath thrqugh'the gold leg) by

utilizing possibly an SNSNS geometry are necessary steps toward eventual"v

- power gain.

The static resisfénce (Y/i) at point B for films deposited at 273 K
has been on.thevorder of 0.5 x 16f39, whereas it was.dn'fhe order of
1;0 i 10-39 for the filmé deéoéited at 4.2 K. The resulting'smaller
voltages have uncovered an uhexplained Qoltagehéhiftvof.fhe I-V curves
2 %,

. and its origin is presently being investigated.

due to I,. The resistance involved in this voltage shift is nv2x 107
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C., Josephson Critical Current

The Josephson critical current has been found to vary as Ic a (1 -1)

not close to 1 (see Fig. 2, page 10); where T is the

Cfor t = T/T N

CSNS
zero-current transition temperature of the SNS junction. This is not to
be confused with an SIS junction where the tempefature dependence of the

eritical current goes as I ¢ (1 - t) for t near 1, Clarkes'has

csis ¢

publlshed curves of I_ versus t for SNS junctlons' and for t near 1 he

C

reported the expected SNS dependence of I a (1 - ) (for t ~ l) but

CSNS

;for t << 1 hlS curves exhibit also the linear varlatlon with t.

In the past.we héd»been restricted to the use of eupereonducting tin
filmérthinner then>3000 X;b Unfortunately, such thin films of tin exhibited
.critieal_cdrrents which ebmefimes wéfé less than the Josephson efitical
'; cufrents} -The Josephson cbiticel currente are detefmided by the first
onset of voltage appeeridg across the junction while fhe tin Legs remeined A
Sdperconddcting; Howé?er;if oneuof-fbe tin legevehould'ﬁeve'a critical
. currept'less than that of the Josepﬁson critical current fhep aevoltege
will appeaf ecross,the'juncticn duedto both a resietance'appearing in the
tin near tﬁeijunction, where previously fhere’hadvbeen.a resistance-free
metal (a supercdnduetor),'and to the eliminatiqn of any supercurrenﬁ
flowing through thedéoid due to the absence'of supepeonductiné eleetronvi
.pairs in fhe neighboring:tiﬂ; So-if tﬁe_fin ehould edter the normal state
- due to too large a current load thedJosepheon effect will be destfoyea.'

- through the elimination of the superconducting state in at least one of

5. J. Clarke, Proc. Roy. Soc., A308, 447 (1969).



' - current of the t1n legs varies as I,

the fin films.. Actually, it was found that the'tin-film did not become
normal-conducting instantly but dio so in steps visible as voltage steps
‘io the I-V charactoristic (each step was seen to exhibit a (1 - t)l/2
temperature dependence). Becouse of the junction geometry the.potential

© leads sense a voltage only at the junction and not in the current lesds

not immediately touching the gold film (see Fig. é); but for a_uniform
Superoohducting tin film touching a normal metsl film at the SNS junction,
tﬁe first section of the tin to become normal.conductinngill be at the
tin-gold interface due to toeoloweripg of the tin supercurﬁent becauso of

the suppression of the density of superconducting electrons near the SN -

interfaces}

-An examole of both'an_éNS critical_iosephson current and a critical
tin current for a sample vapor-deposited at é.ébK can Be seen in Eig. 2a,
For 3.9K X T < 4,3K both the Josephson and the tin critical currents |
appoar, with the tin critical cu@rent larger than the Josephson current
' so as not to mask the Josephson critical current; But for T 5 3.9K fhe
tin critical current becomes smalier than the Josephson;ofitical ourrent_'
aod’destfoys the'suoerconducting state iﬁ oné of tﬁe superconductors “
(whlchever had a lower critical current) and hence destroys the condltlons
- mecessary for a SNS junction and Josephson tunneling. The crltlcal
£)1/2 |

a (1 - for t.not closo to 1.

CTIN
The variation of the tin leg critical current with temperafufe was confirmed

by measuring the critical currents of the. SNS junction without the normal

6o e.g. P. G, deGennes, Superconduct1v1ty of hetals and Alloys, Benjémin,
N. Y. (1¢66). :
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metal layer (i.e. an SS junction).

. ) " I V‘ )
- sarr;&p e 15F 4017 - sample 20
26004, 42004 tin - 40004, 57002 tin
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Fig.-2.' Observed crltlcel ‘currents versus’ temperature for fllﬁs dep031ted
at (a) 4.2K and (b) 273K,
Flgure 2b shows the varlatlon of the Josephson crltlcallcorreot with
T for fllms dep031ted at 273K. ‘The crltloal.Josephson current, IC’ 1ncreases
at a rate'of about 16/10 3K with decreasing T (whioh-is'similar tovthe dara
of Clarke® for tﬁe linear regioﬁ of his curves), For the fiime_deposifed-
H. at 4,2K the rate of Ic 1ncrease was only about 0.2%/10 3K. Thelsteeper

rise of IC with decreas;ng temperature requires tlghter‘temperature stabili-

- zation if we insist on operating in this region.
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AnotﬁerAdifference in the I-V characteristics between the’filme
Vdepoeired at 4,2K and 273K is a shift of.the linear portion of the IC(T)
curve to much lower temperatures for the present filma. For-example,

the extrapolation of the linear portiopvofAthe Ié(T)bcurve_to the abseissa
yields a cbaraeteristic‘temperature>of'u.QK for the SNS junction deposited
"~ at u.2K andva temperature of 3.2K for the-junction depesitea at é73K -

) ° o
(both junctions 600 A gold, 3000 A tin).

~ Such a decrease in this characteristic temperature might well be

atfributable'to the decrease in TCS’ the transitioq temperature of ‘the
1 tin.' The transition temperarure of the tin fiims.deposifed at 4,2K was -
in the vicinity of 4 4K which‘is in aéreement with the value of 4.5K
obtained by Buckel and Hilsch7 for_fin debosited onto a liquid helium
cooled substrate. The transition temperature of the tin films.deposited
~at 273K, though have a transition temoerature below b, 2 K but the exact
value has not yet ‘been measured. Garland and co-workers8 have explalned
this shift of Tc from the bulk value for Buckel and HllSCh from the

, change in the phonon denSLty,of,states with ;nereased lattlce disorder.

7. W. Buckel, R. Hilsch'.z Phys., 138, 109 (1954).

8. J W. Garland, K. H. Bennemann, F. M. Mueller, Phys. Rev. Lett., 21,
1315 (1968).
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D. Dependencé'of the Josephson Critical Current on I,.

Eig. 3 illustrates the geometry of the metal films in the Vicihity

1

signal current is Ié. The variation of Il with'I2 at constant junctioh

voltage is defined as a = (ail/aiz)

of the SNS junction. The Josephson current is I and the control or

v = constant,

tin'leg 2

gold

tin leg 1

‘Fig. 3. SNS ]unctlon showing current paths. (with directions of positive
current shown). ‘ :

An example of the variation of the Josephson current (Il) with the

control current (12) is shown in Fig. 4.

-12-
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35
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Fig. 4. Il - V characteristic illustrating I

effect on I

2 1

2
‘a constant volt.age' line (shbwn dashed in'f'_ig. 4). When plotted against

Using Fig. 4 one may calculate a for various values of I along
] 12, ‘o has shown two functional forms: a constant (Fig. Sa) or a linear
variation almost’ ‘passi‘ng‘thro:ugh the origin (Fig; 5b, where the slope

appears to vary with temperature).

e o jo
'.' e e 0 ‘..:3':,":9;'.570,. o-oo .P 0' 5" 0

el B o Rl ey A

-037  sample 16 . e ¢

_ ® -0.5 sample 20
. ‘T= 4.00K ' | ]t0 T=3.52K
(a) 5304 gold b | 7504 gold |
I (1,=0)=40pA - SR 1 (1,=0)=32mA

' -Fig. 5. Two.observed dependences of & .on IZ.
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It is sufmised'that these two diffetent fofms epiéinaté from different
current paths: Ih the first~phase of this-ihVestigatieh,iqeihg crossed -tin
wires which_made firm eiectrical eontact with a filmrof geid only at the.
intersection'bf the tin wires (see NASA-Report SIT-P251, /70 for a complete
description.of this point-contact.JOSephson junction) Rockefeller obtained
a a (12) = constant dependence, Because the point eontact'geometry forced
I toleross the gold/tin interface only at the SNS juhction proper and not

2

before, it is expected that the change of Il with 12 is a result of a

of the SNS junctions

contribution of»I2 toward the total,eritical current IC
(i.e. IC = Il * aI2,.where a <1 and represents the loss of some of I2 to

~outside the junction due to "fringing"). Hence for the point contact

junction we would expect & to be essentiallyvconstaht with I The path

9*
of 12 in the.thin film SNS jﬁnction,Ahowever, is not necessarily through
.the 5unction.. Prom the geometry of Flg. 3 one would expect that the control
‘current I X flow1ng from the tin leg l to the gold film would take the
path of least resistance - a path along the- tln leg l past the junction

and some distance into the voltage sensing portion of the‘tlnlleg before
‘.Ventiring_the.gold film, Now'because,the fiim‘of tin hae been chosen |

- sufficiently thick such that the combination of I, + I, does not exceed = .

1

the critical current of the tin leg, then apparently the only effect ié’

will have on the junctlon will be either a magnetlc effect or some lowerlng

4

of the order parameter in the tln film due to lncreased supercurrent
denSLty and, hence, smaller superconductlng wave functions at the SN -
-interface which results in a lowering of the maximum allowable Josephson

'superCurrentlo{

3. Ref. 6, Eq. (6-35).

10, Ibid., Eq. (7-71).
. ) Ll -



Further investigation of the variation of a (12) and the underlying
physical mechanism is important for the construction of a workable
"superconducting transistor" device. The effect of magnetic fields on

on the junction, is

the junction, and hence, perhaps, the effect of 12

illuminated by considering the ‘dependency of I on an external magnetic

C
field., The shape should determine how much self-field lirﬁit'i_ng the
vjunctioh experiences., Figure 6 shows a curve of juncfion voltage verses

exter'hal magnetic field (in the junction plane) for a fixed I Steps

1°

in the VI curve (see Fig, 1) will show up in Fig. 6 and can easily be
c_orrected for' as shown by the dashed llnes.f. From _a theoretical point of
view iC vs H, is the more fundamental dependence. It can be obtained |
from Figs. 6 and 1 by extrapolating to zero voltage as indicafed by

: -Flg. l. Assuming that the superpos:.tlon of a magnetic field moves the .

curve in Fig. 1l down one can find from the 1ntercept at v (I ) of Flg. 6,

the value of IC~, the value of Il at vV -+ 0,
: |
éafr;p_le 20
(273K deposition)
T= 3.43K
Il=_29.~5 mA

dashed_curv_evshifted down
to show continuity

llll.llllillll.l'..'.-
4-1% 9 -8.45 0 8.45 16,9 'lext!Gauss)

Fig. 6. Voltage change across SNS junétion wrth applled magnetlc ‘field and

fixed 1 1°
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E.. Conclusions
pdiddiiaduiidabid L

'A substrate temperaturé‘of 273K has been u;ed during vapor‘deposition
of the'SNS junction thin films. The resulting fiimé exhibit no macroscopic
flaws for film thi;kneéses up to 6000 X, twiceAthose of previéus filﬁs
depdéifed at 4,2k, ‘Thicker films of‘tin allow larger supercﬁrrent capa-
"bility so tﬁa% the SNS junction is not limitéd by the criticél.current of

the tin legs.,

Another result of a thicker tin_film Qith longer mean free path is
that the Léﬁdon penétration deptﬁ is smailer,.giving better mégnetié
shielding and simplifying the aﬁalysis.of thevjunction.'.lf fﬁicker gold
filmé are used the JéséphsbnAcritical current depsity will decrease and |
the.Joseﬁhson penetration depth.wili increase allowing a:more_even
diétribution of current ih the junction aﬁd simplifying_its analyéis.
Since this decrease in the current'densify goes_exponentiali&‘with‘the
,,goid thickness, the éffective,vdltagés across-the junctién will decrease
and fﬁé phase-lock voltage detection system may have to be ﬁSed again for

increased sensitivity. -

‘ Einall&, tyb functiqnalndepeﬁdéncés of ﬁ‘(Iz) have been fouhd; one
‘may beAdue'to a direct inferaction of the control current while the:
. other' is due to the magnetic fiéld of fhe control:current. Since'tﬁe -
operation of the ﬁsuperconductipg transitor" as_a-linear,amplifier 
depénds.upon a (12) = constant (see Eq. (1) )? tﬁis‘latter, ipdirect,

interaction of I, may have to be eliminated; and one solution may be the . -

2

introduction of I, through a supercbnductingltin leg sandwiched between

2
two gold films (an SNSNS deViCé).m'

. =16- E



