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In trying to put .together a summary I found it natural to try 

to compare this conf~rence with IC SQUID I that was held nearly 

four years ago. One of the immediate differences that struck 

me was the relatively small number of papers at the present 

meeting discussing specific applications of SQUIDS. This, I 

believe, is not a reflection of any decline in the variety of 

uses to which SQUIDS are being put, but rather an acceptance of 

the· fact that many -of these applications are becoming so common

place that there is no need to write a paper discussing them. 

Since IC SQUID I, SQUIDS have made a si~nificant impact on at 

least two areas outside the aura of low temperature physics, 

namely, biomagnet-ism and· geophysics - so much so that we have 

had a separate meeting on .biomagnetism running concurrently 

with the present conferenc~, and that there will be a meeting 

on the applications of SQUIDS in geophysics at'Los Alamos in 

about a month's time. I have decided, fherefore, to say nothing 

more on the specific applications .of SQUIDS or other supercon

ducting devices. 

However, before becoming involved with the superconducting 

devices themselves, I wbuld like to mention one other advance 

that is extremely important from the point of view bf practical 

appl.ica tions. At the previous meeting, Jim Zimmerman described 

the 3-stage Stirling r~frigerator tha~ he had worked on with 

Radebaugh and Siegwarth. At the tima tbe machine had reached 

14K, and the main questions were whether it co~ld reach a low 

enough temperature to enable one to operate Nb devices, and 



whether the noise level would be low enough to enable one to 

operate sensitive magnetometers. At this meeting, Jim answered 

both questions: the present 5-stage refrigerator has attained 

6.5K, certainly an adequate temperature for Nb, and has a low 

enough noise level that one could perform magnetocardiology 

using a SQUID gradiometer. As the mach~ne is developed, there 

seems every h~pe of realizing both lower temperatures and 

lower noise levels. In my opinion, this refriger~tor is a 

very important achievement that will open the way to widespread 

applications o£ superconducting devices by people with no 

cryo~enic experience, and without the need to transfer liquid 

helium periodically. 

I will now turn to the junctions that are at the heart of all 

the devices, and that were reviewed by-H. Lubbig and Larry 

Jackel. With one notable exception, to which I will return 

later, all of the junctions are, of course, Josephson junctions. 

The basic requirements for both SQUIDS and high frequency de

tectors are high values of I R (I is the critical current and 
0. 0 

R is the resistance), low values of capacitance C~ no hyster~sis, 

and, preferably, a low value of di }dT so th~t small changes 
. 0 . 

in temperature do not affect the operating point. In addition, 

the detectors should couple strongly to electromagnetic radia-

tion. For computers, one is restricted to tunnel junctions 

with hysteretic current~voltage characteristics. 

What types of junct~ons are available? After mapy years of 

faithful service, the point contact seems to be slowly disap

pear~ng as the thin-film technology becomes more and more wide-

spread. There are two broad classes 6f thin-film junctions, 

tun n e 1 in g and d i r e c t c on d u c t-i vi t y . T h .e tun n e 1 j u n c t i on s may 

have barriers made. of an insulator, a semiconductor, or a normal 

metal (which may or may not become superconducting at a lower 

temperature). Of these, the first, th~ SIS junction, is by 

far the most important and highly developed. These junctions 

have the required hysteretic properties for computers, and, 

with the addition of a resistive shunt or when operated at a 
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sufficiently high current density, also have the necessary non

hysteretic characteristi~s for SQUIDS and high frequency de-

tee tors. The theory of these junctions is very well developed, 

and one can accurately predict the critical current from the 

tunneling resistance, and the characteristics when th~ device 

is resistiVely shunted. The work reported by Jablonski and 

Waldra~ on a high f~e~uency anal~gue bas clarified the behavior 

at voltag~s near the gapj and will be particularly i~portant 

if they incorporate noise into their model. One remaining 

difficulty, as Paul Lindelof reminded us, is that heating 

effects may become important for ct±tical current densities 

abov·e 10 4Acm- 2 I h f d' d · · or so. n t e.case o 1rect con uct1v1ty 

junctions, one has constant and variable .thickness bridges 

in which the link may be weakened by the proximity effect of 

a normal metal or by implantation. These bridges are not 

appropria.te for computer circuits, at least in their present 

mode of operation, but can be used for high frequency detectors 

and SQUIDS pro~ided that their characteristics are not made 

hysteretic by heating. As Paul pointed out,. the theory of 

~icrobridges is still in a relatively ~onfu~ed,state, although 

some progress has been made recently, for example, in under-

standing the infamous "foot." It is clear that non~equilibrium 

effects play a major role in the behavior of these devices, 

particularly heating~ but no comprehensive theory has yet 

emerged. 

The number of workers involved in the fabrication of thin-film 

devices has grown rapidly in the past .four years, and a great 

deal of clevernes~ in developing new te~hniques has beert ap-

parent. First, let me comment on SIS jun~tions. The use of 

photolithography to fabricate junctions with dimensions as 

small as 2 or 3).1tn has become.routine in many laboratories. More 

recently, electron-beam lithography has been used in junction 

fabrication; Voss and co-workers have made all-Nb tunnel junc

tions with dimensions as small as 0.5).1m, and there seems to be 

no reason why even smaller junctions could not be fabricated 
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with the same technique. These junctions are incredibly 

resistant to damage. Perhaps the most ingeneous technique is 

the suspended bridge combined with oblique evaporation, due, 

I beli•ve, to Niemeyer and further developed by Dolan. In 

Dolan's method, a thin, narrow bridge of evaporated metal, 

suitably shaped, is suspended over the substrate, and the 

fiims are d~posited by two oblique evaporations, one from each 

side of the bridge. In this way, the dimensions of the over-

lapping films can be much smaller than the dimensions of the 

bridge itself. Jackel et al. have used electron-beam litho-

graphy to make the bridge, and have produced junctions as small 
5 -2 as O~l~m on a side with a current density as high as 6xl0 Acm 

on Pbin. Also using the Dolan technique, Daalmans at Delft 

has made all Nb junctions of similar dimensions. Using a dif-

ferent method, ~ulirman and co-workers at Cornell have fabri-

cated "edge Junctions;" again from Nb. 

devices are exceedingly rugged. 

Both types of all-Nb 

A similar level of activity and ingenuity has been applied to 

microbridges. For example, Claassen et al. have evaporated 

NbN across a step in the substrate and used an ion etching beam 

making a small angle with the substrate to thin the film on 

the step. This technique produced junctions with resistances 

of about 200 and characteristics that showed good step struc-

ture when 70 GHz microwaves were applied. This technique also 

his the advantage that the junction itself is a good deal thin~ 

ner than the banks, that is, one~has a variable thickness bridge, 

so that se~f-heating is reduced. The smallest bridges reported 

were the Nb devices of Laibowitz ~~.,with a width of 'V500A 

and a resistance of ~4on. Since these devices are of constant 

thickness, self-heating m~y be significant; indeed, their 

characteristics often become hysteretic when the temperature 

is lowered below 4.2K and the ctitical current increases. 

Nevertheless, the development of such devices is an important 

landmark, and it will be of interest to watch future develop-

ments. 
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To summarize my comments on junctions, I have been interested 

to see the great swing back to the use of tunnel junctions in 

the last few years. There has never been any doubt that tunnel 

junctions weie the only way to go in computers, but only fairly 

recently has ~here been widesptead use of them in SQUIDS and 

mixers. It is also encouraging to realize that superconduc

tivity is presently right at the cutting edge of the various 

ultra-small scale thin-film technologies. 

The first application of junctions I will discuss is the detec

tion and generation of high frequency .electromagnetic radiation, 

a subject that-was beautifully reviewed by Pedersen. Af IC 

SQUID I, a variety of detectors were discussed, none of them 

overwhelmingly superioF to competing non~~uperconducting de

vices. The most promising ~ere the Josephson.mixer with an 

external local oscillator and the externally pumped Josephson 

parametric amplifier operated with no bi~s curt~nt in a doubly 

degenerate mode: In addition, the super-Schottky diode mixer 

~ppeared to be ~ strong carididate. I expressed the view that 

small area tunnel junctions could have a considerable impact 

oti this field~ and the hope that in the near future a particu

lar device wotild emerge as being clearly the best. Now, four 

years later, we have a device that ~onsists of a small tunnel 

junction and that is clearly the best of any available, but 

that relies on a mechanism not even under consideiation four 

years ago: The SIS quasiparticle mixer. This device was 

pioneered by Richards and co-workers at Berkeley, and is now 

being actively developed in several other laboratories. The· 

mixing occurs at the very sharp non-linearity in the current

voltage_ characteristic of an SIS quasipart~cle junction near 

the bottom of the steep current increase at a voltage of 26/e 

(6 is the energy gap). If the volta~e width of this non

linearity, 6V, is small compared with hw/e, where ~ is the 

signal frequency, it turns out that the device operate~ at the 

quantum limit. ~be best perfotmance ~as been reported at 

36 GHz by Richards ~ ~·, who achieved mixer noise tempera-
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tures of 3K and 1.5K and conversion efficiencies of 0.7 and 

1;4 when the dev~ce was operated single- and double-side band 

respectively. At least at frequencies from about 10 GHz to 

100 GHz or so, the SIS mixer is demonstrably superior to both 

the Josephson mixer and the Josephson paramp, as well as to 

all other devices. Below 10 GHz, it may not be possible to 

achieve the quantum limit because of the difficulty· in achiev

ing ~V<hw/e, while frequencies much above 100 GHz remain largely 

unexplored. The SIS mixer is a most ~xciting development, and 

seems certain to have an important and widespread future. How-

ever, I should like to point out that to take full advantage 

of its sensitivity, it will be necessary to develop a lower 

noise IF amplifier than is currently available. 

Jain et al. have reported progress on arrays of Josephson 

junctions used as generators. If there are N c6herent junc

tions in the array, the available power should scale as N
2 

and the bandwidths as 1/N. These workers have achieved a 

substantial degree of coherence over as many as 100 junctions. 

Such arrays, being readily tunable, could be very useful,, for 

example, as local oscillators for mixers, and in integrated 

Josephson technology. 

Although there were relatively few papers on superconducting 

computers at this meeting, Ted Van Duze~ gave a comprehensive 

survey of the present state-of-the-art. The field is still 

completely dominated by IBM, although there are significant 

efforts elsewhere, for example, at Bell Labs, at the NBS, 

and in Japan. IBM's present logic and memory circuits appear 

to be in very good shape indeed, and are currently based on 

lead-alloy Josephson junctions with 2-l/2llm linewidths fabri-

cated with photolithographtc techniques. The fastest logic 

gate reported so far is a three-junction interferometer with 

a switching time of 13ps. The memory cells have non-destruc-

tive readout, and now rely on storing bnly one or two ·flux 

quanta. In the near future, a IDemory with 4000 cells on a 

single chip is to be fabricated and tested. In view of the 
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large number of devices and relatively complicated chips that 

have already be~n fabricated and tested successfully, it now 

seems very likaly that a ~orking computer will eventually be 

made and operated. The chief remaining difficulties appear 

to be junction recylability, junction reproductivity, inter

connection of ~hips, trapped flux, and punchthrough :Cthe oc

casional switching of a junction from g positive to a negative 

voltage instead of to zero voltage). H~wever. none of these 

problems seems instirm~untable. In perhaps three years, one 

might hope to see a signal processor with 50,000 junctions, 

and, by 1990, a mainframe computer 10 to 100 times faster 

than the IBM 3030. Needless to say, the technology will also 

continue to advance: It is already feasible to make all-Nb 

junctions with 0.1~~ dimensions using alectron beam lithography, 

and I shall be interested to see what impact such devices have 

on the design of computer chips~ 

Finally, let me make .some remarks .about SQUID$. At the first 

1C SQUID, I suggested that th~re would probably be.marked 

improvements in the sensitivity of SQUIDS in the near future. 

In fact, progress with the de SQUID in .particular has exceeded 

my expectations. 

predicted to be 

E 

1Hz 
.. , 
~ 

The noise energy per Hz of a de SQUID is 

where the last result is true for a tunnel junction device with 
2 B = 2ni R C/• = l~ and L is the SQUID ~nductgnce. Tha besi 

c 0 0 

intr.insic no.is€1 energy four years ago .was that of the cylindri-
-30 -1 cal SQUID, about 2xl0 JHz. • Since then, a series of SQUIDS 

has been fabricated with progressively smaller area junctions 

and lower inductance that have noise levels generally in good 

agreement with the model. However, the best sensitivity is 

currently achiev~d by the plariar Nb microbridge device of Voss 

~ al., which has a noise energy at 2xl0- 33 JHz -l, ·an improve-

ment of three orders of magnitud~. I emphasize, though, that 

the most sensitive devices are planar, and have noise energies 
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Quoted relative to the SQUID loop, rather than to a coil coupled 

to the SQUID as is more appropriate for most applications. It 

is very important to study the problem of coupling coils ef

ficiently to the SQUID if one is to take full advantage of the 

great improvements in intrinsic sensitivity. Furthermore, 

most of the improved devices have been operated open-loop at 

the most sensitive bias point, and it is not clear if they 

would be as sensitive in a flux-locked loop. An exception to 

this deficiency is de Waal's all Nb device repdrted here, 
. -31 -1 

which has achieved 10 JHz in a flux-locked loop. Further 

work on flux-modulation s~hemes is clearly warranted. Never-

theless, the g~neral outlook for the de SQUID is exceedingly 

bright, especially now that very durable all Nb tunnel junc

tions are available. 

The noise energy of th~ rf SQUID is predicted to be 

:2{I:z) ~ K2:RF C" ::0 

2 
+ 2•kB T8 (eff)), 

where K is the coupling coeffici~nt between the SQUID and the 

input coil, wRF/2n is the pump frequency, a is a measure 6f 

f h .. dT(eff) the slope o the steps on the IRF-VRF c aracterist1c, an a 

is the effective noise temperature of t~e amplifier. By and 

large, the noi~e in the devices is irt reasonable ~greement with 

the model prediction. At the time of IC SQUID I, the commer-

cially available toroidal point contact device, operated at 

-v20 MHz, had a noise energy referred ·to the input coil-of 

about 50~lo- 30Jaz- 1 . Since then, successful attempts have been 

reported ~t frequencies up to about 500 MHz to lower T (eff) 
a 

by the use of cooled GaAs-FET pr~amplifiers. SQUIDS operating 

at X-Band (-vlO GHz), using room temperature amplifiers, have 

also made improvements in sensitivity. The best devices seem 

to have a noise energy (referred to the input coil) of about 
-30 -1 

10 JHz or a little better. (In fact, a sensitivity of 
-31 -1 better than 10 JHz has been reported, but this seems to 

be controversial.) In my opinion, it will be both difficult 

and expensive to make substantial improvements in the sensi-
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tivity of rf SQUIDS. 

One much neglected consideration is 1/f noise. In the case 

of tunnel junctions, the temperatur,e fluctuation model predicts 
. -1 

that the spectral density scales as (LA) , where A is the junc-

tion area. The white noise, of course, scales as (LA) 112 . 

Thus, as the white .noise is improved, the 1/f noise is expected 

to increase, and will dominate out to progressively higher 

frequencies. Some cortvincing experimental evidence of this 

behavior was presented by Mark Ketchen. Research on this 

subject is urgently needed, particularly for point contacts 

and bridges for which no theovy exists currently. 

One should bear in mind that noise is by no IDeans the only 

criterion of SQUID.performan~e. Robin·Giffard emphasized the 

need to exercise great care in the design of feedback cir

cuitry not only to optimize sensitivity but also to maximize 

th~ slew rat~ and to minimize the flux-jumping rate. He also 

pointed out that although the design of input circuits is well 

understood, these ideas need to be applied more diligently. 

For example, the uae of tuned. inputs seems to have been par

ticularly neglected. 

One of the most intriguing questions concerning SQUIDS is the 

ultimate sensitivity. During this conference we have heard 

about two possible limiting mechanisms, zero·point fluctuations 

and IDacroscopic quarttum tunneling (MQT). In the first, Koch, 

Van Harlingen, and I suggested that for the overdamped junc

tion (B <~1), the limiting n~is~ arises from the zero point 
c 

current noise in the shunt resistor. It turns out th~t to 

achieve this limit, one requires a junction (or a SQUID) with 

The second proposal, MQT, first made by Leggett 

at LT 15, and discussed by Kurkij~rvi at this conference for 

the rf SQUID; 

and requires 

t o t h e .next . 

is relevant f~r the underdamped junction, B >>1, 
c 

the junction to tunnel from one potential well 

The randomness associated with the process will 

give rise to noise. This effect requires hw /kBT>>l, where 
p 



I 

10. 

w = X2wi /• C) 112 is the Josephson plasma frequency. In my 
p 0 0 

opinion, these two processes are distinct from each other, and 

appropriate in two extreme limits. Thus, for B >>1 I believe 
c 

that MQT will dominate, while if the dampi~g is increased 

(B ·reduced) by decreasing R, friction will progressively re,..t 
c 

duce the iunneling probability. At the same time, the current 

noise in the shunt resistor will increase, and zero point 

fluctuations will become more and more important, dominating in 

the limit s.~o. 
c 

For intermedi~te values of B it is possible 
c 

that both processes play a role. The Sussex group claim to 

have observed MQT in a rf SQUID, but this observation has been 

challenged. It seems certain, however, that these quantum 

limiting processes will be the focus of much attention in the 

near future. If there is an IC SQUID III in a few years, as 

I hope there will be, I expect this to be one of the major 

topics discusssd. 

In concluding, I would like to express my thanks, and those 

of everyone here, to the organizers of this stimulating and 

productive meeting. We are grateful to the program committee 

for selecting and arranging something like 70 papers, and to 

the local committee for ensuring that the meeting ran so 

smoothly. However, our war~est appreciation should go to Pro-

fessor Hahlbohm who again carried the main burden of respon

sibility for the success of the conference. Thank you very 

much. 
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